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Abstract Manganese is a trace element that is an

essential co-factor in many enzymes critical to

diverse biological pathways. However, excess Mn2?

leads to neurotoxicity, with psychiatric and motor

dysfunction resembling parkinsonism. The liver is the

main organ for Mn2? detoxification by excretion into

bile. Although many pathways of cellular Mn2?

uptake have been established, efflux mechanisms

remain essentially undefined. In this study, we

evaluated a potential role in Mn2? detoxification by

the Secretory Pathway Ca2?, Mn2?-ATPase in rat

liver and a liver-derived cell model WIF-B that

polarizes to distinct bile canalicular and sinusoidal

domains in culture. Of two known isoforms, only

secretory pathway Ca2?-ATPase isoform 1 (SPCA1)

was expressed in liver and WIF-B cells. As

previously observed in non-polarized cells, SPCA1

showed overlapping distribution with TGN38, con-

sistent with Golgi/TGN localization. However, a

prominent novel localization of SPCA1 to an endo-

somal population close to, but not on the basolateral

membrane was also observed. This was confirmed by

fractionation of rat liver homogenates which revealed

dual distribution of SPCA1 to the Golgi/TGN and a

fraction that included the early endosomal marker,

EEA1. We suggest that this novel pool of endosomes

may serve to sequester Mn2? as it enters from the

sinusoidal/basolateral domains. Isoform-specific par-

tial knockdown of SPCA1 delayed cell growth and

formation of canalicular domain by about 30% and

diminished viability upon exposure to Mn2?. Con-

versely, overexpression of SPCA1 in HEK 293T cells

conferred tolerance to Mn2? toxicity. Taken together,

our findings suggest a role for SPCA1 in Mn2?

detoxification in liver.
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Introduction

Manganese is among the top five transition elements

found in, and extracted from the earth’s crust. In

biological systems, manganese is an essential trace

element required as enzyme cofactor in diverse
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cellular pathways, such as the detoxification of

harmful superoxide radicals by mitochondrial super-

oxide dismutase (MnSOD (Weisiger and Fridovich

1973), the urea cycle by arginase (Kanyo et al. 1996),

astrocyte glutamine synthetase (Wedler and Ley

1994), and the glycosylation of secretory proteins in

the Golgi apparatus by luminal endoglycosidases

(Durr et al. 1998). In the clinic, the paramagnetic

properties of manganese make it useful as a contrast

agent for functional magnetic resonance imaging,

following uptake of the ion into cells (Silva and Bock

2008). However, like other trace elements of biolog-

ical importance, including copper and iron, manga-

nese works as a double-edged sword. Excess

manganese confers toxicity by competing with

Mg2? binding sites on enzymes such as DNA

polymerases where it can make replication error-

prone, or by causing metal induced stress and

subsequent apoptosis (Beckman et al. 1985). Toxic

exposure to manganese results in a central nervous

system disorder resembling parkinsonism, more spe-

cifically known as manganism (Lucchini et al. 2009),

seen in people with occupational exposure to the

metal (welders and miners), excess supplementation

in total parenteral nutrition, chronic liver disease and

illicit drug abuse (Barceloux 1999; Kaiser 2003;

McMillan 2005; Lucchini et al. 2009). In the brain,

Mn2? deposits in the basal ganglia and globus

pallidus, and although the basis for this selective

specificity is not clear, the deposition appears to be

facilitated by the dopamine transporter, DAT1

(Anderson et al. 2007).

Manganese enters the circulation by intestinal

absorption and is conveyed by the portal vein to the

liver where it may be returned to the gut via bile

(Barceloux 1999). The specific molecular pathways

for manganese entry, retention and exit from cells

remain to be elucidated. Low affinity Mn2? uptake is

likely to be via calcium channels, such as TRPV 5

and 6 located apically on intestinal epithelial cells,

store operated channels such as Orai1 or voltage

regulated Ca2? channels. The divalent metal

transporter, DMT1, has been implicated in active

H?-coupled transport of Mn2? into cells (Au et al.

2008, 2009). Members of the metal/bicarbonate

symporter family, SLC39a, including ZIP8 and

ZIP14, also have divalent metal specificity that

includes Mn2?, in addition to Zn2? and Cd2?, and

have broad tissue distribution (Girijashanker 2008).

Other influx pathways include Mn3?-bound transfer-

rin, which is endocytosed by transferrin receptor-

dependent and independent pathways. On the other

hand, efflux of 54Mn from hepatocarcinoma derived

HepG2 cells was shown to be energy dependent and

required intact microtubules, although the transporter

responsible for this efflux was not identified (Finley

1998). Recently, it has been proposed that ferropor-

tin, a transporter critical for cellular iron efflux, may

also participate in Mn2? clearance (Yin et al. 2010).

It was shown that overexpression of ferroportin in

HEK 293 cells decreased intracellular Mn2? levels

and Mn2? associated toxicity. Thus, while several

mechanisms of cellular Mn2? entry have been

identified, not much is known about the molecular

pathways for Mn2? efflux, particularly into bile.

In this study, we evaluated the expression, local-

ization and role of Secretory Pathway Ca2?, Mn2?-

ATPases (SPCA) in the liver and hepatocyte-derived

WIF-B cell line. As members of the superfamily of

P-type cation pumps, the Golgi localized SPCA are in

a phylogenetically distinct subgroup from the related

Ca2?-ATPases of the sarco/endoplasmic reticulum

(SERCA) and the plasma membrane Ca2?-ATPases

(PMCA). A unique property of SPCA, not shared by

SERCA and PMCA pumps, is the ability to transport

Mn2? ions with high apparent affinity. Thus, the KM

for ion-dependent ATPase activity of the purified

yeast ortholog, Pmr1, was estimated at 20 nM for

Mn2?, which is significantly lower than the apparent

KM of 70 nM for Ca2?. Both ions could elicit

formation of the catalytic phosphoenzyme interme-

diate (Mandal et al. 2000). Additionally, Mn2?

competitively inhibited Ca2? transport and mutations

in the ion binding site abolished transport of both

ions, consistent with a common transport mechanism.

Similarly, SPCA pumps from C. elegans and mam-

mals were shown to transport both Ca2? and Mn2?

ions with high affinity (Van Baelen et al. 2001).

Functional evidence for a role of the SPCA pumps

in Mn2? homeostasis has largely come from pheno-

types of yeast mutants lacking the single SPCA

ortholog Pmr1. In standard growth medium, cytosolic

Mn2? accumulates in pmr1 mutants to levels suffi-

cient to scavenge free radicals and bypass defects in

cytosolic superoxide dismutase (Lapinskas et al.

1995), inhibit endogenous enzymes such as Ty1

reverse transcriptase (Bolton et al. 2002) or increase

viral recombinants (Jaag et al. 2010). Concomitant
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loss of Mn2? ions from the Golgi compartments

results in underglycosylation of secreted proteins

(Durr et al. 1998) and resistance to rapamycin, an

inhibitor of the TOR complex (Devasahayam et al.

2007). In fission yeast, loss of Pmr1 and the DMT1-

related metal transporter Pdt1 resulted in Mn2?-

related, aberrant cell morphology (Maeda et al.

2004). Whereas wild type yeast can tolerate high

(millimolar) levels of extracellular Mn2?, pmr1

mutants are acutely hypersensitive to growth toxicity

of this ion, accumulating large amounts of cytosolic

Mn2? (Lapinskas et al. 1995). Taken together, these

phenotypes reveal the importance of yeast SPCA in

Mn2? homeostasis.

Although a physiological role of the SPCA pumps

in Mn2? detoxification may be inferred in mammals,

direct experimental evidence is wholly lacking.

While Mn2? transport has been documented in

several systems (Van Baelen et al. 2001), there is

no evidence of its biological relevance. Therefore, we

sought to determine the expression and localization

of SPCA isoforms in the liver, and in a hepatocyte-

derived polarized cell line WIF-B, where they may be

involved in Mn2? efflux and detoxification. Our

findings reveal a novel predominantly sub-surface

vesicular localization of SPCA1, unique thus far to

liver derived cells, and a functional role in protection

against cellular Mn2? toxicity in liver cells.

Methods

Cell lines and culture conditions

WIF-B cells were grown as described previously

(Braiterman et al. 2008). Cells were plated at a

density of 2.4 9 104 in 6-well plates and fed every

other day until use. Untreated cells take about

10 days to fully polarize. HEK 293T cells were

cultured at 37�C, 5% CO2 in DMEM (Invitrogen,

Carlsbad, CA) supplemented with 10% FBS (Invit-

rogen, Carlsbad, CA).

Lentivirus production & infection

Viral particles were packaged in HEK 293T cells by

cotransfection of plasmids containing the packaging

genome, an envelope glycoprotein (VSVG), D8.2R,

and a pLK0.1 containing the following target

sequences for each knockdown:

hSPCA1: TCATCATGTTGGTTGGCTGG

rSPCA1 sh1: TGATCCCTGTACTGACATC

rSPCA1 sh2: TACTGATTGTTGTCACCGT

hSPCA2: GCGAACCTGTGTGGAAGAAAT (Feng

et al. 2010)

DsRed: AGTTCCAGTACGGCTCCAA (Duan et al.

2007)

Supernatant containing viral particles was col-

lected after 48 h. Cells in a 6-well plate were infected

with lentivirus containing shRNA of SPCA1 (knock-

down) or DsRed (control) using 800 ll of virus for

WIF-B cells and 200 ll of virus for HEK 293T cells.

Each viral infection was diluted to 1,300 ll with

media and 8 lg/ml polybrene was added to WIF-B

cells. No polybrene was used in the viral infection of

HEK 293T cells. After 24 h, 700 ll of fresh media

was added to each well. At 48 h, the cells were

trypsinized and transferred to a new 6-well dish.

Infected WIF-B and HEK 293T cells were selected

for with 10 and 4 mg/ml puromycin, respectively.

Uninfected cells were used to establish an adequate

concentration of puromycin.

Biotin labeling and Western analysis

Total lysates from animal tissues were extracted by

using N? buffer (60 mM HEPES, pH 7.4, 150 mM

NaCl, 3 mM KCl, 5 mM Na3EDTA, 3 mM EGTA,

and 1% Triton X-100). WIF-B cells were incubated

with 0.5 mg/ml of biotin in borate buffer (1 mM

boric acid, 154 mM NaCl, 7.2 mM KCl, 1.8 mM

CaCl2, pH 9.0) at 4�C for 1 h. Cells were rinsed with

quench buffer (20 mM Tris, 120 mM NaCl, pH 7.4)

to quench the reaction. Cell lysate in lysis buffer

(60 mM HEPES, 150 mM NaCl, 3 mM KCl, 5 mM

EDTA, 1 mM sodium orthovanadate, 25 mM sodium

pyrophosphate, 50 mM NaF, 1% Triton X-100, pH

7.4, supplemented with protease inhibitor) was incu-

bated with avidin-beads at 4�C for 4 h, and Western

blot was performed to analyze the results.

Total yeast lysates were prepared using glass bead

methods described in (Sorin et al. 1997). Samples

were subjected to SDS/PAGE and Western blotting.

Proteins were detected on a Western blot with a

1:5,000 dilution of antibodies purchased from BD

Biosciences: anti-EEA1, anti-Golgin84, anti-TGN38,
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anti-Rab11 and anti-Calnexin; anti-CE9 and anti-

DPP4 were prepared as described before (Nyasae

et al. 2003); anti-SPCA2 has been described previ-

ously (Xiang et al. 2005). Polyclonal antibodies were

raised in rabbit against a 14-amino acid peptide of

hSPCA1 (VARFQKIPNGENETMI). Peptide specific

antibodies were removed by preincubation with

serum for use in negative control. Horseradish

peroxidase-coupled anti-rabbit or anti-mouse second-

ary (1:5,000; GE Healthcare) was used in conjunction

with ECL reagents (Amersham Biosciences) to

visualize protein bands.

Microsome preparation

Cells (in 1 10-cm dish) were washed twice with PBS

and collected into 1 ml of PBS with 5 mM EDTA.

The cells were then centrifuged at 10,000g for 2 min

and resuspended in 2 ml of solution A (10 mM Tris

7.5, 0.5 mM MgCl2) supplemented with PIC. After

being kept on ice for 10 min, the cells were

homogenized with 30 strokes in a glass Dounce

homogenizer, and 2 ml of solution B (10 mM Tris

7.5, 0.5 M Sucrose, 0.3 M KCl, 6 mM BME, 40 lM

CaCl2) was added. The lysate was centrifuged at

10,000g for 20 min to pellet nuclei and mitochondria.

The supernant was collected, and centrifuged at

100,000g for 60 min. The microsome pellet was

resuspended in 100 ll of solution C (10 mM Tris 7.5,

0.25 M Sucrose, 0.15 M KCl, 3 mM BME, 20 lM

CaCl2).

Immunofluorescence microscopy

Cells were grown in 6 well plates containing glass

coverslips (22 9 22 mm) and probed with modifica-

tions from a previously published staining protocol

(Kallay et al. 2006). Once properly polarized the

WIF-B cells were pre-extracted with a solution of

PHEM buffer (60 mM PIPES, 25 mM HEPES,

10 mM EGTA, and 2 mM MgCl2, pH 6.8) containing

0.025% saponin for 2 min. The coverslips were

washed twice for 2 min with a solution of PHEM

buffer containing 0.025% saponin and 8% sucrose.

The cells were fixed with a solution of 4% PFA and

8% sucrose in PBS for 30 min at room temperature.

Coverslips were rinsed three times quickly to rehy-

drate, and then three times for 5 min each with PBS.

A solution of 1% BSA and 0.025% saponin in PBS

was used to block for 1 h. The coverslips were

probed with the following primary monoclonal

antibodies in the blocking solution for 1 h: TGN38

and EEA1 (Transduction Laboratories/BD Biosci-

ences, San Jose, CA) at a dilution of 1:500, HA321

(Nyasae et al. 2003) and MRP2 (Abcam, Cambridge,

MA) at a dilution of 1:250. The antibody against

SPCA1 is polyclonal and was used at a dilution of

1:500. After incubation with primary antibodies,

coverslips were washed 3 times for 5 min with

0.2% BSA in PBS. Secondary antibodies used were

anti-rabbit Alexa Fluor 488 at a dilution of 1:2000

and anti-mouse Alexa Fluor 568 at a dilution of

1:1000 (Invitrogen, Carlsbad, CA). The coverslips

were incubated in DAPI/PBS (5 mg/ml) for 10 s and

rinsed with H2O and subsequently mounted with

Dako Cytomation Fluorescent Mounting Medium

(Invitrogen, Carlsbad, CA). Cells were imaged on a

Zeiss 710NLO Meta confocal microscope.

Liver: Golgi flotation

Rats were starved for 18 h and livers were removed

and perfused with 0.9% NaCl. Rat livers were then

homogenized in 0.25 M SKTM solution (5.5 ml/g;

50 mM Tris, 25 mM KCl, 5 mM MgCl2, and 0.25 M

sucrose (Bergeron et al. 1982)) with protease inhib-

itor and 1 mM of PMSF by using Teflon Potter

homogenizer. Homogenate was filtered through four

layers of gauze and adjusted to 1.02 M sucrose by

adding 2 M SKTM. Homogenate was distributed to

SW28 ultraclear tubes and same volume of gradient

from 1.02 to 0.2 M SKTM was poured onto the top of

the homogenate. The gradients were centrifuged at

25,000 rpm for 3.5 h. Five fractions were collected:

A, top of gradient to just above white band; B, white

band; C, between below white band to the top of the

load mark; D, load; E, pellet.

Cell viability

Cell viability was monitored using the MTT assay

performed according to Sigma’s product information

guide for the TOX-1 kit (Sigma–Aldrich, St. Louis,

MO) and as previously described (Mosmann 1983).

Briefly, following treatment a 5 mg/ml MTT stock

solution in PBS was filter sterilized and added to a

final concentration of 250 lg/ml and incubated for

2 h at 37�C. Cells were subsequently solubilized by
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adding a solution (10% Triton X-100, 0.1 N HCl in

isopropanol) equivalent to the volume of the culture

medium and mixed until all crystals were uniformly

dissolved (not to exceed 2 h). The absorbance of

200 ll of the mixture was read in triplicate on a 96-

well plate spectrophotometer (Molecular Devices) at

570 and 630 nm (background). In Fig. 5c, knock-

down efficiency of SPCA1 was 52%, and viability of

cells with SPCA1 knockdown was normalized to

SPCA1 protein expression level accordingly. Unin-

fected cells responded similarly to control knock-

down (DsRed) upon Mn2? treatment.

Results

Isoform specific expression of SPCA in liver

and WIF-B cells

Two distinct genes, ATP2C1 and ATP2C2, encode

the corresponding SPCA1 and SPCA2 isoforms in

vertebrates, including mammals. SPCA2 shows tis-

sue-specific and inducible expression, and is known

to be abundant in intestinal epithelium (Vanoevelen

et al. 2005) and lactating mammary glands (Faddy

et al. 2008). In contrast, SPCA1 is ubiquitously

expressed (Vanoevelen et al. 2005) and serves an

essential housekeeping role (Okunade et al. 2007).

We used isoform-specific polyclonal antibodies to

investigate SPCA expression levels in rat liver

extracts and in the chimeric liver-derived cell line

WIF-B, obtained by fusing rat hepatoma cells with

human fibroblasts (Shanks et al. 1994). Western

analysis showed a band of *104 kDa corresponding

to SPCA1 in both liver tissue and WIF-B extracts, but

we were unable to detect SPCA2 expression in either

preparation (Fig. 1a, c). Total membrane fractions

from yeast strains devoid of endogenous Ca2? pumps

and expressing heterologous human SPCA pumps

(Ton et al. 2002; Xiang et al. 2005) were used as

positive controls. We conclude that SPCA1 is the

relevant isoform for evaluating Mn2? homeostasis in

liver.

As a hybrid, WIF-B cells may potentially express

both the human and rat form of SPCA1. RT–PCR

experiments designed to specifically detect individual

forms revealed that mRNA levels of rat SPCA1 are

significantly more abundant than hSPCA1 mRNA

levels (Fig. 1b). As expected from Western analysis,

mRNA for neither rat nor human SPCA2 was

detectable (see ahead, Fig. 5).

Vesicular distribution of SPCA1 in liver

and WIF-B cells

Confluent cultures of WIF-B cells polarize, forming

distinct apical domains between adjacent cells that

enclose spherical bile canalicular-like (BC) spaces.

Domain-specific distribution of plasma membrane

proteins, microtubule architecture and integrity of

tight junctions make WIF-B cells a suitable model for

membrane trafficking in hepatocytes. Indirect immu-

nofluorescence showed overlapping distribution of

SPCA1 and TGN38, consistent with colocalization in

the trans-Golgi network (Fig. 2) and similar to

previous observations in non-polarized cell cultures

(Ton et al. 2002). In addition, we observed a novel

vesicular distribution of SPCA1, with prominent

accumulation of puncta preferentially near the baso-

lateral membrane that has not been previously

described in any other cell type. Careful examina-

tion of co-stained images with HA321, a basolateral

localized protein failed to reveal significant

co-localization (Fig. 2 and Electronic Supplemental

Movie), suggesting that this population of SPCA1

may reside in vesicles just below the basolateral

surface. This possibility was supported by results of

cell surface biotinylation (Fig. 3). The presence of

two lysines in predicted periplasmic loops of SPCA1

should allow for biotin modification and indeed, low

but detectable biotinylation of overexpressed SPCA1

was observed in HEK 293 cells (Feng et al. 2010).

However, three independent surface biotinylation

experiments failed to reveal the presence of endog-

enous SPCA1 on the plasma membrane of WIF-B

cells, whereas CE9, a known basolateral protein, was

abundantly labeled with biotin (Fig. 3). Together,

these findings suggest that in WIF-B cells, a signif-

icant vesicular pool of endogenous SPCA1 lies close

to, but not on, the basolateral membrane.

MRP2 is a multidrug resistance protein that is

found on the apical membrane in liver cells. An

antibody against the C-terminus of the protein shows

the localization of the BC domain. Co-staining

with the SPCA1 antibody showed no significant

co-localization at the apical membrane, although

vesicles close to the apical membrane were observed.

Further, co-staining with the early endosomal marker,
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EEA1 showed only low levels of co-localization with

SPCA1 in WIF-B cells.

We sought to verify the novel, vesicular distribu-

tion of SPCA1 in rat liver by an independent

biochemical approach. Liver extracts were fraction-

ated on a discontinuous sucrose gradient and fractions

analyzed for membrane marker proteins (Fig. 4A).

The Golgi marker protein, Golgin84, was found

primarily in fraction b, with smaller amounts in the

adjacent lighter (fraction a) and heavier (fraction c)

parts of the sucrose gradient. This distribution largely

resembled a marker for trans-Golgi network mem-

branes, TGN38, also found primarily in fraction b,

with significant amounts in fraction a. While SPCA1

was found in fraction b, consistent with Golgi/trans-

Golgi localization, we also saw substantial levels in

fractions c and d, overlapping with fractions contain-

ing early endosomal marker, EEA1. In contrast, the

distribution of SPCA1 did not overlap significantly

with markers for apical or basolateral plasma mem-

branes (DPP4 and CE9), endoplasmic reticulum (cal-

reticulin) or recycling endosomes (Rab11). Figure 4B

and Electronic Supplemental Table S1 depicts

the yield of membrane markers across the gradi-

ent, derived from the individual signal intensity

multiplied by the total protein abundance in each

fraction. In this analysis, the bulk of TGN38 was

found in fraction b whereas the bulk of plasma

membrane and ER markers were at the bottom of the

density gradients. Due to the low abundance of Golgi

membranes, most of SPCA1 was found associated in

the fraction also containing early endosome marker

EEA1. The identity of this compartment is not likely

to be EEA1-containing early endosomes, given the

lack of significant co-localization in WIF-B cells, but

may be a distinct, basolaterally distributed vesicular

population with similar fractionation properties as

early endosomes. In summary, we conclude that

substantive amounts of the SPCA1 pump are found

outside the cisternal stacks of the Golgi/TGN in both

polarized WIF-B cells and liver in a unique, hitherto

not reported sub-surface membrane pool of vesicles

where they may have special functional significance.

Knockdown or overexpression of SPCA1 alters

sensitivity to manganese when SPCA2 is absent

It is known that excess Mn2? is detoxified by export

into bile by the liver (Papavasiliou et al. 1966),

although the identity of the transporter(s) involved in

Fig. 1 Isoform specific

expression of SPCA pumps

in liver and WIF-B cells.

a and c, Western blot using

isoform-specific antibody

against SPCA1 (top) and

SPCA2 (bottom) of extracts

from liver, WIF-B and

transgenic yeast strains

lacking endogenous

calcium pumps that were

engineered to express either

human SPCA1 or SPCA2,

respectively. 100 lg of

protein was run in each

lane. b Reverse-

transcription PCR of cDNA

from the hybrid WIF-B cell

line showing relative

transcript levels of rat and

human SPCA1
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Fig. 2 Dual localization of

SPCA1 to Golgi/TGN and

sinusoidal/basolateral

domain in WIF-B cells.

a Confocal microscopic

images of indirect

immunofluorescence from

WIF-B cells stained with

antibody to SPCA1 in the

absence (top) or following

peptide block (bottom), as

described in ‘‘Methods’’

section. Nuclei are stained

with DAPI. b. Confocal

microscopic images

showing indirect

immunofluorescence

staining for SPCA1,

together with

compartmental markers for

trans Golgi network

(TGN38), early endosomes

(EEA1), basolateral

(HA321) and apical

(MRP2) membranes. In the

merged images, DAPI

stained nuclei (blue),

SPCA1 (green) and

individual markers (red) are

overlaid. (Color figure

online)
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the efflux mechanism remains to be discovered. To

directly assess the functional contribution of SPCA1

in Mn2? detoxification, we engineered a knockdown

of rat ATP2C1 gene expression in WIF-B cells and

human ATP2C1 in HEK 293T cells by infecting with

the appropriate shRNA constructs packaged into

lentivirus. Partial knockdown of SPCA1 was

observed in both WIF-B and HEK 293T cells, by

RT–PCR (Fig. 5a and Electronic Supplemental Fig-

ure S1B) and Western blotting (Fig. 5b, and Elec-

tronic Supplemental Figure S1B). Furthermore, there

was no compensatory increase in SPCA2 levels in

either cell line. Whereas untransfected or mock-

transfected (with DsRed) WIF-B cells polarized

10 days post plating, we observed that partial

knockdown of rat SPCA1 slowed cell growth by

about 30% and delayed polarization to around day 14

(not shown). No significant change in growth rate was

observed with knockdown of SPCA1 in HEK 293T

cells, likely because of a significant presence of the

SPCA2 isoform in this cell line (Electronic Supple-

mental Figure S1A). Thus, these preliminary findings

suggest that functional expression of SPCA1 is

important for growth and polarization of WIF-B cells.

Cells virally infected with control (DsRed) and

SPCA1 shRNA were treated with 250 lM MnCl2 for

24 h and assessed for viability by assay of MTT

staining. In WIF-B cells with partial knockdown of

SPCA1 the inhibitory effect of Mn2? on viability was

roughly double (p-value \ 0.003) that compared to

control (DsRed) cells, whereas uninfected cells

resembled DsRed infected cells (not shown). In

Fig. 5c, viability is shown relative to growth in the

absence of Mn2? in each cell line and normalized for

Fig. 3 Surface biotinylation of WIF-B cells fails to detect

SPCA1. Western blot following cell surface biotinylation of

WIF-B cells, as described in ‘‘Methods’’ section. Protein

samples of 60 and 120 lg were obtained from total lysate,

biotin labeled proteins (pulled down with avidin beads) and

unbound proteins (supernatant remaining after pull down). One

of three independent experiments is shown. Note that SPCA1 is

not biotinylated, in contrast to the basolateral membrane

protein CE9

Fig. 4 Sucrose density gradient fractions from rat liver

homogenates. A Western blots of sucrose gradient fractions

from the top, fraction a, through the bottom, fraction e, derived

from rat liver homogenates, as described in ‘‘Methods’’ section.

Total membranes from yeast expressing hSPCA1 were used as

control (Yeast TM). Protein samples were loaded in pairs of

60 lg (lanes 1) and 120 lg (lanes 2), as indicated, or 60 lg

only. B Fractional expression of individual proteins was

quantified by densitometry and normalized to total protein

levels associated with each fraction to show the relative

abundance associated with fractions. Expression data (% of

total) are tabulated in Electronic Supplemental Table 1. Note

the prominent expression of SPCA1 associated with a liver

endosomal fraction outside of the Golgi/TGN pool
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partial knockdown of SPCA1 as described in

‘‘Methods’’ section. As a control for ion specific

effects of the knockdown, we also evaluated Cu2?

toxicity. There was no difference in the viability of

Cu2? treated WIF-B cells with diminished SPCA1

expression in comparison to those with basal SPCA1

levels (Electronic Supplemental Figure S1B). In

contrast, in HEK 293T cells, SPCA1 knockdown

failed to confer increased susceptibility to either

Mn2? or Cu2? toxicity, likely because of redundant

expression of the SPCA2 isoform in this cell line

(Electronic Supplemental Figure S1C). Conversely,

overexpression of SPCA1 in HEK 293T cells

conferred significant protection against Mn2? toxic-

ity, relative to vector transfected controls (Fig. 5d, e).

Taken together, these observations point to a role for

SPCA1 in mediating Mn2? homeostasis and protect-

ing against Mn2? toxicity.

Discussion

The liver is the sole exit route for excess Mn2? via

bile excretion into the feces (Papavasiliou et al.

1966). Early experiments in rats showed rapid and

saturable biliary clearance, and evidence for active,

energy-mediated processes (Klaassen 1974; Ballatori

et al. 1987). Studies that followed using the human

liver derived cell line, HepG2 (Finley 1998) and

hepatocytes derived from skates (Madejczyk et al.

Fig. 5 Mn2? detoxification by SPCA1 in WIF-B and HEK

293T cells. RT–PCR with isoform specific primers (a) and

Western blot (b) showing expression of SPCA1 and SPCA2 in

uninfected WIF-B cells, or cells infected with lentivirus

targeting knockdown of rSPCA1 or DsRed, as a control.

b-actin was used as a loading control (c). Evaluation of cell

viability by MTT assay of WIF-B cells after 24 h exposure to

250 lM MnCl2. In each case, data were normalized to

expression level of SPCA1, and viability of cells growing in

the absence of MnCl2 was set as 100%, as described in

‘‘Methods’’ section (d). Western blot, with anti-HA antibody,

showing overpression of HA-tagged SPCA1 in HEK 293T cells

(e). Viability of HEK 293T cells transfected with empty

vector or HA-SPCA1, evaluated by MTT assay following

24 h exposure to 250 lM MnCl2 as described for panel C.

** p-value \ 0.006
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2009), confirmed these observations, although no

specific efflux mechanism was identified at a molec-

ular level. The physiological importance of the liver

in Mn2? detoxification is best illustrated in patients

with cirrhotic livers who have well-documented liver

encephalopathy, which is accompanied by excessive

serum Mn2? levels and Mn2? deposition in the

pallidum, putamen and caudate nucleus of brain

(Butterworth 2010). Toxic sequelae of brain Mn2?

include neuronal loss and alteration of glutamatergic

neurotransmission and cerebral metabolism, leading

to cognitive dysfunction, Parkinsonism and ataxia.

Although a multitude of plausible molecular routes

for Mn2? uptake have been proposed, transport

mechanisms involved in cellular efflux of Mn2?

remain largely unexplored. In this study, we make the

case for a role of the secretory pathway Ca2?, Mn2?-

ATPase, SPCA1, in Mn2? detoxification. First, we

show isoform specific expression of ATP2C1 encod-

ing SPCA1, in rat liver and liver derived hybrid cell

line WIF-B. In a mouse model, homozygous knock-

out of ATP2C1 was lethal beyond embryonic day

10.5 (Okunade et al. 2007). Consistent with an

essential, housekeeping role of this isoform, we found

that partial knockdown of ATP2C1 in WIF-B cells

was accompanied by 30% growth inhibition and

delay in formation of bile canalicular domains,

indicative of a critical role of this pump in polarized

hepatocyte growth. A second isoform, SPCA2

encoded by ATP2C2, is not expressed in either liver

or WIF-B cells, and appears to have a more-

specialized, tissue selective function. In HEK 293T

cells where there is redundant expression of both

isoforms, SPCA1 knockdown did not confer growth

inhibitory phenotype, consistent with compensation

by SPCA2. We also failed to observe Mn2? depen-

dent changes in expression levels of ATP2C1 (results

not shown), perhaps not surprising given the consti-

tutive and essential function of SPCA1.

Second, the localization of SPCA1 in WIF-B cells

is consistent with a role in sequestering Mn2? into the

secretory pathway, for exocytic clearance into bile. In

addition to the expected Golgi/TGN localization, we

observed a novel vesicular population prominent in

both liver tissue and liver derived cells. In fully

polarized WIF-B cells in culture, SPCA1 localized to

endosomes that appeared to be closely associated

with the basolateral membrane. We suggest that this

pool of endosomes may serve to sequester Mn2? as it

enters from the sinusoidal/basolateral domains

(Fig. 6). Furthermore, vesicular SPCA1 localized

near apical membranes may also serve to accumulate

cytosolic Mn2? for delivery into bile. Previous

studies have amply demonstrated that SPCA1 can

mediate high (nM) affinity, active transport of Mn2?,

ensuring accumulation of vesicular Mn2? while

cytoplasmic levels remain low (Ton et al. 2002;

Vanoevelen et al. 2005). Once packaged within the

vesicles, Mn2? may be trafficked as luminal cargo

directly to the apical membrane by transcytosis.

Alternatively, vesicles may be returned to TGN/

recycling compartment where SPCA1 may be sorted

away from the luminal cargo. We speculate that there

may be specific metal chaperones (proteins or anions

such as polyphosphates) that bind and stabilize

lumenal Mn2? and improve the efficiency of exocytic

clearance into bile. It remains to be determined

whether SPCA1 traffics between the vesicular pool

and the Golgi/TGN stacks. Although we did not

reliably observe Mn2?-dependent changes in SPCA1

localization in WIF-B cells (not shown), there may be

constitutive trafficking of the pump between distinct

endosomal and Golgi/TGN organellar pools. Given

the recent implication of ferroportin in Mn2? efflux in

HEK 293 cells (Yin et al. 2010 it would be interesting

to determine the localization of this transporter in a

polarized liver-derived cell line such as the WIF-B

cells. The conspicuous absence of SPCA1 from the

bile canalicular membrane leaves open the possibility

that additional apical transport mechanisms may

facilitate efflux of Mn2? into bile.

We showed that SPCA1 knockdown in WIF-B

cells increased Mn2? specific cell death, and con-

versely, overexpression in HEK 293T cells protected

against Mn2? toxicity, consistent with a physiological

function of this pump in Mn2? efflux and detoxifi-

cation. The evaluation of Mn2? mediated cell death

may be confounded by opposing effects of cellular

Mn2? toxicity and the known anti-oxidant properties

of the metal in scavenging free radicals that are likely

released during apoptotic or necrotic death (Lapinskas

et al. 1995). Thus, we may be underestimating the

role of SPCA1 in Mn2? detoxification in WIF-B

cells. Adding to this complication is the inviability of

complete knockout of SPCA1, demonstrated by

embryonic lethality in homozygous mouse knockouts

and delayed growth and polarization in cultured cells.

Furthermore, the unique architecture of polarized

168 Biometals (2011) 24:159–170

123



hepatocytes makes the apical compartment inacces-

sible in culture and precludes measurement of

directed basolateral to apical transport. A more

conclusive approach to demonstrate a role of SPCA1

in Mn2? detoxification into bile may require engi-

neering into a mouse model an ion selective mutant

of ATP2C1 that retains Ca2? transport capability,

likely to be an essential function, but selectively

abrogates Mn2? transport. Mutations selectively

defective in Mn2? transport have been identified in

the yeast ortholog of the SPCA pumps (Mandal et al.

2000, 2003). If viable, such a Mn2?-selective

knockout model may be amenable to more detailed

Mn2? clearance studies in vivo.
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