
ZIP14 is degraded in response to manganese exposure

Khristy J. Thompson . Marianne Wessling-Resnick

Received: 20 May 2019 / Accepted: 10 September 2019 / Published online: 20 September 2019

� The Author(s) 2019

Abstract Manganese (Mn) is an essential element

necessary for proper development and brain function.

Circulating Mn levels are regulated by hepatobiliary

clearance to limit toxic levels and prevent tissue

deposition. To characterize mechanisms involved in

hepatocyteMn uptake, polarized human HepaRG cells

were used for this study. Western blot analysis and

immunofluorescence microscopy showed the Mn

transporter ZIP14 was expressed and localized to the

basolateral surface of polarized HepaRG cells.

HepaRG cells took up 54Mn in a time- and temper-

ature-dependent manner but uptake was reduced after

exposure to Mn. This loss in transport activity was

associated with decreased ZIP14 protein levels in

response to Mn exposure. Mn-induced degradation of

ZIP14 was blocked by bafilomycin A1, which

increased localization of the transporter in Lamp1-

positive vesicles. Mn exposure also down-regulated

the Golgi proteins TMEM165 and GPP130 while the

ER stress marker BiP was induced. These results

indicate that Mn exposure decreases ZIP14 protein

levels to limit subsequent uptake of Mn as a cytopro-

tective response. Thus, high levels of Mn may

compromise first-pass-hepatic clearance mechanisms.

Keywords SLC39A14 � Hepatocytes � HepaRG
cells � Mn homeostasis

Introduction

Manganese is required for a number of essential

physiological processes such as bone development,

immunity, brain function, and overall homeostasis

(Aschner and Aschner 2005; Aschner and Erikson

2017; Roth 2006). As is the case with many essential

nutrients, there is a fine balance between adequate

levels of Mn and harmful concentrations. It has long

been established that excess Mn results in functionally

diminished motor pathways, impaired cognition, and

attention disorders (Aschner and Erikson 2017;

Crinella 2012; Hong et al. 1984; Lucchini et al.

1997; Pihl and Parkes 1977; Tran et al. 2002; Yamada

et al. 1986). To protect the body against excessive

harmful levels, ingested Mn is trafficked to the bile

through the first-pass hepatic clearance. This protec-

tive mechanism is thought to limit excess circulating

Mn to protect the body from its neurotoxic effects. An

increasing number of animal studies and human

genetic studies provide strong evidence that ZIP14

(SLC39A14) is a primary regulator of balanced blood

Mn levels. Individuals carrying mutations ZIP14

display hypermanganesemia (Clayton 2017). Defects

in ZIP14 cause high blood Mn with Mn loading in the
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brain but not in liver, indicating that its function in

liver uptake must be impaired (Tuschl et al. 2016).

Several human mutations in ZIP14 have been identi-

fied in young children suffering from parkinsonism-

dystonia with high bloodMn levels (Juneja et al. 2018;

Rodan et al. 2018) as well increased cerebral spinal

fluid Mn (Marti-Sanchez et al. 2018).

While the combined data from human and animal

studies have identified ZIP14 as an essential compo-

nent of Mn regulation and homeostasis, it is clear that

tissue specific mechanisms of transport regulation are

just beginning to be elucidated. In previous studies of

polarized WIF-B cells, we determined that hepatobil-

iary trafficking of Mn involved multiple transporters.

The transporters were localized to precise cellular

locations to mediate vectorial delivery of Mn from the

sinusoidal basolateral surface to the bile canalicular

apical membrane of hepatocytes (Thompson et al.

2018). ZIP14 localization at the basolateral surface of

these hepatic cells is consistent with a role in Mn

import (Aydemir et al. 2017; Hutchens et al. 2017;

Jenkitkasemwong et al. 2018). In contrast, the Mn

transporter ZIP8 (SLC39A8) was found to distribute to

cytoplasmic vesicular structures while ZNT10

(SLC30A10) was present in vesicles adjacent to the

WIF-B cell apical membrane. A limitation to these

studies was the fact that both rat and human ZIP14

transporters were expressed in this rat-human hybrid

line. Therefore, to further our understanding of the role

of ZIP14 in hepatocyte Mn uptake and clearance, we

have now studied its function in polarized HepaRG

cells which are a human-derived hepatocytoma line.

HepaRG cells have been used extensively in drug

clearance and toxicity studies. These cells express a

large array of the liver specific genes at greater

quantities than other hepatocyte cells lines, as well as

both sinusoidal and canalicular drug transporters

(Aninat et al. 2006; Le Vee et al. 2006; Pernelle

et al. 2011). The present study is the first analysis of

Mn transport and metabolism in these human hepatic

cells. Our goals were to evaluate Mn accumulation by

HepaRG cells and to explore mechanisms regulating

Mn import under conditions of hypermanganesemia.

Methods

Cell culture

For uptake and ICP-MS experiments, HepaRG cells

(MTOX1010; Millipore Sigma) were seeded into

24-well plates in Williams’ medium (Gibco) supple-

mented with HepaRG Thaw General Purpose Supple-

ment (Life Technologies) and 1X GlutaMAX

Supplement (Life Technologies) according to supplier

guidelines. For immunofluorescence microscopy

experiments, HepaRG cells were seeded on transwell

inserts (0.4 micron PET; Corning Falcon Cell Culture

Inserts) which require fewer cells (cell growth area

approximately half the area of the 24-well). Similar

morphology and Zip14 distribution were observed in

cells plated on coverslips. To ensure polarization, cells

were maintained in culture for 10–12 days with 5%

CO2 at 37 �C. All treatment conditions and uptake

studies were performed at a volume of 300 lL per

well. Washes between conditions and terminal washes

were performed at a volume of 1000 lL as detailed in

the following procedures.

Temperature and time-dependent Mn uptake

Uptake dynamics were established through 54Mn

tracer uptake studies. 54Mn was purchased from

PerkinElmer (NEZ040) and specific activity was

adjusted to 145 cpm/pmol with cold MnCl2. HepaRG

cells were incubated in uptake buffer containing

standard 1 9 Hanks Balance Salt Solution (HBSS;

Gibco) with 1 lM 54MnCl2 at 37 �C or on ice (4 �C)
for 5, 10, 30, or 60 min. Cells were rinsed in ice-cold

Ca2?/Mg2? free HBSS ? 100 lM EGTA 3 times at

the end of incubation to remove any extracellular non-

specifically bound metal and release Mn targeted to

the bile compartment which is sensitive to calcium

chelation (Suda et al. 2011). Uptake was limited to

shorter uptake incubation times since by 4 h, cells

were not viable in serum-free HBSS uptake medium.

At the end of the uptake incubation period and after

EGTA washes, cells were immediately lysed in

Laemmli buffer, removed from the plate, and the

radioactivity of each sample was measured in a

WIZARD Gamma Counter (PerkinElmer, Inc., Wal-

tham, MA, USA). Cell uptake was calculated as pmol/

well. Cell-associated radioactivity measured at 4 �C
was taken as non-specific background.
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Competition studies

To test if excess metal could compete for 54Mn uptake,

HepaRG cells were incubated in uptake buffer

containing 1 lM 54MnCl2 with an additional 5 or

50 lM MnCl2 for 30 min at 37 �C. Cells were rinsed
three times in cold HBSS containing 100 lM EGTA.

Cells were lysed in Laemmli buffer, removed from the

plate, and the radioactivity of each sample was

measured in a WIZARD Gamma Counter (Perk-

inElmer, Inc., Waltham, MA, USA).

Effects of Mn exposure on Mn uptake

HepaRG cells were exposed to indicated concentra-

tions of MnCl2 in standard culture media for 4 or 16 h

prior to uptake studies. The standard culture media

contained 1.8 mM CaCl2 and provided a source for

competition of non-specific divalent metal binding

sites. Media containing added metal was removed and

cells were rinsed with standard HBSS followed by

incubation for 30 min at 37 �C in uptake buffer

containing 1 lM MnCl2. After uptake, the cells were

placed on ice and washed 3 times with 1 mL cold

Ca2?/Mg2? free HBSS containing 100 lM EGTA.

Cells were then lysed in 1 9 Laemmli buffer and

radioactivity was measured. Samples were subse-

quently analyzed for transporter levels by Western

blot analysis. In a separate set of experiments Mn

content was measured using ICP-MS (inductively

coupled mass spectrometry) carried out by Dartmouth

Trace Element Shared Resource. HepaRG cells

exposed to Mn were washed with cold PBS,

trypsinized to remove nonspecifically bound extracel-

lular Mn, and cell pellets collected and weights

recorded. ICP-MS analysis was performed by the

Trace Metals Analysis Laboratory (Dartmouth Col-

lege, Hanover, NH) andMn content was normalized to

the cell pellet wet weights.

Bafilomycin A1 treatment

To test if the decrease in ZIP14 protein levels

following Mn treatment was due to lysosomal degra-

dation, HepaRG cells were treated with 50 nM

bafilomycin A1 for 30 min prior to the addition of

Mn. 50 nM bafilomycin A1 was subsequently main-

tained in the medium upon the addition of 50 lM Mn

for 4 h in standard culture conditions. Control wells

were incubated with or without 50 lM Mn in the

absence of bafilomycin A1. At the end of the

experiment, cells were rinsed with warm HBSS, lysed

in Laemmli buffer and processed for Western blot

analysis.

Western blot analysis

HepaRG cells were exposed to indicated concentra-

tions of MnCl2 for 4 or 16 h in standard culture

conditions. Following treatment, the cells were rinsed

in 1 mL standard culture media followed by two

washes in PBS. Cells were lysed in 1 9 Laemmli

buffer and processed for Western blot analysis.

HepaRG cells in 1 9 Laemmli sample buffer contain-

ing beta-mercaptoethanol were heated for 5 min at

95 �C to blot for ZIP14, GPP130, and BiP, or 10 min

at 72 �C to blot for TMEM165, GM130, ZNT10, and

ferroportin (FPN). Samples for ZIP8 were unheated.

Equivalent sample volumes were loaded onto 4–20%

denaturing gels, proteins were separated by SDS-

PAGE, and transferred to nitrocellulose (Bio-Rad

Transblot Turbo blotting system). Immunoblots were

blocked with 5% non-fat milk in Tris-buffered saline

(TBS) containing 1% Tween-20 (TW20). Blots were

then incubated with primary antibodies (rabbit anti-

ZIP14, Sigma 1:1000; rabbit anti-ZIP8, Sigma 1:1000;

rabbit anti-ZNT10, Sigma 1:1000; rabbit anti-FPN,

Novus, 1:1000; rabbit anti-GPP130, BioLegend

1:500; rabbit anti-BiP, Cell Signal Technologies

1:1000; rabbit anti-TMEM165, Sigma 1:1000; rabbit

anti-GM130, Cell Signaling Technology 1:1000) in

TBS-TW20 overnight at 4 �C. After two washes in

TBS-TW20, blots were placed in secondary IRDye

800CW donkey anti-rabbit or anti-mouse IgG (Li-Cor,

1:5000 dilution) or IRDye 680RD donkey anti-rabbit

or anti-mouse IgG (Li-Cor, 1:5000 dilution) and then

rinsed in TBS-TW20. Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) was as a loading control and

detected usingmouse anti-GAPDH (Sigma, 1:2000) or

rabbit anti-GAPDH (ABclonal, 1:1000). Images were

acquired on Li-COR Odyssey Clx Near-Infrared

Western Blot System and band intensity analyzed

using iS Image Studio.

Indirect immunofluorescence of HepaRG cells

HepaRG cells were rinsed in phosphate-buffered

saline (PBS), fixed in 4% paraformaldehyde in PBS
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for 20 min, and quenchedwith 10 mMglycine in PBS.

Cells were permeabilized for 5 min in 0.2% Triton-

X100/PBS, followed by a 30-min blocking step with

1% bovine serum albumin (BSA) in PBS. Cells were

then incubated for overnight at 4 �C with the follow-

ing primary antibodies: rabbit anti-ZIP14 (Sigma

1:200), mouse anti-MRP2 (Abcam, 1:200), mouse

anti-Lamp1 (Abcam, 1:100), mouse anti-beta1 NaK-

ATPase (Abcam, 1:200, followed by a 45 min incu-

bation with secondary antibodies AlexaFluor568-

labeled goat anti-rabbit (Molecular Probes, 1:500),

AlexaFluor568-labeled goat anti-mouse (Molecular

Probes, 1:500), AlexaFluor488-labeled goat anti-rab-

bit (Invitrogen, 1:500), or AlexaFluor488-labeled goat

anti-mouse (Invitrogen, 1:500). Inserts were mounted

using ProLong Diamond Antifade Mountant (Invitro-

gen). Prior to fixation, nuclei were stained with

NucBlue Live Cell Stain ReadyProbes according to

manufacturer’s instructions (Invitrogen). HepaRG

cells were imaged with a Yokogawa CSU-X1 spinning

disk confocal system with a Nikon Ti-E inverted

microscope using a 60 9 or 100 9 Plan Apo objective

lens with Zyla cMOS camera using 405, 561 and 488

lasers. NIS elements software was utilized for acqui-

sition parameters, shutters, filter positions and focus

control.

Cell viability

Cell viability was determined using the TOX-1 assay

(Sigma). Cells were first exposed to MnCl2 (0, 5, 25,

50, 500, and 1000 lM) for 4 or 16 h, followed by a 4 h

incubation with (3-[4,5-dimethylthiazol-2yl]-

2,5diphenyl tetrazolium bromide) (MTT; 0.5 mg/

mL). The formazan crystals produced in the reactions

were then dissolved in isopropyl alcohol containing

0.1 N HCl. Absorbance of the samples was measured

at 570 nm using a BioTek Synergy 2 plate reader. Cell

viability was normalized to control (untreated) cells as

recommended by the manufacturer.

Statistical analysis

Statistical comparisons were performed using one-

way ANOVA and Student’s t test with GraphPad

Prism software. Results are expressed as mean ±

SEM. Differences between compared groups were

considered significant at P\ 0.05. Regression analy-

sis were used to determine dose–response relationship

between transporter levels and manganese exposure.

ImageJ software and the JACoP plugin were used to

determine Pearson’s coefficient where results are

expressed as mean ± SD.

Results

HepaRG cells express ZIP14 and the transporter

localizes to the basolateral surface

HepaRG cells polarize to mature hepatocytes and form

confluent monolayers with bile canalicular forma-

tions. They have been utilized to study various

transport mechanisms and have successfully been

imaged using indirect immunofluorescence (An-

therieu et al. 2013; Bachour-El Azzi et al. 2015;

Kanebratt and Andersson 2008; Sharanek et al. 2014;

Susukida et al. 2016). To determine the expression and

membrane distribution of ZIP14, we performed indi-

rect immunofluorescence experiments co-labeling

apical or basolateral markers. ZIP14 did not co-

localize with the apical membrane marker MRP2

(Fig. 1a, left panel) but was exclusively localized to

the basolateral surface with extensive overlap with the

basolateral membrane marker NaK-ATPase (Fig. 1a,

right panel). Placement of ZIP14 at the basolateral

membrane is consistent with its function as a hepato-

cyte metal importer (Bowers and Srai 2018; Guthrie

et al. 2015; Pinilla-Tenas et al. 2011; Zhao et al. 2014).

Temperature and time dependent uptake of Mn

by HepaRG cells

To determine the time course of Mn uptake by

HepaRG cells, cellular acquisition of the radioactive

tracer 54Mn was measured. HepaRG cell Mn uptake

occurred in a time- and temperature-dependent man-

ner (Fig. 1b, c). The cellular uptake of 54Mn was

competed by excess unlabeled Mn (Fig. 1c). These

observations support the specificity of the metal

uptake pathway.

HepaRG cells are resistant to Mn-induced

cytotoxicity

Mn has been shown to be toxic to a variety of cell types

at lM concentrations (Choi et al. 2019; Fernandes

et al. 2019; Porte Alcon et al. 2018; Roth et al. 2002).
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For example, in our previous studiesWIF-B cells were

observed to have significantly reduced viability after 4

and 16 h of exposure to[ 500 lM Mn (Thompson

et al. 2018). Therefore, we examined the viability of

HepaRG cells after exposure of up to 1000 lMMn for

4 or 16 h in standard culture conditions. Cell viability

was determined using the MTT assay (Fig. 2a).

HepaRG cells maintained close to 100% viability

over all Mn concentrations at both exposure times.

ICP-MS experiments confirmed that Mn did

c

b

ZIP14

NaK-ATPase

Merge

ZIP14

MRP2

Merge

Apical Basolateral
a

Fig. 1 ZIP14 localization and Mn uptake by HepaRG cells.

a ZIP14 colocalizes with the basolateral membrane marker

NaK-ATPase but not the apical marker MRP2. HepaRG cells

were grown on 0.4 lm transparent inserts for 12 days in

standard culture conditions. Shown are staining for ZIP14

(green) and the apical marker MRP2 (left panel; red) or the

basolateral marker NaK-ATPase (right panel; red) using indirect

immunofluorescence. Cell were imaged using a Yokagawa

CSU-X1 spinning disk confocal system with a Nikon Ti-E

inverted microscope using a 60 9 (MRP2 images) or a

100 9 (NaK-ATPase images) Plan Apo objective lens with

Zyla cMOS camera using 561 and 488 lasers. Bar = 5 lm. bMn

uptake is time and temperature dependent. HepaRG cells were

incubated with 1 lM 54Mn for 5, 10, 30 and 60 min at 37 �C

(filled circles). Uptake at 4 �C is indicated at 5 min (open circle)

and extrapolated out to 60 min as indicated by the dashed line.

After incubation for the times indicated, cells were washed,

removed from the plate, and cell-associated 54Mn was measured

by gamma counting. Values are mean ± SEM, n = 4 biological

samples. c 54Mn uptake is competed by excess unlabeled Mn.

Cells were incubated with 1 lM 54Mn in uptake buffer

containing either 5 or 50 lM cold Mn. After incubation for

the times indicated, cells were washed, removed from the plate,

and cell-associated 54Mn was measured by gamma counting.

Values are mean ± SEM, n = 4 biological samples; a signifi-

cant from 4 �C; b significant from control; c significant from

5 lM Mn. P\ 0.05
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accumulate in HepaRG cells in a dose-dependent

manner over this concentration range and after these

incubation periods (Fig. 2b). Mn accumulation by

HepaRG cells was comparable to that measured in

WIF-B cells exposed in a similar manner (Thompson

et al. 2018).

Mn exposure decreases 54Mn uptake by HepaRG

cells

While ICP-MS can assess the mass accrual of metal, it

does not report information about how uptake may be

changing over time. Therefore, we also examined

a

c 1) -/+Mn 4 or 16HR 3). 54Mn uptake measured
(Gamma counter)

2) +Trace 54Mn

Rinse
Cold HBSS
+EGTA

Rinse
Warm HBSS++

d

b ICP-MSICP-MSCell Viability Assay

Fig. 2 HepaRG cell response to 4 and 16 h Mn exposure.

HepaRG cells were exposed to Mn for 4 and 16 h in standard

culture conditions followed by assessment of cell viability or
54Mn uptake. a HepaRG cells remain viable following exposure

to Mn (5, 25, 50, 100, 1000 lM) for 4 h (open circles) and 16 h

(open squares). Cell viability was determined using MTT and

normalized to control (untreated) cells. Shown are mean ±

SEM, n = 3. b HepaRG cells accumulate Mn with increasing

Mn concentration. Cells were exposed to 50, 100, and 500 lM
Mn for 4 or 16 h. Cells were washed with cold PBS, removed

from the wells by trypsinization, and digested for ICP-MS

analysis. Mn levels increased in the cells with increasing dose at

both the 4 and 16 h incubation periods. Values are mean ±

SEM, n = 3 biological samples. a, significant from 50 lM; b,

significant from 100 lM. c Shown is a diagram depicting the

protocol used for the experimental results shown in C. HepaRG

cells were pre-incubated with MnCl2 for 4 or 16 h prior to the
54Mn uptake assay. HepaRG cells were then rinsed and

incubated with 1 lM 54MnCl2 for 30 min at 37 �C. Cells were
rinsed, removed from the plate, and cell 54Mn content

determined using a gamma counter. d Values for the 54Mn

uptake experiment are shown as mean ± SEM, n = 4 biolog-

ical; a significant from control; b significant from 5 lM,

c significant from 50 lM. P\ 0.05
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uptake dynamics in HepaRG cells following metal

exposure for 4 or 16 h under standard culture condi-

tions (see protocol design, Fig. 2c). Cells were sub-

sequently incubated with a trace amount of 54Mn to

measure uptake. Up to 40% reduction in 54Mn uptake

was observed after incubation of HepaRG cells with

Mn concentrations of 50 lM after the 4 h incubation

period; import of the radiotracer was similarly reduced

after the longer 16 h exposure time (Fig. 2d).

Although Mn uptake was not completely suppressed,

these results suggest that HepaRG cells respond to Mn

exposure by down-regulating transport of the metal.

Mn exposure decreases ZIP14 protein levels

We postulated that one-way HepaRG cells could

decrease Mn uptake following metal exposure was by

down-regulating ZIP14. We therefore examined pro-

tein levels of ZIP14 by Western analysis of HepaRG

cell lysates collected after exposure to Mn. Treatment

of HepaRG cells with MnCl2 (5, 50, or 100 lM) for 4

and 16 h in standard culture conditions resulted in a

dose-dependent decrease in ZIP14 protein levels

(Fig. 3a). Similar results were found for cells treated

with Mn for 16 h. Levels of HepaRG cell ZIP14 did

not decrease when exposed to ZnSO4 at equivalent

concentrations over the same period of time, indicat-

ing this effect was specific to MnCl2 exposure (data

not shown). In contrast, levels of other transporters,

including FPN, ZNT10 and ZIP8, did not decrease in a

dose dependent manner (Fig. 3b).

Bafilomycin A1 blocks Mn-induced degradation

of ZIP14

To examine the pathway of ZIP14 down-regulation in

response to Mn, HepaRG cells were treated with

bafilomycin A1, an inhibitor of vacuolar ATPases.

ZNT10
GAPDH

50 kDa
38 kDa

ZIP8 50 kDa
38 kDaGAPDH

FPN
38 kDa
50 kDa

GAPDH

5 50 100

a b

16 Hour Mn Exposure

Mn
0

Mn

0 5 50 100

GAPDH 38 kDa
ZIP14 90 kDa

ZIP14 90 kDa

GAPDH 38 kDa

Mn Exposure

Fig. 3 ZIP14 protein levels decrease in response to 4 and 16 h

Mn exposure. HepaRG cells were treated with metal for 4 or

16 h in standard culture conditions. a Shown are representative

Western blots for ZIP14 after 4 (top panel) and 16 h (bottom

panel) treatment with MnCl2. Equal volumes of lysed samples

were loaded per lane. ZIP14 band intensities were measured and

normalized to GAPDH levels. Graphed are the normalized data

at 5, 50, and 100 lM Mn where the control is set to 1 (dashed

line). Values are mean ± SEM, n = 4 biological samples.

ZIP14 protein levels in response to Mn exposure show a dose-

depended regression at P\ 0.05. b Shown are representative

Western blots for FPN, ZNT10, and ZIP8 after 16 h treatment

with MnCl2. Cell lysates were prepared for immunoblotting and

equal volumes of lysed samples were loaded per lane. FPN,

ZNT10, and ZIP8 band values were each normalized to GAPDH

levels. Graphed are the normalized data at 5, 50, and 100 lM
Mn. The control is set to 1 (dashed line). Values are

mean ± SEM, n = 4 biological samples. ZIP8, ZnT10, and

FPN do not show a dose-dependent regression
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Bafilomycin A1 inhibits degradation in the endolyso-

somal pathway by raising vesicular pH to interfere with

lysosomal protease activity. Western blot analysis of

cell lysates from untreated control and Mn-treated

samples indicated that the presence of bafilomycin A1

prevented the loss of ZIP14 (Fig. 4, top panel). Indirect

immunofluorescence microscopy confirmed that ZIP14

degradation was blocked and further showed that

bafilomycin A1 increased overlap between Lamp1-

positive and ZIP14-positive structures in HepaRG cells

(Fig. 4, bottom panel, BafA1 ? Mn). Pearson values

were 0.275 ± 0.020 for control, Mn = 0.234 ± 0.018

for Mn-treated, and 0.364 ± 0.039 for bafilomycin A1-

treated cells. Values are mean ± SD. These results

MnControl BafA1+ Mn

Baf A1 - +
4HR Mn - + +

-

Baf A1 - +
4HR Mn - + +

-

ZIP14
GAPDH 38 kDa

90 kDa
-
-

insert insert insert

ZIP14-LAMP1 IF

Fig. 4 Bafilomycin A1 prevents Mn directed ZIP14 degrada-

tion. HepaRG cells were pretreated with 50 nM bafilomycin A1

(Baf A1) for 30 min prior to and during incubation with 50 lM
Mn for 4 additional hours. Top panel: Western analysis indicates

ZIP14 levels are similar to control with Baf A1 treatment.

Shown is a representative blot. Equal volumes of lysed samples

were loaded per lane. ZIP14 band intensity was measured and

normalized to GAPDH levels. Values are mean ± SEM, n = 4;

a significant from control. P\ 0.05. Bottom panel: Shown are

representative staining examples for ZIP14 (green) and Lamp1

(red) in the same treatment groups using indirect

immunofluorescence. Below each image is an insert from the

region indicated (white inset). IF experiments were performed in

triplicate on two separate occasions. Image analysis was

performed using ImageJ software and the JaCoP plugin to

determine the Pearson’s coefficients expressed as mean ± SD:

Control = 0.275 ± 0.020, Mn = 0.234 ± 0.018, and BafA1 ?

Mn = 0.364 ± 0.039. Pearson values for Bafilomycin A1-

treated cells were significantly different from HepaRG cells in

control conditions (P = 0.0004) and Mn-treated cells

(P\ 0.0001). Mn-treated cells were significantly different from

control (P = 0.0045)
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support the idea that Mn induces ZIP14 down-regula-

tion by redirecting the protein to the lysosomal pathway

and that bafilomycin A1 arrests down-regulation by

blocking transporter degradation.

Effects of Mn on cellular stress

Mn exposure has been shown to alter the Golgi and

Golgi-associated proteins including TMEM165, a

trans-membrane Golgi protein thought to be involved

in glycosylation (Dulary et al. 2017; Foulquier et al.

2012; Potelle et al. 2017; Rosnoblet et al. 2013a, b),

and the Mn sensor GPP130, a receptor for Shiga toxin

(Mukhopadhyay et al. 2010, 2013; Mukhopadhyay

and Linstedt 2011). To compare the response of

HepaRG cell Golgi proteins and other stress markers,

Western blot analysis was carried out after exposure to

5, 50 or 100 lM MnCl2. TMEM165 was reduced

by * 60% after 4 h of exposure at the lowest

concentration studied (Fig. 5, left panel); no further

reduction was observed at 16 h (data not shown). In

contrast, protein levels of GPP130 and the cis-Golgi

marker GM130 were unaffected after 4 h of incuba-

tion (Fig. 5, left panel). However, longer periods of

Mn exposure (16 h) did induce the ER stress marker

BiP and decreased GPP130 levels (Fig. 5, right panel)

as previously reported (Mukhopadhyay et al. 2010;

Potelle et al. 2017). The control cis-Golgi marker

GM130 remained unchanged under both conditions

(Fig. 5). These combined results indicate that expo-

sure of HepaRG cells to Mn induces organellar stress

affecting the secretory pathway with selective loss of

Mn regulated membrane proteins.

Discussion

Mn homeostasis is necessary to handle this essential

yet toxic mineral. Elimination of excess circulating

Mn is critical to protect the brain and central nervous

system. Environmental and occupational exposure to

Mn can lead to the metal’s deposition in the basal

ganglia and subthalamic regions causing disruption of

motor and cognitive pathways known as manganism

(Kwakye et al. 2015). Interestingly Mn also accumu-

lates in these areas during cholestasis and hepatobil-

iary dysfunction (Ikeda et al. 2000a, b; Rose et al.

1999). A prevalent view is that the liver is the organ

responsible for the clearance of ingested Mn through

the first-pass-hepatic clearance system, although

increasing evidence supports a crucial role for the

intestine in the regulation of circulating levels

(Scheiber et al. 2019; Taylor et al. 2019). A number

of recent genetic studies have determined that disrup-

tions in Mn acquisition, accumulation and deposition

result from defects in human genes thought to be

involved Mn transport and homeostasis, including

SLC39A14 (ZIP14), SLC39A8 (ZIP8), and SLC30A10

(ZNT10) (Aydemir et al. 2017; Boycott et al. 2015;

Choi et al. 2019; Hutchens et al. 2017; Jenkitkasem-

wong et al. 2018; Lin et al. 2017; Liu et al. 2017;

Marti-Sanchez et al. 2018; Park et al. 2015; Quadri

et al. 2012, 2015; Riley et al. 2017; Xin et al. 2017). In

particular, human mutations in ZIP14 lead to hyper-

manganesemia and neurological disorders.

ZIP14 is a transmembrane protein consisting of 8

transmembrane domains with an intramembrane

metal-binding site that forms a pore for metal transport

(Aydemir and Cousins 2018; Eide 2006; Kambe et al.

2015; Taylor et al. 2005). The protein is thought to

function as a dimer or multimer in the formation of ion

channels for metal transport (Heitzer and Hallmann

2002; Lichten and Cousins 2009). ZIP14 is a member

of the SLC39A family of transporters primarily

identified as zinc transporters. Studies in murine

hepatocytes found that an increase in ZIP14 expres-

sion was coupled with an increase in cellular zinc

accumulation (Lichten and Cousins 2009). It is known

to play a role in iron uptake and clearance by the liver

(Gao et al. 2008; Jenkitkasemwong et al. 2018; Liuzzi

et al. 2006; Zhao et al. 2010). While zinc and iron are

substrates for transport, ZIP14 is also thought to be the

primary transporter involved in Mn uptake (Aydemir

and Cousins 2018; Girijashanker et al. 2008; Pinilla-

Tenas et al. 2011). ZIP14 knockout mice display

reduced liver Mn levels with elevated concentrations

in blood and other systemic organs giving further

evidence of its role in Mn import (Aydemir et al. 2017;

Jenkitkasemwong et al. 2018; Xin et al. 2017).

To study Mn uptake and ZIP14 function in hepa-

tocytes, we employed HepaRG cells which are able to

polarize and express markers for both basolateral and

apical membranes, providing a useful alternative to

human primary hepatocytes (Antherieu et al. 2013;

Bachour-El Azzi et al. 2015; Kanebratt and Andersson

2008; Sharanek et al. 2014). Our results confirm the

expression of ZIP14 and its localization at the

HepaRG cell basolateral surface, a distribution that
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would facilitate the movement of Mn into these

hepatocytes. This result is consistent with previous

reports localizing ZIP14 to the basolateral membrane

of enterocytes (Guthrie et al. 2015) and WIF-B

hepatocytes (Thompson et al. 2018). 54Mn uptake

studies revealed HepaRG cells accumulate Mn in a
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time- and temperature-dependent manner and that

uptake was competed by excess Mn.

Despite robust Mn uptake, we observed that

HepaRG cells remained viable even after 16 h of

exposure of up to 1000 lM Mn. In contrast, WIF-B

hepatocytes have decreased viability after 16 h of

exposure to 500 lM Mn (Leitch et al. 2011; Thomp-

son et al. 2018). ICP-MS experiments confirmed the

dose-dependent accumulation of the metal by

HepaRG cells under these conditions. However, we

also observed that uptake of 54Mn was diminished

upon pre-exposure to the metal, suggesting that one

way these cells preserve their integrity is to reduce

uptake of the metal. This idea is supported by the fact

that ZIP14 protein levels are decreased by exposure to

Mn in a dose-dependent manner. This effect appears to

be a specific response to Mn since exposure to Zn did

not alter ZIP14 levels (data not shown). Moreover,

protein levels of other knownMn transporters detected

in HepaRG cells (ZIP8, ZNT10, or FPN) did not

change in a dose-dependent manner. Previous studies

have shown that the iron regulator HFE decreases

ZIP14 stability in HepG2 hepatocytes (Gao et al.

2008) and that iron exposure induces degradation by

the proteosomal pathway (Zhao et al. 2014). Thus, the

regulation of ZIP14 appears to respond to selective

metal substrates that direct the protein to specific

degradatory pathways (lysosomal versus

proteosomal).

In contrast to human HepaRG cells, levels of ZIP14

inWIF-B cells did not change upon incubation with up

to 500 lM MnCl2 (Thompson et al. 2018). We do not

know if uptake is affected by pre-exposure to Mn.

However, WIF-B cells are a rat/human hybrid line and

we determined that both rat and human ZIP14 were

expressed by these hepatocytes. As noted above, the

WIF-B cells do not display the same resistance to Mn

cytotoxicity observed in the HepaRG cell experiments

we report here, possibly due to the hybrid nature of

hepatic components. The lack of ZIP14 down-regula-

tion in WIF-B cells is most likely one factor

contributing to their Mn sensitivity. The failure of

WIF-B cells to down-regulate ZIP14 is possibly an

effect of co-expression of both transporters without the

companion trafficking machinery to enable a reduc-

tion of its function.

Can down-regulation of ZIP14 maintain hepatocyte

viability while preventing Mn accumulation in extra-

hepatic tissues? Studies by Xin et al. (2017) using

Slc39a14fl/fl;Alb-Cre? liver specific ZIP14 knockout

mice showed that these mice do not accumulate Mn in

the brain or other extrahepatic tissues and do not

develop motor deficits. This result indicates that the

selective loss of Slc39a14 expression in hepatocytes is

not sufficient to cause Mn accumulation. A more

recent study by Scheiber et al. (2019) found ZIP14

present on the basolateral membrane of enterocytes.

Their studies in CaCo-2 ZIP14 knockout cells and

intestine-specific ZIP14 knockout mice revealed

ZIP14 restricts dietary Mn absorption. This additional

Mn regulatory feedback mechanism might respond to

liver-specific changes in ZIP14. To confirm our

observations in HepaRG cells, it would be interesting

to investigate levels of ZIP14 in Slc30a10 knockout

mice which have high hepatic Mn (Hutchens et al.

2017).

One caveat to our study are the supraphysiologic

levels of Mn observed to alter uptake and ZIP14

levels. It should be noted that serum proteins that can

bind divalent cations (albumin, alpha2-macroglobu-

lin) are present in the culture medium thus reducing

the concentration of actual free metal available for cell

uptake. Studies of Mn toxicity and cytotoxicity

typically use lM concentrations for extended expo-

sure periods (Girijashanker et al. 2008; Pinilla-Tenas

bFig. 5 Golgi markers are altered by 4 h Mn exposure (left

panel). HepaRG cells were treated with Mn for 4 h at the

indicated concentrations in standard culture conditions. Shown

are the results of Western analysis. Cell lysates were prepared

for immunoblotting and equal volumes of lysed samples were

loaded per lane. TMEM165, GPP130, and GM130 band

intensities each were measured and normalized to GAPDH

levels. The transmembrane Golgi protein TMEM165 decreased

during acute 4 h Mn exposure without any change in the Mn

sensor GPP130 or cis-Golgi marker GM130. Values are

mean ± SEM, n = 4 biological samples; a significant from

control. P\ 0.05. Prolonged 16 h Mn exposure exacerbates

Golgi and ER stress (right panel). HepaRG cells were treated

with Mn for 16 h at the indicated concentrations in standard

culture conditions. Shown are representative blots and the

results of Western analysis (graphs). Cell lysates were prepared

for immunoblotting and equal volumes of lysed samples were

loaded per lane. BiP, GPP130, and GM130 band intensities each

were measured and normalized to GAPDH levels. The ER stress

response protein BiP increased with prolonged Mn exposure.

The Mn sensor GPP130 decreased as an indication of increased

Golgi stress. The cis-Golgi marker GM130 remained

unchanged. TMEM165 was decreased similarly to 4 h exposure

(data not shown). Values are mean ± SEM, n = 4 biological

samples; a significant from control. P\ 0.05
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et al. 2011). Bowman and Aschner (2014) have

estimated neurotoxicity occurs at intracellular levels

of 60–160 lMMn in the brain (Bowman and Aschner

2014).

The Golgi apparatus appears to play an important

role in cellular Mn homeostasis and effects on its

function often occur over the Mn concentration range

used for our studies (Carmona et al. 2019; Houdou

et al. 2019). In fact, previous studies examining Mn-

regulated proteins included treatments of cells with

1–500 lM Mn over time courses ranging from 1 to

24 h (Masuda et al. 2013; Mukhopadhyay et al. 2010;

Potelle et al. 2017; Tewari et al. 2015; Towler et al.

2000). For example, treatment of cells with 500 lM
MnCl2 induces rapid redistribution and lysosomal

degradation of the Mn sensor protein GPP130

(Mukhopadhyay et al. 2010). In addition, the Golgi

protein TMEM165 is down-regulated in response to

Mn exposure and chloroquine has been shown to block

Mn-induced lysosomal degradation of this protein

(Potelle et al. 2017). We observed that Mn-induced

degradation of ZIP14 by HepaRG cells is blocked by

bafilomycin A1, indicating the transporter is similarly

trafficked towards the lysosome for its down-regula-

tion in the presence of the metal. The observation that

ZIP14 localizes to Lamp1-positive vesicles in bafilo-

mycin A1-treated HepaRG cells in the presence of Mn

confirms the HepaRG cell trafficking response. The

fast degradation response of TMEM165 and delayed

GPP130 response observed for HepaRG cells upon

Mn exposure is consistent with previous studies

(Potelle et al. 2017). These differences may reflect

that Mn is ‘‘sensed’’ by the cytoplasmic domain of

TMEM165 (Potelle et al. 2017) but the luminal

domain of GPP130 (Mukhopadhyay et al. 2010) such

that time necessary for Mn uptake by the Golgi is

reflected by the latter time course for degradation. We

do not yet know the structural elements involved in

Zip14 degradation.

Mn is required for several cellular processes,

including membrane protein glycosylation.

TMEM165, a transmembrane Golgi protein, is thought

to be involved in glycosylation reactions and has been

found to decrease in response to lM levels of Mn.

Similarly, the Mn sensing protein GPP130 was found

to decrease with high levels of Mn. Our study also

found TMEM165 and GPP130 were affected by high

Mn levels in hepatocytes and correlated with

decreased ZIP14. Loss of ZIP14 may possibly help

to decrease Mn entry into the cell and its accumulation

in the Golgi. Many studies suggest that intracellular

toxic levels of Mn can be sensed by the Golgi and can

initiate cellular stress responses to prevent cell death.

We do not yet know how ZIP14 may be regulated by

cellular Mn levels but its regulation may reflect a

hepatocyte-specific global response to Mn detoxifica-

tion. It should be noted that the longer 16 h Mn

exposure also induced BiP, an indicator of ER stress.

This observation is also consistent with studies in

other cells types demonstrating that exposure to Mn

can induce ER stress and cell death (Chun et al. 2001;

Mahadevan et al. 2012; Wang et al. 2015; Wu et al.

2019; Yoon et al. 2011). Ultimately, the down-

regulation of ZIP14 could provide a cytoprotective

response to maintain cell viability.
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