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1  |  INTRODUCTION

Essential trace elements play crucial roles in a variety 
of physiological functions, and their deficiency induces 

a wide spectrum of clinical disorders, whereas their ex-
cessive ingestion can cause toxicity.1–7 Some of these el-
ements are associated with one another in systemic and 
cellular homeostasis, and unintended imbalance in their 

Received: 27 January 2024 | Revised: 13 March 2024 | Accepted: 28 March 2024

DOI: 10.1096/fj.202400181R  

R E S E A R C H  A R T I C L E

Zinc and manganese homeostasis closely interact in 
mammalian cells

Yukina Nishito1 |   Yoshiki Kamimura1 |   Shino Nagamatsu1 |   Nao Yamamoto1 |   
Hiroyuki Yasui2  |   Taiho Kambe1

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided 
the original work is properly cited.
© 2024 The Authors. The FASEB Journal published by Wiley Periodicals LLC on behalf of Federation of American Societies for Experimental Biology.

1Division of Integrated Life Science, 
Graduate School of Biostudies, Kyoto 
University, Kyoto, Japan
2Department of Analytical and 
Bioinorganic Chemistry, Division of 
Analytical and Physical Sciences, Kyoto 
Pharmaceutical University, Kyoto, 
Japan

Correspondence
Taiho Kambe, Division of Integrated 
Life Science, Graduate School of 
Biostudies, Kyoto University, Kyoto 
606- 8502, Japan.
Email: kambe.taiho.7z@kyoto-u.ac.jp

Funding information
Ministry of Education, Culture, 
Sports, Science and Technology 
(MEXT), Grant/Award Number: 
JP19H05768; MEXT | Japan Society 
for the Promotion of Science (JSPS), 
Grant/Award Number: JP19H02883, 
JP22H02257 and JP21K15262; Kieikai 
Research Foundation; Tojuro Iijima 
Foundation for Food Science and 
Technology; Sugiyama Chemical 
& Industrial Laboratory; KOSE 
Cosmetology Research Foundation; 
Naito Foundation

Abstract
Understanding the homeostatic interactions among essential trace metals is im-
portant for explaining their roles in cellular systems. Recent studies in vertebrates 
suggest that cellular Mn metabolism is related to Zn metabolism in multifarious 
cellular processes. However, the underlying mechanism remains unclear. In this 
study, we examined the changes in the expression of proteins involved in cellular 
Zn and/or Mn homeostatic control and measured the Mn as well as Zn contents 
and Zn enzyme activities to elucidate the effects of Mn and Zn homeostasis on 
each other. Mn treatment decreased the expression of the Zn homeostatic pro-
teins metallothionein (MT) and ZNT1 and reduced Zn enzyme activities, which 
were attributed to the decreased Zn content. Moreover, loss of Mn efflux trans-
port protein decreased MT and ZNT1 expression and Zn enzyme activity with-
out changing extracellular Mn content. This reduction was not observed when 
supplementing with the same Cu concentrations and in cells lacking Cu efflux 
proteins. Furthermore, cellular Zn homeostasis was oppositely regulated in cells 
expressing Zn and Mn importer ZIP8, depending on whether Zn or Mn concen-
tration was elevated in the extracellular milieu. Our results provide novel insights 
into the intricate interactions between Mn and Zn homeostasis in mammalian 
cells and facilitate our understanding of the physiopathology of Mn, which may 
lead to the development of treatment strategies for Mn- related diseases in the 
future.
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concentrations might be pathological.8–12 For example, 
excess Zn causes Cu deficiency, leading to reduction in 
Fe absorption, eventually resulting in anemia.9,10 This is 
because Zn and Cu compete during absorption, and Cu is 
required for Fe absorption and metabolism.11 Moreover, 
Mn toxicity is reported to be associated with Fe defi-
ciency12,13 because Mn homeostasis partly overlaps with 
Fe homeostasis; DMT1, ferroportin, and transferrin bind 
to Mn in addition to Fe.14,15 Progress in identifying pro-
teins such as transporters, binding proteins, chaperones, 
and sensor proteins, which are involved in systemic and 
cellular homeostasis of these metals, raises the possibility 
that another unique interaction may occur among them. 
Therefore, the interaction between these metals requires 
further investigation.

Recently, significant progress was made in understand-
ing the homeostatic control of Mn.16– 18 Mn homeostasis 
is regulated by secretory pathway Ca- ATPase 1 (SPCA1), 
which functions as a Ca channel; SPCA1 is responsible for 
transporting Mn into the Golgi apparatus, playing a vital 
role in Mn efflux.19,20 Proteins involved in Fe metabolism, 
including DMT1, transferrin, and ferroportin, also play 
important roles in Mn transport, the former two of which 
are involved in Mn import and the latter is involved in Mn 
export.21 Moreover, several Zn importers/exporters are in-
volved in Mn homeostasis, including Zrt/Irt- like protein 
14 (ZIP14) and Zn transporter 10 (ZNT10), which play a 
role in Mn transport22,23 as identified through analysis 
of mutations of ZIP14/SLC39A14 and ZNT10/SLC30A10 
that cause Parkinsonism and dystonia with hypermanga-
nesemia.24– 26 Moreover, ZIP8/SLC39A8 mutations result 
in type II congenital disorders of glycosylation (CDG) due 
to systemic Mn deficiency.27,28 These findings suggest that 
cellular Mn homeostasis may be related to Zn homeosta-
sis, although biochemical analysis is lacking. In contrast, 
the interplay between Zn and Cu is widely investigated in 
mammals, including humans.10,29

Several proteins have been shown to be relevant in 
investigating the interplay between trace elements. To 
assess Zn levels, two Zn homeostatic proteins, the cyto-
solic zinc- binding protein metallothionein (MT) and Zn 
transporter 1 (ZNT1), are relevant as their expression in-
creases in response to high zinc and decreases during Zn 
deficiency owing to transcriptional and posttranslational 
controls.30– 34 In human cells, cellular Zn homeostasis is 
maintained by 14 members of ZIPs, 10 members of ZNTs, 
and 11 isoforms of MTs.35– 39 Only MT and ZNT1 ubiqui-
tously show the expression response pattern that allows 
cells to maintain cytosolic Zn levels within physiological 
range through mitigating increases in cytosolic Zn con-
centrations30– 34,40 (in this study, the term “MT” is used 
to refer to all eight isoforms of MT1s and MT2, as MT3 
and MT4 expression does not change in response to Zn 

levels39). Additionally, some Zn- dependent enzymes are 
useful to assess the cellular Zn levels because their ac-
tivities sensitively decrease in response to Zn deficiency. 
These enzymes are tissue- nonspecific alkaline phospha-
tase (TNAP), ecto- 5′- nucleotidase (NT5E, also known as 
CD73), ectonucleotide pyrophosphatase/phosphodiester-
ase 1 (ENPP1), and ENPP3.41– 43 As the homeostatic con-
trol of Mn is well understood, the cellular Mn levels have 
also been assessed using several proteins. One of them is 
TMEM165, a Golgi membrane protein involved in Mn ho-
meostasis, whose deficiency causes a CDG. Expression of 
TMEM165 decreases in response to high Mn content fol-
lowing degradation in the lysosomes.44,45

In this study, we assume that if Mn affects Zn homeo-
stasis under pathophysiological conditions, Mn treatment 
would alter MT and ZNT1 expression. To investigate this 
possibility, we performed a series of experiments that ex-
amined MT, ZNT1, and TMEM165 expression as well as 
Zn enzyme activity, along with measuring Mn and Zn 
contents, which were compared with those of Cu. We also 
examined the effect of Mn on Zn homeostasis using genet-
ically engineered cells lacking Mn or Cu efflux proteins. 
Furthermore, we examined how the expression of ZIP8, 
a transporter of Zn and Mn, affected cellular Zn and Mn 
homeostasis when Zn or Mn was elevated in the extracel-
lular milieu. Mn can be beneficial or harmful depending 
on its concentration in the body.4–7 Therefore, clarifying 
its metabolism in cells is important. Our results provide 
crucial insights into understanding Mn metabolism in 
mammalian cells.

2  |  MATERIALS AND METHODS

2.1 | Cell culture

Human near- haploid HAP1 cells (Horizon, Discovery, 
Tokyo, Japan) were maintained at 37°C in a humidi-
fied 5% CO2 incubator in Iscove's modified Dulbecco's 
medium (Nacalai Tesque, Kyoto, Japan) containing 10% 
(v/v) heat- inactivated fetal calf serum (FCS) (Biosera, 
Kansas City, MO, USA), 100 U/mL penicillin, and 100 μg/
mL streptomycin (Nacalai Tesque).42 Dulbecco's modi-
fied Eagle's medium (DMEM) (FUJIFILM Wako Pure 
Chemical Corporation, Osaka, Japan) and RPMI1640 
(Nacalai Tesque) were used to maintain HepG2 and 
FLp- In™ T- Rex Madin–Darby canine kidney (MDCK) 
cells and PANC1 cells.32,43 The indicated MnSO4 or ZnSO4 
concentrations (Nacalai Tesque) were added to the cell 
culture medium for Mn or Zn treatment, respectively. 
Zinc- deficient medium (termed CX in this study) was gen-
erated using Chelex- 100 (CX) resin (Bio- Rad, Hercules, 
CA, USA)- treated FCS as described previously.46
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2.2 | Plasmid construction

ZIP8 cDNA was PCR amplified using total RNA pre-
pared from A549 cells using Sepasol- RNA I Super G 
(Nacalai Tesque) as a template. Mouse Zip14 cDNA was 
purchased from OriGene (OriGene Technologies, Inc., 
Rockville, MD, USA). Each cDNA was fused with a se-
quence encoding an HA epitope tag at the carboxy termi-
nus via a two- step PCR and inserted into the pcDNA5/
FRT/TO plasmid (Thermo Fisher Scientific, Waltham, 
MA, USA).

2.3 | Stable transfection

ZIP8 and Zip14 cDNAs inserted into the pcDNA5/
FRT/TO plasmid were transfected in MDCK cells to-
gether with the pOG44 plasmid at a 1:1 ratio using 
Lipofectamine 2000 (Thermo Fisher Scientific) to es-
tablish stable transfectants. Stable clones were selected 
in a medium containing 100–500 μg/mL hygromycin B 
(Nacalai Tesque) after 3 weeks. MDCK cells stably ex-
pressing ZIP5 were previously established.47 HAP1 cells 
stably expressing ZNT1 or ZNT10 were generated by 
transfecting pcDNA3- harboring ZNT1 or ZNT10 cDNA 
using Lipofectamine 2000. Each cDNA was fused with 
an HA- tag at the carboxy terminus. After transfection, 
the cells were cultured in the presence of 500–1500 μg/
mL G418 (Nacalai Tesque) to select the cells stably 
transfected with pcDNA3 plasmid containing the neo-
mycin resistance gene.

2.4 | Disruption of SPCA1, ATP7A, 
ATP7B, and ZNT1

The established clones are listed in Table  S1. CRISPR/
Cas9- mediated genome editing using sgRNA expression 
plasmids was performed as previously described.32,48 
Oligonucleotides used to generate the sgRNA expression 
plasmid for the SPCA1 and ATP7B genes49 are listed in 
Table S2. The constructed plasmids (4 μg) and one- tenth 
of the pcDNA6/TR plasmid containing the blasticidin S 
resistance, or the pcDNA3 plasmid containing the neo-
mycin resistance was co- transfected into 80% confluent 
HAP1 cells using 4 μL Lipofectamine 2000 and cultured 
for 1 day. HAP1 cells were transferred onto a 10 cm cell 
culture dish and cultured in the presence of 15–20 μg/mL 
blasticidin S (InvivoGen, San Diego, CA, USA) or 500–
1500 μg/mL G418 (Nacalai Tesque) for 3 weeks. Genome 
editing using CRISPR/Cas9 was confirmed by sequenc-
ing the genomic DNA- amplified PCR fragments using the 
primers listed in Table S3. Oligonucleotides for generating 

the sgRNA expression plasmid for ZNT1 or ATP7A genes 
were previously described.32,48

2.5 | Immunoblotting

Immunoblotting was performed as previously de-
scribed.32,47 Cells were lysed in ALP buffer (10 mM 
Tris–HCl [pH 7.5], 0.5 mM MgCl2, and 0.1% TritonX- 100 
(FUJIFILM Wako Pure Chemical Corporation)). Next, 
10–30 μg of total protein or membrane protein was dena-
tured in 6× sodium dodecyl sulfate (SDS) sample buffer 
at room temperature (25–30°C) for 30 min, separated 
by electrophoresis on an 8% SDS polyacrylamide gel, 
and transferred onto polyvinylidene difluoride (PVDF) 
membranes (Immobilon- P; Millipore Corp., Bedford, 
MA, USA). To detect MT, total cellular protein lysed 
in 6× SDS sample buffer was treated as follows be-
fore electrophoresis. Proteins were denatured at 95°C 
for 3 min and mixed with one- ninth volume of 1 M io-
doacetamide (final concentration, 100 mM) in the dark 
for 30 min at room temperature for carboxymethyla-
tion of the cysteine residues in MT. Iodoacetamide was 
quenched by adding 1.5 M Tris–HCl (pH 8.8) at the same 
volume as that used for 1 M iodoacetamide, followed by 
incubation for 3 min at room temperature in the dark. 
Samples were separated by electrophoresis on a 15% 
SDS- polyacrylamide gel and transferred onto PVDF 
membranes, which were fixed with 2.5% glutaraldehyde 
solution for 30 min at room temperature. Membranes 
were washed twice with distilled water, then washed 
thrice with distilled water while shaking for 5 min each 
time, followed by washing once (including shaking) 
with 0.1% Tween 20 in PBS (PBS- T) for 5 min. Blotted 
PVDF membranes were blocked with 5% skim milk in 
PBS- T and incubated with the following primary anti-
bodies (diluted in blocking buffer): anti- HA [HA- 11] 
(1:3000; BioLegend, San Diego, CA), anti- HA [561] 
(1:3000; MBL, Nagoya, Japan), anti- MT [1A12] (1:3000; 
TransGenic Inc., Kobe, Japan), anti- ZNT1 (1:3000),31 
anti- TMEM165 [HPA038299] (1:3000; Sigma- Aldrich, 
St. Louis, USA), anti- TNAP (F4) [sc166261] (1:3000; 
Santa Cruz Biochemistry), anti- ENPP1 [NBP2- 27561] 
(1:3000; Novus Biologicals, Littleton, CO), anti- ENPP3 
[HPA043772] (1:3000; HPA043772; Sigma- Aldrich), anti- 
NT5E/CD73 [13160] (1:3000; Cell Signaling Technology, 
Beverly, MA), anti- α- tubulin [12G10] (1:3000; deposited 
in the Developmental Studies Hybridoma Bank (DSHB) 
by J. Frankel and E. M. Nelsen), and anti- calnexin 
[10427- 2- AP] (1:3000; Proteintech Group Inc., Chicago, 
IL). Immunoreactive bands were detected using horse-
radish peroxidase (HRP)- conjugated anti- mouse or 
anti- rabbit secondary antibodies (1:3000; NA931 or 
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NA934; GE Healthcare, Milwaukee, WI, USA) and 
Immobilon Western Chemiluminescent HRP Substrate 
(Millipore) according to the manufacturer's instruc-
tions. Chemiluminescence images were obtained using 
an ImageQuant LAS 500 System (Cytiva, Marlborough, 
MA, USA), and densitometric quantification of band in-
tensity was performed using ImageQuant TL software 
(Cytiva).

2.6 | Immunofluorescence staining

Immunostaining was performed as previously de-
scribed.32 Cells were cultured on a coverslip and 
fixed with 10% formaldehyde- neutral buffer solution 
(Nacalai Tesque). Coverslips coated with 0.01% poly- L- 
lysine (Sigma- Aldrich) solution were used for HepG2 
cells. After blocking with 6% BSA in PBS, the samples 
were stained with anti- ZNT1 (1:3000) without per-
meabilization and subsequently stained with Alexa 
594- conjugated goat anti- mouse IgG (Thermo Fisher 
Scientific) and Alexa 594- conjugated anti- goat rabbit 
IgG (Thermo Fisher Scientific) as the secondary and ter-
tiary antibodies, respectively. The antibodies were ap-
plied at room temperature for 1 h or at 4°C overnight, 
and 4,6- diamino- 2- phenylindole (DAPI; 1:1000; Abcam, 
Cambridge, UK) was added during secondary antibody 
staining to label the nuclei. The dilution buffer was BSA 
(2%) in PBS. Stained cells were examined under a fluo-
rescence microscope (FSX100; Olympus, Tokyo, Japan). 
Identical exposure settings and times were used for the 
corresponding images shown in each figure.

2.7 | Cytotoxicity assay against 
high- concentration Mn or Cu

Cell viability was determined using Alamar Blue (Bio- 
Rad, Hercules, CA, USA) as previously described.32 
HAP1, HepG2, and PANC1 cells were cultured at a den-
sity of 1.0 × 104 cells/mL in a 96- well plate and treated 
with the indicated concentrations of MnSO4 or CuSO4 
for 24 h. The Alamar Blue reagent was added to the 
medium, which was subsequently incubated for 4 h. 
Absorbance was measured at 570 and 600 nm using 
a Synergy H1 Hybrid multi- mode microplate reader 
(BioTek, Winooski, VT, USA).

2.8 | Reverse transcription PCR

Total RNA was isolated from harvested HAP1 cells using 
Sepasol I (Nacalai Tesque) and reverse transcribed using 

ReverTra Ace (Toyobo, Osaka, Japan). PCR was per-
formed using KOD- FX (Toyobo) and the primers listed in 
Table S4. A full- length gel image is provided in Figure S11.

2.9 | Measurement of TNAP activity

Cell membrane protein extracts were prepared using 
ALP lysis buffer (10 mM Tris–HCl, 0.5 mM MgCl2, and 
0.1% Triton X- 100 at pH 7.5); 3 μg of membrane protein 
was used to measure TNAP activity, as previously de-
scribed.42,43 Lysates were preincubated for 10 min at room 
temperature, followed by the addition of 100 μL substrate 
solution [2 mg/mL disodium p- nitrophenyl phosphate 
hexahydrate (pNPP; FUJIFILM) in 1 M diethanolamine 
buffer (pH 9.8) containing 0.5 mM MgCl2]. The released 
p- nitrophenol product was quantified at 405 nm using 
a Synergy H1 Hybrid multi- mode microplate reader 
(BioTek). Calf intestinal ALP (Promega, Madison, WI, 
USA) was used to generate a standard curve.

2.10 | Measuring ecto- 5′- nucleotidase  
activity

Ecto- 5′- nucleotidase (NT5E, also known as CD73) activity 
was evaluated using the malachite green assay as previ-
ously described.43 Briefly, 5 μg of membrane proteins in 
200 μL of CD73 lysis buffer (10 mM Tris–HCl pH 7.5, 0.1% 
Nonidet P- 40) was incubated at 37°C for 10 min, followed 
by incubation with 2 mM adenosine monophosphate 
(AMP) (Oriental Yeast Co., Ltd, Tokyo, Japan) at 37°C for 
1 h. Next, 50 μL of the reaction solution was mixed with 
100 μL of Biomol Green (Enzo Life Sciences, USA) and 
incubated for 5 min at room temperature. The amount of 
inorganic phosphate released from AMP was quantified 
by measuring the absorbance at 595 nm using a Synergy 
H1 Hybrid multi- mode microplate reader. A standard 
curve was generated using 0–200 μM Na2HPO4 solutions 
dissolved in CD73 lysis buffer.

2.11 | Measuring ENPP activity

ENPP activity was evaluated as previously de-
scribed.43 Briefly, 3 μg of membrane proteins was incu-
bated with 100 μL of 0.1 mM p- nitrophenyl thymidine 
5- monophosphate (pNP- TMP; Sigma- Aldrich) solution 
at 37°C for 30 min. The p- nitrophenol released from pNP- 
TMP by ENPP1 and ENPP3 was quantified by measuring 
the absorbance at 405 nm. A standard curve was gener-
ated using human recombinant ENPP1 (R&D Systems, 
Minneapolis, MN).
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2.12 | Inductively coupled plasma- mass 
spectrometry (ICP–MS) analysis

Zn, Mn, and Cu content was determined as previously de-
scribed.47,50 Briefly, cells were washed three times in PBS 
containing 1 mM EDTA and collected into a tall beaker 
with sterilized water. Samples were subsequently heated 
to 180°C, and 60% HNO3, 60% HClO4, and 30% H2O2 were 
added. This procedure was repeated until all organic ma-
terial was removed. Next, samples were cooled to room 
temperature, the residues were resuspended in 5 mL 
HNO3 (5%) and sonicated with an ultrasonic bath sonica-
tor for 30 s, and the solutions were used to quantify Zn, 
Mn, and Cu concentration via ICP- MS (Agilent 7700x and 
MassHunter; Agilent Technologies, Inc., Santa Clara, CA, 
USA). The tall beakers and sample cups used in this ex-
periment were pretreated with 1% (v/v) HNO3 to avoid 
metal contamination.

2.13 | Statistical analyses

Statistical analysis was performed using GraphPad Prism 
9 (GraphPad Software; https:// www. graph pad. com/ ). All 
data are expressed as the mean ± standard deviation (SD) 
from triplicate experiments. Statistical significance was 
determined using one- way ANOVA followed by Tukey's 
post hoc test t-  at p < .05 and p < .01.

3  |  RESULTS

3.1 | Mn treatment reduces the 
expression of Zn homeostatic proteins 
and Zn enzyme activity by causing Zn 
deficiency

To examine the effects of Mn on Zn metabolism, we first 
examined the expression changes in the Zn homeostatic 
proteins MT and ZNT1 in human near- haploid HAP1 
cells cultured in the presence or absence of 20 μM MnSO4. 
Mn treatment (4 μM MnSO4) decreased the expression 
of Mn- sensitive protein TMEM165 and reduced MT and 
ZNT1 expression (Figure  1A left). Immunofluorescence 
staining showed that the same Mn treatment decreased 
cell surface ZNT1 expression in a dose- dependent manner 
(Figure 1B). The decreased expression of MT and ZNT1 
was reminiscent of Zn deficiency in cells, according to our 
previous study.32 Thus, we examined whether Mn treat-
ment caused Zn deficiency in HAP1 cells. As expected, the 
activity of TNAP, a Zn- dependent enzyme,41– 43 decreased 
in a Mn concentration- dependent manner (Figure 1C left). 
ICP- MS analysis revealed that Mn treatment caused de-
creases in the cellular Zn content (Figure 1D). The effects 

caused by Mn treatment were similar to those caused by 
Zn deficiency (CX in each panel in Figure 1A,C), where 
MT and ZNT1 expression (Figure 1A left) and TNAP ac-
tivity (Figure  1C left) were substantially decreased. Zn 
supplementation almost completely reversed the effects 
of Mn treatment on MT and ZNT1 expression (Figure 1A 
right) and TNAP activity (Figure 1C right). Notably, Mn 
treatment used in these experiments had no toxic effects 
on the cells (Figure S1A). These results indicated that in-
creased Mn content affects Zn homeostasis by reducing 
Zn content in cells.

Subsequently, we examined whether Cu treatment 
may cause effects similar to those of Mn treatment. We 
performed a set of experiments using the same concen-
trations of Cu as that of Mn (indicated above). MT and 
ZNT1 expression in HAP1 cells cultured in the presence or 
absence of Cu was not altered, as evident from the immu-
noblotting results (Figure  2A) and immunofluorescence 
analyses (Figure 2B). Moreover, TNAP activity (Figure 2C) 
and cellular Zn content were not altered by the Cu treat-
ment, despite Cu content increasing (Figure 2D). The Cu 
treatment used in these experiments caused no toxic ef-
fects (Figure S1B).

3.2 | Alteration of cellular Mn 
homeostasis owing to the loss of Mn efflux 
protein affects Zn homeostasis

We examined the effect of Mn on Zn homeostasis in cells 
by modulating protein expression involved in cellular 
Mn homeostasis without treating the cells with high Mn 
concentrations. To this end, we established HAP1 cells 
deficient in SPCA1 (HAP- SPCA1- KO cells, Table  S1) 
since HAP1 cells only express the SPCA1 mRNA of two 
important Mn efflux proteins, ZNT10 and SPCA144,51– 55 
(Figure S2A). Both MT and ZNT1 expression decreased in 
HAP- SPCA1- KO cells, along with decreased expression of 
TMEM165 (Figure 3A). Similarly, TNAP activity decreased 
in HAP- SPCA1- KO cells compared with that in WT HAP1 
cells (Figure 3B). The observed defects in HAP- SPCA1- KO 
cells were restored by exogenous expression of ZNT10, a 
potent Mn efflux protein54,55 (Figure 3A,B). Moreover, the 
decreased MT and ZNT1 expression in HAP- SPCA1- KO 
cells was rescued by Zn supplementation (up to 100 μM 
ZnSO4) (Figure 3C). The same Zn supplementation also 
restored TNAP activity (Figure  3D) and TMEM165 ex-
pression (in a dose- dependent manner; Figure 3C). These 
results suggest that Zn homeostasis would be affected by 
Mn, even without Mn supplementation, when Mn efflux 
activity is defective. Subsequently, we examined whether 
Zn treatment affected Mn content using HAP1 cells de-
ficient in ZNT1 (HAP- ZNT1- KO cells).32 As expected, 
TMEM165 expression increased in HAP- ZNT1- KO 
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cells and returned to the basal level following ZNT1 re- 
expression (Figure  3E). Increased TMEM165 expression 
was also suppressed by Mn supplementation (Figure 3F); 
thus, suggesting that cellular Mn content was affected by 
cellular Zn levels. Furthermore, we generated HAP1 cells 
deficient in both ZNT1 and SPCA1 (HAP- ZNT1SPCA1- 
DKO cells, Table  S1) and examined the changes in MT 
and TMEM165 expression. MT expression was increased 
in HAP- ZNT1SPCA1- DKO cells, whereas TMEM165 ex-
pression was reduced in these cells (Figure 3G). These re-
sults suggest that both Zn and Mn contents increased in 
HAP- ZNT1SPCA1- DKO cells and that Zn and Mn homeo-
static controls closely interact with each other.

We also investigated the interaction of Cu with Zn in 
HAP1 cells by establishing HAP1 cells deficient in ATP7A 
and/or ATP7B (HAP- ATP7A- KO, HAP- ATP7B- KO, and 
HAP- ATP7A7B- DKO cells, Table  S1) because HAP1 cells 

express both ATP7A and ATP7B as Cu efflux proteins 
(Figure S2B). MT and ZNT1 expression, as well as TNAP ac-
tivity, was not decreased in all KO cells similar to that with 
Cu treatment (Figure 4A). However, MT expression substan-
tially increased in cells lacking ATP7A (Figure 4B).29 Thus, 
loss of ATP7A and/or ATP7B did not show Zn- deficient de-
fects as those caused by the loss of SPCA1 in HAP1 cells.

3.3 | Close interactions of Mn and Zn 
homeostasis in other human diploid cells

We investigated whether there are close interactions be-
tween Mn and Zn in other human diploid cells. We used 
the human hepatoma cell line HepG2 and human pan-
creatic cancer cell line PANC1 because the liver and pan-
creas are important organs for Mn and Zn metabolism. 

F I G U R E  1  Mn treatment reduced MT and ZNT1 expression as well as TNAP activity by decreasing Zn content in HAP1 cells. (A) 
Mn reduced MT and ZNT1 expression. Cells were cultured in a medium containing the indicated MnSO4 concentration for 24 h (left) or 
cultured in a medium containing 20 μM MnSO4 for the indicated period (right). CX: Zn- deficient medium, 24 → Zn: cultured in a medium 
containing 20 μM MnSO4 for 24 h, then in 20 μM ZnSO4 for 24 h. (B) Mn treatment reduced cell surface ZNT1 expression when cultured as 
in A (left panel). (C) Mn reduced TNAP activity in membrane fractions prepared from cells cultured as in A. U, unit. mb, membrane. (D) 
Mn decreased cellular Zn content. The cellular Zn and Mn contents were measured by ICP- MS. Statistical significance was determined 
using one- way ANOVA, followed by Tukey's post hoc test in panels C and D; **p < .01. Tubulin and calnexin (CNX) were used as loading 
controls in A and C. MT was detected using different PVDF membranes transferred from polyacrylamide gels of different percentages. Each 
experiment was performed at least three times, and representative results from independent experiments are shown.
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Metallothionein and ZNT1 expression, together with cell 
surface ZNT1 expression, decreased in a dose- dependent 
manner following Mn treatment of HepG2 cells (Figure 5A 
left and C) and PANC1 cells (Figure 5B left and D), simi-
lar to that observed in HAP1 cells. The decreased expres-
sion of TMEM165 induced by the Mn treatment was also 
observed in both cells. Furthermore, the activities of Zn- 
dependent enzymes ENPP1 and ENPP3 in HepG2 cells 
(Figure  5E) and CD73 in PANC1 cells decreased in the 
same culture conditions (Figure 5F). These enzymes were 
used because TNAP is not expressed in both cells.43 As in 
the case of HAP1 cells, the decreased expression of MT 
and ZNT1 and the decreased enzyme activities were re-
stored by the addition of Zn (20 μM ZnSO4) in HepG2 cells 
(Figure 5A right and E right) and PANC1 cells (Figure 5B 
right and F right). The Mn treatment had no apparent 
toxic effects on either cell type (Figure S1C,D).

An increase in the TMEM165 expression was ob-
served in HepG2 cells (Figure  6A) and PANC1 cells 

(Figure  6B) following the Zn treatment; thus, suggest-
ing that the Mn content in both cells decreased, which 
was probably triggered by an increase in Zn levels. 
However, a minor change in TMEM165 expression was 
observed in HAP1 cells following the same Zn treatment 
(Figure  6C). Nevertheless, an increased TMEM165 ex-
pression was clearly observed in HAP- ZNT1- KO cells 
(Figure 3E), suggesting that this response is cell specific. 
Taken together, Zn and Mn metabolism closely interact 
with each other in human cells.

3.4 | ZIP8 oppositely regulates 
ZNT1 and MT expression depending 
on whether Zn or Mn is elevated in the 
extracellular milieu

Because ZIP8 and ZIP14 are known to transport extracel-
lular Zn and Mn into cells,56– 58 they would be involved 

F I G U R E  2  Cu treatment did not alter MT and ZNT1 expression, the activity of TNAP, and the cellular Zn content in HAP1 cells. (A) 
MT and ZNT1 expression was not altered by Cu treatment. Cells were cultured in a medium containing the indicated CuSO4 concentrations. 
The concentrations of CuSO4 used were the same as those of MnSO4 in Figure 1A. (B) Cu treatment did not reduce the surface ZNT1 
expression in cells cultured as in A (left panel). (C) TNAP activity in membrane fractions was not altered by Cu treatment. U, unit. mb, 
membrane. (D) Cu treatment did not decrease cellular Zn content. The cellular Zn and Cu contents were measured using ICP- MS. Statistical 
significance was determined using one- way ANOVA, followed by Tukey's post hoc test in panels C and D; **p < .01; *p < .05; n.s., not 
significant. Tubulin and calnexin (CNX) were used as loading controls in A and C. MT was detected using the PVDF membranes transferred 
from polyacrylamide gels of different percentages. Each experiment was performed at least three times, and representative results from 
independent experiments are shown.
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8 of 15 |   NISHITO et al.

in the homeostatic interactions between Mn and Zn. We 
examined this possibility by analyzing MT and ZNT1 ex-
pression in cells overexpressing ZIP8. To perform this, 
we established MDCK cells (harboring FLp- In™ T- Rex) 
that stably express WT ZIP8 or a loss- of- function ZIP8 
E343A mutant (Figure 7A,B), wherein an essential amino 
acid residue in the transmembranous Zn- binding site 
was substituted (343 Glu in the transmembrane helix V 
was substituted with Ala).59 We used the cell system be-
cause it enabled the expression of WT ZIP8 and E343A 
ZIP8 mutant at almost the same levels under the con-
trol of the Tet- regulatable promoter (using doxycycline 
(Dox)); as a result, the transgene was integrated into the 
same locus by the FLp- In™ T- Rex system. Dox- induced 
ZIP8 expression increased MT and ZNT1 expression in 

the normal culture medium (containing Zn derived from 
the FCS) (Figure  7A lane 5 vs. lane 1), which was trig-
gered by Zn uptake (Figure 7C), whereas the addition of 
low Mn concentrations (up to 4 μM) decreased the ZIP8- 
induced expression of MT and ZNT1 to the basal level 
(which was the same level as that without Dox treatment). 
This was also accompanied by a reduction in TMEM165 
expression. The reduction in MT, ZNT1, and TMEM165 
expression was attributed to the decreased Zn content, 
which was owing to increases in Mn content (Figure 7C). 
These responses were not observed in the ZIP8 E343A 
null mutant (Figure 7B), owing to its loss of Zn and Mn 
transport ability (Figure 7C). Responses of MT and ZNT1 
expression were consistent in MDCK cells stably express-
ing Zip14 (Figure  S3A); however, this was not the case 

F I G U R E  3  Alteration of cellular Mn homeostasis caused by the loss of Mn efflux protein affects Zn homeostasis. (A) ZNT1 and MT 
expression was reduced in HAP- SPCA1- KO cells and was restored by expressing ZNT10- HA. (B) TNAP activity was reduced in HAP- 
SPCA1- KO cells and was restored by expressing ZNT10- HA. (C and D) The reduced expression of ZNT1 and MT (C), and the reduced 
activity of TNAP (D) in HAP- SPCA1- KO cells were reversed by supplementation of the indicated concentrations of ZnSO4 for 24 h. (E) 
TMEM165 expression was increased in HAP1- ZNT1- KO cells, which was restored by expressing ZNT1- HA. (F) The increased expression of 
TMEM165 in HAP- ZNT1- KO cells was reversed by supplementation of the indicated concentrations of MnSO4 for 24 h. (G) MT expression 
was increased, while TMEM165 expression was reduced in HAP- ZNT1SPCA1- DKO cells. In A–G, tubulin and calnexin (CNX) were used as 
loading controls. MT was separated using polyacrylamide gels of different percentages. In B and D, statistical significance was determined 
using one- way ANOVA followed by Tukey's post hoc test; **p < .01. Each experiment was performed at least three times, and representative 
results from independent experiments are shown.
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   | 9 of 15NISHITO et al.

in cells expressing a Zn- specific ZIP transporter such as 
ZIP5 (Figure S3B). These results indicate that cellular Zn 
homeostasis in cells expressing ZIP8 and/or ZIP14 is op-
positely regulated depending on whether Zn or Mn levels 
are elevated in the extracellular space.

4  |  DISCUSSION

Homeostatic interaction between Zn and Mn is less ex-
amined in mammals than in bacteria and yeast.60,61 This 
study reports several important findings regarding the ef-
fects of Mn on Zn homeostasis, their close interactions, 
and changes in the expression of proteins involved in Mn 
and Zn homeostasis in mammalian cells. Mn and Zn com-
pete in mammalian cells: excess Mn treatment or cells 
lacking Mn efflux protein (SPCA1) reduced the expres-
sion of Zn homeostatic proteins (MT and ZNT1) and Zn 
enzyme activities by decreasing Zn content. Notably, Zn 
homeostasis was not altered in cells treated with Cu at the 
same concentration or in cells lacking Cu efflux proteins 
(ATP7A and ATP7B). These lines of evidence provide 
novel insights into the homeostatic maintenance of sys-
temic and cellular interaction of these trace elements.

Our results raise an important question of whether 
Mn and Zn compete in mammalian cells. Unfortunately, 
we do not have an answer to this question at present, al-
though we have a hypothesis. Zn is known to bind to Asp, 
Glu, Asn, and Gln residues, in addition to preferentially 
binding to His and Cys residues,62– 64 whereas Mn prefer-
entially binds to Asp, Glu, and Asn residues, in addition 
to the His residue.65 These features have been shown in 
ZNT10 or ZIP14 and ZIP8; in the former case, the trans-
membranous Zn- binding motif HDHD that is conserved 
among ZNT family proteins is changed to NDHD (H: His, 
D: Asp, and N: Asn),55,66 whereas, in the latter case, the 
semi- conserved His is changed to Glu in the transmem-
brane bi- nuclear metal center.69,67 Thus, the competition 
between Zn and Mn may occur within proteins possessing 
these amino acid residues (Asp, Glu, and Asn) at Zn-  or 
Mn- binding sites in the cells. If this is true, the compe-
tition between Zn and Mn would occur on proteins dif-
ferent from those involved in the competition between 
Zn and Cu because Zn and Cu competition is thought to 
occur on His and Cys residues in proteins,68 such as MT 
(MT contains 20 Cys residues in approximately 60 amino 
acids). Mn does not bind to MT.69 The result that the loss 
of Cu or Mn efflux proteins had opposite effects on MT 

F I G U R E  4  Alteration of cellular Cu homeostasis caused by the loss of Cu efflux protein did not affect Zn homeostasis. (A) ZNT1 
expression was not decreased in the indicated mutant HAP1 cells lacking Cu efflux proteins, whereas MT expression was increased in HAP- 
ATP7A- KO and HAP- ATP7A7B- DKO cells. (B) TNAP activity was not changed in the indicated mutant cells lacking Cu efflux proteins. In 
A and B, tubulin and calnexin (CNX) were used as loading controls. MT was detected using different PVDF membranes transferred from 
polyacrylamide gels of different percentages. In B, statistical significance was determined using one- way ANOVA followed by Tukey's post 
hoc test; n.s., not significant. Each experiment was performed at least three times, and representative results from independent experiments 
are shown.
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10 of 15 |   NISHITO et al.

and ZNT1 expression provides evidence that the homeo-
stasis of essential trace elements closely interacts with one 
another.

The increased Mn levels influenced MT and ZNT1 
expression in HAP- SPCA1- KO cells under normal cul-
ture conditions without Mn supplementation. This re-
sult strongly suggests that decreased expression of Mn 
efflux proteins may affect cellular Zn homeostasis under 
physiological conditions. The decreased MT and ZNT1 

expression would reflect homeostatic responses to min-
imize the decline in cytosolic Zn levels. This would be 
achieved by releasing Zn from MT due to degradation, and 
by inhibiting Zn efflux from cells via ZNT1 degradation 
because these homeostatic responses are observed during 
Zn deficiency.30– 32 Considering the time course of the 
changes in expression levels of the analyzed proteins, the 
alteration of MT expression was more rapid and sensitive 
to excess Mn than that of ZNT1 expression. Therefore, Zn 

F I G U R E  5  Mn and Zn metabolism interacts in general cells. (A and B) Mn reduced MT and ZNT1 expression in HepG2 (A) and 
PANC1 cells (B). Cells were cultured under the same conditions as those described in Figure 1A. (C and D) Mn reduced cell surface ZNT1 
expression. HepG2 (C) and PANC1 cells (D) were cultured in a medium containing the indicated MnSO4 concentration for 24 h. (E and 
F) Mn reduced ENPP (ENPP1 and ENPP3) activity in HepG2 cells (E) and CD73 activity in PANC1 cells (F). ENPP or CD73 activity was 
measured using membrane proteins prepared from the respective cells cultured under the same conditions as those described in A and B. 
U, unit. mb, membrane. Statistical significance was determined using one- way ANOVA followed by Tukey's post hoc test in panels A, B, 
E, and F; **p < .01, *p < .05. Tubulin and calnexin (CNX) were used as loading controls in A, B, E, and F. MT was detected using different 
PVDF membranes transferred from polyacrylamide gels of different percentages. Each experiment was performed at least three times, and 
representative results from independent experiments are shown.
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   | 11 of 15NISHITO et al.

homeostasis would be initially controlled by MT expres-
sion (through its degradation) and then by ZNT1 expres-
sion (by decreasing Zn efflux) to keep Zn levels within a 
homeostatic range in excess Mn situations.

MT expression decreased in HAP1- SPCA1- KO cells 
(Figure  3A), and TMEM165 expression increased in 
HAP1- ZNT1- KO cells (Figure  3E); thus, indicating that 
Zn content decreased in HAP1- SPCA1- KO cells, whereas 
Mn content decreased in HAP1- ZNT1- KO cells. In con-
trast, MT expression increased and TMEM165 expression 
decreased in HAP1- ZNT1SPCA1- DKO cells, indicating 
that both Zn and Mn contents were higher in HAP1- 
ZNT1SPCA1- DKO cells than those in WT HAP1 cells. 
This response may be simply explained by assuming that 
the regulatory mechanism to keep the ratio of Zn to Mn 
(and vice versa, which is inversely correlated) will not 
work if both Zn and Mn contents exceed their fixed upper 
limits. Alternatively, the upper limits of Zn and Mn con-
tent may be reset to higher levels than those in WT HAP1 
cells when both Zn and Mn contents exceed the original 
limit operative in WT HAP1 cells. Although we have not 
determined which explanation best fits our findings, we 
would like to propose that ZNT1 and SPCA1 may function 
as master regulators of Zn and Mn sensing and buffering, 
at least in HAP1 cells.

Zn supplementation increased TMEM165 expression 
(to a certain extent) in all human cells examined in this 
study, probably by decreasing the Mn content, whereas 
Zn deficiency (represented by CX in Figure 1A right and 
Figure 5A,B right) did not decrease its expression. We as-
sumed that this was because the Zn deficiency was not 
sufficient to increase Mn content, resulting in unrespon-
sive TMEM165 expression. This suggests that there is a 

low possibility that Zn deficiency directly disturbs Mn ho-
meostasis. Nevertheless, this possibility should be further 
investigated.

The experiments in this study were performed using 
low concentrations of Mn (μM range), which may raise 
the question of whether such concentrations occur in our 
bodies. Human serum contains approximately 12–16 μM 
Zn70 and 4.7–215 nM Mn,12,71 and human plasma contains 
551–925 μg/L Zn and 0.63–2.26 μg/L Mn,12,72 indicating 
that the Mn content is much lower than the Zn content. 
Although we do not have data to verify the presence of 
low concentrations of Mn (μM range) in physiological 
conditions in the human body, we assume that the Mn 
concentration would reach close to the Zn concentration 
in certain situations. It is reported that Mn concentration 
in the bile can exceed that in the plasma by 100- fold,73 and 
that Zn concentration is close to that in the plasma74; thus, 
suggesting that Zn and Mn concentrations may become 
close in the bile. If ZIP8 functions as an importer of Mn 
from the bile in the liver as proposed in previous stud-
ies,21,75 ZIP8 may take up more Mn in hepatocytes than 
Zn as it has been shown to have a high affinity for Mn 
than Zn.76 This hypothesis is likely because mutations of 
ZIP8/SLC39A8 result in systemic Mn deficiency, leading 
to reduced activity of Mn- dependent glycosyl transferases, 
and ultimately resulting in CDG.27,28 Here, we showed 
that MT and ZNT1 expression was altered in MDCK cells 
overexpressing ZIP8 or Zip14 depending on whether Zn 
or Mn concentration is elevated in the extracellular space; 
however, this response was not observed in MDCK cells 
expressing ZIP5. This indicates that the cellular Zn ho-
meostasis is unlikely to be changed in cells not express-
ing ZIP8 or ZIP14. This finding is important because cells 

F I G U R E  6  Zn treatment increased TMEM165 expression. A- C. TMEM165 expression was increased in HepG2 (A), PANC1 (B), and 
HAP1 cells (C), cultured in a medium containing the indicated concentration of ZnSO4 for 24 h. MT and ZNT1 were used as positive 
controls, and tubulin was used as a loading control. MT was detected using different PVDF membranes transferred from polyacrylamide gels 
of different percentages. Each experiment was performed at least three times, and representative results from independent experiments are 
shown.
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12 of 15 |   NISHITO et al.

always have to adapt to changes in Zn and Mn in the ex-
tracellular milieu. A detailed kinetic study is required to 
clarify the effects of Mn uptake mediated by ZIP8 or ZIP14 
on the alteration of Zn homeostasis in the future.

In conclusion, our results reveal that intracellular Mn 
and Zn homeostasis is intricately connected in mamma-
lian cells. Moreover, we showed that homeostatic interac-
tions between Zn and Mn likely occur in cells expressing 
ZIP8 or ZIP14 under certain circumstances. This infor-
mation would facilitate our understanding of Mn phys-
iopathology. The understanding of Mn as an essential 
micronutrient and a toxic trace element should continue 

to progress since it may aid in the development of treat-
ment strategies for Mn- related diseases.
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F I G U R E  7  Increased expression of ZIP8 oppositely regulates Zn homeostasis depending on whether Zn or Mn is elevated in the 
extracellular milieu. (A) Increased expression of ZNT1, MT, and TMEM165, which was triggered by Dox- induced expression of WT ZIP8, 
was reduced to the basal level in the presence of low concentrations of Mn. (B) Dox- induced expression of the loss- of- function ZIP8 E343A 
mutant had no effects on the expression of ZNT1, MT, and TMEM165. In A and B, MDCK cells stably expressing ZIP8 WT or ZIP8 E343A 
mutant were cultured with or without 1.0 μg/mL Dox for 24 h in the presence of the indicated MnSO4 concentrations after culturing in 
medium supplemented with or without 1.0 μg/mL Dox for 4 h. Tubulin was used as a loading control. (C) Cellular Mn (left) or Zn (right) 
content in MDCK cells stably expressing the ZIP8 WT or ZIP8 E343A mutant cultured under the same conditions as those described in 
A and B. Cellular Mn or Zn content was measured using ICP–MS. In C, statistical significance was determined using one- way ANOVA 
followed by Tukey's post hoc test. **p < .01, *p < .05. Each experiment was performed at least three times, and representative results from 
independent experiments are shown.
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