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Lysosomal SLC46A3 modulates hepatic cytosolic
copper homeostasis

Jung-Hwan Kim 1'28, Tsutomu Matsubara 2'7, Jaekwon Lee3, Cristina Fenollar-Ferrer?, Kyungreem Han>,
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Kristopher W. Krausz?, Sun-Hee Yim210 & Frank J. Gonzalez® 2*

The environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) causes hepatic
toxicity associated with prominent lipid accumulation in humans. Here, the authors report
that the lysosomal copper transporter SLC46A3 is induced by TCDD and underlies the
hepatic lipid accumulation in mice, potentially via effects on mitochondrial function. SLC46A3
was localized to the lysosome where it modulated intracellular copper levels. Forced
expression of hepatic SLC46A3 resulted in decreased mitochondrial membrane potential and
abnormal mitochondria morphology consistent with lower copper levels. SLC46A3 expres-
sion increased hepatic lipid accumulation similar to the known effects of TCDD exposure in
mice and humans. The TCDD-induced hepatic triglyceride accumulation was significantly
decreased in Slc46a3~/~ mice and was more pronounced when these mice were fed a high-
fat diet, as compared to wild-type mice. These data are consistent with a model where
lysosomal SLC46A3 induction by TCDD leads to cytosolic copper deficiency resulting in
mitochondrial dysfunction leading to lower lipid catabolism, thus linking copper status to
mitochondrial function, lipid metabolism and TCDD-induced liver toxicity.
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onalcoholic fatty liver disease (NAFLD) is one of the most

common chronic liver diseases in developed countries!.

Fatty liver can be caused by diet, drugs, viruses, genetic
factors, hormones, or environmental pollutants®. Hepatic lipid
accumulation can lead to nonalcoholic steatohepatitis, cirrhosis,
liver failure, and hepatocellular carcinoma. Abnormal hepatic
lipids can also be caused by chemically-induced toxicity by
compounds like dioxins that are constituents of environmental
pollution that threaten the ecosystem and exist as complex iso-
mers of aromatic halogen compounds?. The most poisonous
toxicant among the dioxins is 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), a major contaminant in Agent Orange, an herbicide
used in the Vietnam War between 1962 and 1971 to destroy
forests for military purposes. TCDD is also produced during
incomplete combustion of organic materials. Accidental exposure
to dioxins induces tissue-specific toxicity with decreased immune
function, increased hepatic drug metabolizing-enzyme induction,
teratogenesis, thymic degeneration, cirrhosis, endocrine disrup-
tion, infertility, liver toxicity associated with increased lipid
accumulation, and cancer®>.

TCDD toxicity is due to its ability to activate the aryl hydro-
carbon receptor (AhR), a ligand-activated transcription factor
that is activated by xenobiotics including dioxins and polycyclic
aromatic hydrocarbons®. The molecular mechanisms of many
specific toxicities elicited by TCDD exposure are still not fully
understood. In experimental animal models, these effects are due
to activation of the AhR. The AhR nuclear translocator (ARNT)
and ligand-bound AhR form a heterodimer that binds to ele-
ments in the promoter regions of target genes and activates
transcription”-8,

The function of solute carrier 46a3 (SLC56A3) is not known.
Slc46a3 mRNA, similar to the AhR-regulated Cypla2 mRNA, is
constitutively expressed in livers of wild-type mice and upon
treatment with TCDD, was induced with similar kinetics to
Cypla2 mRNA; induction of both mRNAs was not found in Ahr-
null and Arnt liver-specific conditional-null mice. In view of the
effects of TCDD on hepatic steatosis, it was of interest to deter-
mine whether SLC46A3 expression and its induction by
AhR, affects hepatic lipid levels. While phylogenetically SLC46A3
is a solute carrier, its function and substrate(s) are unknown.
Thus, the function of SLC46A3 and it role in liver lipid home-
ostasis was studied using Slc46a3~/~ mice, cultured primary
hepatocytes, and forced expression of recombinant SLC46A3 in
cultured cells. Induction of lysosomal SLC46A3 by TCDD
induces intracellular copper deficiency, which results in mito-
chondrial dysfunction resulting in lower lipid catabolism
and hepatic lipid accumulation.

Results
Lysosomal SLC46A3 is regulated by AhR. Slc46a3 mRNA was
induced by TCDD in the mouse liver while no induction was
found in kidney or different regions of the small intestine and the
colon, where constitutive Slc46a3 mRNA was detected, indicating
liver-specific induction by the AhR (Fig. 1a). This is a similar
pattern of induction found with another AhR target gene Cypla2,
which shows liver-specific induction. Both Slc46a3 and Cypla2
mRNAs were induced in an AhR-dependent manner since no
induction was found in Ahr—/= and ArntALV mice (Fig. 1a, b). As
a negative control for TCDD, the non-dioxin-like polychlorinated
biphenyl-153 (PCB-153) was analyzed by extraction of Gene
Expression Omnibus (GEO) data sets (accession: GSE55084), and
no induction of Slc46a3 mRNA was noted (Fig. 1c)°.

Putative DRE sites were found in a published ChIP-seq data set
(GEO, accession: GSE97634) (Fig. 1d, e). A potential remote DRE site
—17,135 bp of upstream of Slc46a3 was examined for trans-activation

by AhR and TCDD using luciferase reporter gene assays, revealing
that 3xDRE-luciferase activity was significantly increased by 10 nM
TCDD in Hepalclc7 cells and was abolished by mutation of the
DRE site (Fig. 1f) and CH-223191, an AhR antagonist (Fig. 1g).
Likewise, CH-223191 suppressed TCDD-induced Slc46a3 mRNA
levels (Fig. 1h). These results suggest that AhR may be functioning
through a DRE located in a remote long-range enhancer controlling
AhR activation of the Slc46a3 gene.

Time and dose-dependent expression of Slc46a3 mRNA
induction by TCDD. In mouse liver, Slc46a3 mRNA was
developmentally gradually increased up to 8 weeks of age (Fig. 1i).
In addition, Slc46a3 mRNA was elevated seven fold by 10 pg/kg
TCDD in a time-dependent manner over 24 h (Fig. 1j). No sig-
nificant loss of Slc46a3 mRNA levels was noted after 3 days and
expression persisted for 7 days (Fig. 1k). This might be due to the
high affinity of TCDD to AhR and its persistent activation, or due
to a very stable Slc46a3 mRNA that, once induced, does not
rapidly decay.

Generation and phenotype of Slc46a3~/~ mice. To explore a
role for SLC46A3 in the liver, Slc46a3~/~ mice were generated
(Fig. 2a-c). The mice were born at the expected frequency,
showed no developmental defects, and no gross abnormal phe-
notype, as compared to matched wild-type controls. A striking
color change was noted in the livers of Slc46a3~/~ mice com-
pared to wild-type mice. Notably, the livers of Slc46a3~/~ mice
were darker, and, after perfusion with saline, showed a more
grayish color (Fig. 1d). However, H&E staining revealed no dif-
ference in both groups in the classic hepatic inflammation fea-
tures in the livers of mice administered TCDD (Fig. 2e).

Localization of SLC46A3. SLC46A3 protein was localized in the
lysosomal membrane (Fig. 2f) as revealed by lysosomes incor-
porated with eGFP-SLC46A3 that co-isolated with LAMP1
(Fig. 2g). The eGFP-SLC46A3 aggregated during denaturing by
boiling as revealed by western blot analysis which indicates the
marked hydrophobicity of SLC46A3, as expected from this class
of membrane-bound proteins (Fig. 2h).

Copper is a possible substrate of lysosomal SLC46A3. Based on
the color change in the liver of Slc46a3~/~ mice, hepatic metal
contents were measured in WT and Slc46a3~/~ mice (Supple-
mentary Fig. 1a). Among the physiologically relevant metal ions,
copper levels were notably increased by around 30% in perfused
livers of Slc46a3~/~ mice, with no differences in iron contents
(Fig. 3a and Supplementary Fig. 1b). This observation might be
due to lysosomal copper accumulation. However, liver copper-
related mRNA levels were not changed after 7 days of 10 ug/kg
TCDD (Fig. 4f). For lysosomal copper analysis, hepatic lysosomes
were isolated using magnetic beads after hydrodynamic injection
with eGFP-LAMP1 and Dsred or Dsred-SLC46A3. The lysosomal
fraction was isolated only with the N-terminal eGFP tagged
LAMP1 (Supplementary Fig. 2). Copper levels were significantly
increased by Dsred-SLC46A3 from the isolated lysosome
(Fig. 3b). Furthermore, the 13,000 g pellet from the lysate of
Hepalclc7 cells had elevated FLAG-SLC46A3 protein levels
(Fig. 3c), and copper levels were significantly increased in the
presence of copper sulfate (Fig. 3d). Based on copper analysis
using liver and cell lines, SLC46A3 may transport copper into the
lysosome. Thus, a quenching effect was tested in lysosomes using
Phen Green FL dye in the presence of recombinant SLC46A3
expression in Hepalclc7 cells. A quenching effect was found in
lysosomes embedded with mCherry-SLC46A3 (Fig. 3e) as
revealed by decreased levels of Phen Green fluorescence in the
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Fig. 1 Regulation of Slc46a3. a Sic46a3 mRNA expression in different mouse tissues after oil (n =3-4 per group) or TCDD (10 pg/kg for 24 h)(n = 3-4 per
group) administration. b Hepatic Sic46a3 mRNA expression after oil (n = 4 per group) or TCDD (10 pg/kg for 24 h)(n =5 group) administration in Arnt—/~
mice. Two-way ANOVA with Bonferroni's multiple comparisons tests, ***p <0.0002, ****p < 0.0001. ¢ Male mouse liver transcription profiling by Affymetrix
microarray (GEO: GSE55084) shows Slc46a3 mRNA after treatment with PCB-153 (IP injection, 80 mg/kg for 48 h) and TCDD (IP injection, 10 pg/kg for 48 h).
Qil (n=6 per group), PCB-153 (n =3 per group), TCDD (n=3 per group). NS not significant. d Putative DRE/XRE binding sites of Slc46a3 promoter were
extracted using ChlP-seq data (GEO accession: GSE97634) and possible enhancer region (~ —17,135 bp from the 5’-flanking region of Slc46a3) was analyzed
using original file sets using Integrated Genome Browser (Bioviz). e Counting of putative dioxin-responive enhancer (DRE)/xenobiotic response element (XRE)
region (—17,135 bp of Slc46a3) binding by AhR after TCDD administration in mouse liver (n =5 per group). The ChIP-seq data set was from Gene Expression
Omnibus (Geo, accession: GSE97634). f Luciferase assay using putative 3xDRE enhancer region (—17,135 bp) of Slc46a3 gene in the Hepalclc7 cells. Cells were
transfected with 3xDRE or 3xmutDRE luciferase constructs (n =3 biologically three independent experiments) overnight and treated with indicated doses of
TCDD for 6 h. g Inhibitory effect of the AhR inhibitor, CH-223191, on the putative 3xDRE luciferase activity in Hepalclc7 cells. After transfection with the 3xDRE
luciferase plasmid (n =3 biologically three independent experiments), cells were co-treated with different concentrations of CH-223191 with/without 10 nM
TCDD for 6 h. Transfection was normalized with the Renilla luciferase signal. One-way ANOVA with Tukey's multiple comparisons test, ****p < 0.0001.

h Inhibitory effects of the AhR antagonist CH-223191 on TCDD-induced Slc46a3 mRNA in Hepalclc7 cells (n =5 biologically independent samples).

i Expression of hepatic Slc46a3, Cypla2, and Ahr mRNAs as a function of mouse age (n=more than 6 per group). One-way ANOVA with Tukey's multiple
comparisons test, ****p < 0.0001. j Expression of hepatic Slc46a3, Cypla2, and Ahr mRNAs as a function of time after TCDD treatment (n = 4 per group). One-
way ANOVA with Tukey's multiple comparisons test, ****p < 0.0001. k Expression of Slc46a3 mRNA as a function of dose and time of oil (n =4 per group) or
TCDD (n =15 per group) treatment. Each data point represents the mean + SD and adjusted p value, presented in the panels, was determined by unpaired two-
tailed Student's t test using indicated sample sizes and groups.

lysosome by mCherry-SLC46A3 (Fig. 3f). This might be due to
certain metals such as copper, transferred into the lysosome.

Copper ions may be sequestered in the lysosome via SLC46A3.
To probe the lysosomal copper contents, eGFP-SLC46A3-
expressing Hepalclc7 cells were incubated with the labile
copper sensing probe CF4 (1 uM) and its non-responsive control
Ctrl-CF4 (1 uM) for 10 m and a red filtered fluorescence signal
detected under fluorescence microscopy. The CF4 signal was
strongly detected in the eGFP-SLC46A3-embedded lysosomes
compared to Ctrl-CF4 (Fig. 3g). By high-magnification images of
eGFP-SLC46A and CF4, their sensing location was confirmed
using a BZ-X analyzer. eGFP-SLC46A3 protein was localized in

the lysosomal membrane and CF4-Cu was encapsulated inside of
the lysosome (Fig. 3h, i). In addition, the lysosome size was
increased in eGFP-SLC46A3-expressing cells (Fig. 3j). To mea-
sure whether SLC46A3 could induce lysosomal copper accumu-
lation, FLAG-SLC46A-expressing Hepalclc7 cells were incubated
with CF4. The CF4 signal was significantly increased by FLAG-
SLC46A3 (Fig. 3k, 1). As a control, the cells were treated with
different doses of CuSO, for 10 min and followed by CF4 (1 uM)
treatment for 10 min. Fluorescence intensity of CF4 at 560 nm
was significantly increased by CuSO, in a dose-dependent man-
ner (Fig. 3m). Furthermore, the protein level of the copper cha-
perone for superoxide dismutase (CCS), a representative
marker of the labile copper pool in the cytosol, under different
conditions was measured. CCS was significantly increased in both
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Fig. 2 Generation and characterization of SIc46a3—/— mice. a Scheme for the generation of Slc46a3~/~ mice. b Southern blot genotyping of Sic46a3~/~
mice using a specific probe. A representative image is shown from three wild-type (WT) and Slc46a3~/~ mice. ¢ Northern blot analysis of Slc46a3
mRNA in the livers of wild-type (WT) and Slc46a3~/~ mice after treatment with TCDD (200 ug/kg) for 24 h. A representative image is shown from three
mice in each treatment group from both mouse lines. d Change in the color of the liver before and after perfusion in WT and Slc46a3~/~ mice.

e Representative H&E staining of liver tissue (n =3 images per mouse). f Localization of eGFP-SLC46A3 in the lysosomes of Hepalclc7 cells. A
representative florescence image was obtained from three biologically independent experiments. Blue color, nucleus; scale bar, 10 um. g Purification of
eGFP-SLC46A3-embedded lysosomes. IgG-L immunoglobulin light chain; IgG-H immunoglobulin heavy chain. The representative western blot image was
obtained from three independent experiments. h Western blotting of eGFP-SLC46A3 using lysates of Hepalclc7 cells.

TCDD-treated (10 pg/kg for 7 days) livers (Fig. 4a) and eGFP-
SLC46A3-expressing Hepalclc7 cells (Fig. 4b). Furthermore, the
effect was enhanced in the presence of BCS, a Cu (I) chelator in
the media, in the presence of eGFP-SLC46A3 expressing cells
(Fig. 4b). However, ferritin-heavy chain, a marker for the labile
cytosolic iron pool, was not changed by eGFP-SLC46A3 expres-
sion level changes in Hepalclc7 cells (Fig. 4c). In addition,
mitochondrial SOD activity was increased as reported previously
(Fig. 4d)'0. Inversely, the hepatic CCS level was dramatically
decreased by disruption of the Slc46a3 gene in mice (Fig. 4e).
Thus, copper may be a substrate for SLC46A3 in the hepatic
lysosome.

SLC46A3 alters mitochondrial potential and morphology.
Because copper ion is a cofactor of the complex IV of the respiratory
chain, the mitochondrial morphology and mitochondrial potential
were analyzed in the presence or absence of SLC46A3. In primary
hepatocytes of Slc46a3~/~ mice, mitochondria distal from the
nucleus, were thick and elongated compared to small round orga-
nelles found in WT mouse liver (Fig. 5a). The mitochondrial area of
Slc46a3~'~ mice was significantly larger than in WT hepatocytes
(Fig. 5b). The altered mitochondrial morphology was further con-
firmed by fluorescence microscopy after MitoTracker treatment
in mCherry- or mCherry-SLC46A3-expressing primary hepatocytes.
In particular, in mcherry-SLC46A3-expressing hepatocytes,
mitochondria were transformed to thin and long thread-like

4

structures associated with weak mitoTracker signals (Fig. 5c). In
this experiment, the mCherry signal was not visible because the
MitoTracker intensity overwhelms the mCherry signal. In addition,
MitoTracker intensity was notably decreased in eGFP-SLC46A3-
expressing Hepalclc7 cells (Fig. 5d). SLC46A3 induction could
inhibit mitochondrial potential in tetramethylrhodamine ethyl ester
(TMRE)-treated Hepalclc7 cells (Fig. 5e). Furthermore, the initial
oxygen consumption rate (OCR) was significantly reduced in eGFP-
SLC46A3-expressing Hepalclc7 cells (Fig. 5f). As mitochondrial
potential was changed by SLC46A3 overexpression, hepatic ATP
levels were measured. ATP was significantly decreased by over-
expression of eGFP-SLC46A3 in Hepalclc7 cells (Fig. 5g). In addi-
tion, mitochondrial images were taken using transmission electron
microscopy (TEM) to determine whether overexpression of
SLC46A3 could change mitochondrial morphology. The mitochon-
drial morphology in livers of Slc46a3~/~ mice were longer compared
to those in WT livers (Fig. 5h). However, a truncated or donut-
shaped mitochondrial form was found in livers expressing eGFP-
SLC46A3 (Fig. 5i).

Slc46a3~/— mice are resistant to TCDD-induced hepatic tri-
glyceride accumulation. To investigate the possible function of
hepatic SLC46A3 after TCDD (200 pg/kg for 7 days) exposure, ALT
and ALP were measured in serum. However, a difference between
WT and Slc46a3~/~ mice was not observed. Interestingly, TCDD
did not alter the hepatic triglyceride (TG) levels in Slc46a3~/~ mice
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Fig. 3 Copper is a possible substrate of SLC46A3 in lysosome. a Hepatic Copper 63 (63Cu) level analysis using inductively coupled plasma mass
spectrometry (ICP-MS) in WT (n =5 per group) and Slc46a3~/~ (n =5 per group) mice. b Relative 63Cu level in the lysosomal fraction from eGFP-Lamp/
DsRed or eGFP-Lamp/DsRed-SLC46A3-expressing mouse liver (n =3 per group). ¢ FLAG-SLC46A3 fractions in different centrifugal forces using
Hepalclc? cells. P pellet, S supernatant. d Copper transporter assay using FLAG-SLC46A3-expressing Hepalclc7 cells in the presence of copper sulfate
(n =3 biologically independent samples). e Measurement of the relative quenching effect by heavy metals using Phen Green FL dye in mcherry-SLC46A3-
expressing Hepalclc7 cells. The representative images were obtained from three independent experiments. Arrows indicate lysosomes. Scale bar, 10 pm.
f Relative green fluorescence was measured relative to cytoplasmic and lysosomal locations. Cyto cytoplasm, Lyso lysosome. g Fluorescence images show
labile copper-sensing probe CF4 localized in the eGFP-SLC46A3 embedding lysosomes in Hepalclc7 cells. Ctrl-CF4 probe was used as a control. All
images were pictured under the same conditions. The representative images were obtained from three independent experiments. Scale bar, 10 um. h A
model of copper-encapsulated lysosome with eGFP-SLC46A3 was depicted. The representative images were obtained from three independent
experiments. i Locations of eGFP-SLC46A3 and Cu-CF4 were presented with the brightness of each color from the section (a to b) of two neighboring
lysosomes. j Lysosomal sizes were measured in the presence of eGFP or eGFP-SLC46A3 in Hepalclc? cells. k Hepalclc? cells were transfected with FLAG-
SLC46A and incubated with CF4 (1 uM) for 10 m. Red fluorescence color indicates Cu-CF4 complex. The representative images were obtained from three
independent experiments. Scale bar, 10 pm. | The Red-light intensity was measured using a fluorescence plate reader (Ex. 540/Em 560). m To control the
CF4-Cu sensing experiment, Hepalclc7 cells were treated with different doses of CuSO,4 for 10 m and incubated with CF4 (1uM) for 10 m. The CF4
emission light was read using a fluorescence plate reader (Ex. 540/Em 560). Each data point represents the mean + SD and adjusted p value, presented in
the panels, was determined by unpaired two-tailed Student's t test using indicated sample sizes and groups.

compared to WT mice. In addition, differences in levels of hepatic
free fatty acids (non-esterified fatty acid, NEFA) were not observed
between both groups in the presence or absence of TCDD (Fig. 6a).
Oil red O staining revealed that lipid droplet accumulation in livers
of TCDD-treated Slc46a3~/~ mice were significantly reduced
compared to WT mice (Fig. 6b). Since Slc46a3~/~ mice were
resistant to TCDD-induced TG accumulation in the liver, a high-fat
diet (HFD) model was applied to determine whether Slc46a3~/~
mice were resistant to hepatic TG accumulation. Notably, after
3 weeks of HFD feeding, body weight changes in Slc46a3~/~ mice
were significantly reduced compared to WT mice (Fig. 6¢). Glucose
tolerance test (GTT) showed no significant difference between WT
and Slc46a3~/~ mice (Supplementary Fig. 3). In addition, liver mass

and epididymal fat mass were also lower in Slc46a3—/~ than in WT
livers (Fig. 6d, e). Hepatic TG levels were lower in Sled6a3~'~ after
HEFD feeding compared to WT mice. Conversely, hepatic NEFA
levels were higher in Slc46a3~/~ mice than in WT mice (Fig. 6f),
while differences in serum TG and NEFA levels in the two groups
were not observed (Fig. 6g). These results suggest that SLC46A3
influences hepatic TG generation from NEFA in the liver. Due to
the change of hepatic TG levels in Slc46a3~/~ mice, lipid meta-
bolites were analyzed in livers from WT and Slc46a3~/~ mice. Two
peaks from 16.88 min were significantly changed (Supplementary
Fig. 4a). PLS-DA (Supplementary Fig. 4b) and S-plots (Supple-
mentary Fig. 4c) using UPLC-MS data by SIMCA-P + 12 software,
as well as GC-MS analysis with the FAME-derivatization method,
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revealed two ions [16:0/18:1/18:2] and TG [16:0/18:2/ 18:2] as TG
(Supplementary Fig. 4d). Thus, hepatic levels of Acadm, Acoxl,
Fasn, Accl, Scdl, Leat, Cd36, Hsl, Pnpla2, Aadac, Tgh, Mttp, Dgatl,
Dgat2, Fsp27, and Plin2 mRNAs encoding TG/NEFA-related pro-
teins were measured. However, no difference between WT and
Slc46a3~/~ in their expression levels was found under the condition
of both vehicle and TCDD treatment (Fig. 6h).

Slc46a3 induction triggers hepatic triglyceride accumulation.
Since the phenotype of the Slc46a3~/~ mice revealed that
SLC46A3 affected hepatic TG accumulation, a direct role for
SLC46A3 in lipid accumulation was investigated. Forced expres-
sion of SLC46A3 in the liver by both adenovirus and hydro-
dynamic sheer injection significantly increased hepatic lipids
(Fig. 7a) and TGs (Fig. 7b). Since adipophilin (ADFP) is expressed
in lipid droplets in concert with TG accumulation, Adfp mRNA
levels were measured after Ad-SLC46A3 administration for 7 days.
Hepatic Adfp mRNA was significantly increased by Ad-SLC46A3
administration (Fig. 7¢). In addition, mCherry-SLC46A3 increased
the size of eGFP-ADFP-expressing lipid droplets in primary
hepatocytes (Fig. 7d, e). The increase of lipid droplet size by
SLC46A3 was confirmed by Nile Red staining in primary

hepatocytes (Fig. 7f). In addition, lipid droplets were increased by
tetraethylenepentamine (TEPT), a copper chelator, in Hepalclc7
cells (Supplementary Fig. 5). Furthermore, SLC46A3 could alter
the phosphorylation of some energy homeostasis-related proteins
such as APMKa and ACC. Ad-SLC46A3 increased phosphoryla-
tion of AMPKa and decreased phosphorylation of ACC in a titer-
dependent manner in primary hepatocytes (Fig. 7g). Thus,
SLC46A3 induction may cause unbalanced energy homeostasis.

Discussion

Here, the function of SLC46A3 was analyzed in mouse liver.
Because SLC46A3 is specifically induced by TCDD in liver via
AhR signaling, it might play an important role in liver patho-
physiology, notably in the toxic response to TCDD. To investigate
the function of SLC46A3, Slc46a3~/~ mice were generated. The
critical gross pathological feature of Slc46a3~/— mice was gray
rather than yellow livers as compared to WT mice. Metal ions
were measured in the liver to investigate whether the color change
was the result of altered levels of intracellular metal ions. Inter-
estingly, copper and iron were increased in the liver. For iron, no
significant difference was noted after liver perfusion as well as in
the 13,000g fraction of the eGFP-SLC46A3-expressing liver
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(Supplementary Fig. 6). This may be due to an increase in iron in
the blood. In this study, the relationship between copper ion and
SLC46A3 in the liver was investigated. Because SLC46A3 was
localized in the lysosome, the isolated lysosome fraction was
subjected to metal analysis using inductively coupled plasma mass
spectrometry (ICP-MS). These results suggested that copper
could be a possible substrate of SLC463A3.

Lysosomes are catabolic organelles in eukaryotic cells that digest
various components from the cytoplasm. Previous reports suggested
that copper can be transported to hepatocytes through vesicle path-
ways and can be excreted into the bile by lysosomes! 2. Lysosomes
were enlarged by SLC46A3 expression, however, the mechanism is
not known. SLC46A3 may influence the recruitment of functional
proteins for lysosomal activation such as LAMP1. Misregulated or
mutant lysosomal membrane protein-coding genes can cause human
diseases. For example, a mutation in MCOLNI encoding mucolipin-
1, a lysosomal cation channel for ions such as Nat, Kt, Ca?t, Fe?™,

causes mucolipidosis type IV13. As SLC46A3 protein could modulate
lysosomal copper, unbalanced intracellular copper levels in lysosomes
can lead to altered metabolic pathways as well as other metal-related
transporting systems in the liver. Increased copper levels as a result
of TCDD administration or SLC46A3 overexpression/deletion could
influence the expression of copper-related genes or other metal
concentrations in the cells. Iron-related gene mRNAs (Trf, Tfrc, Tthl,
and Ftl1), zinc-related gene mRNAs (Zip5, Zip14, Znt9, and Zint7),
and copper-related gene mRNAs (Ctrl, Atp7a, ATp7b, Ccs, and Cp)
were measured and only Ft/I mRNA was slightly increased by TCDD
in the liver. This suggests that copper deficiency may trigger the
increase of iron level as a compensatory mechanism. However,
hepatic mRNA levels of zinc or copper-related proteins were
unchanged after TCDD administration.

Copper is an essential transition metal that acts as a cofactor in
many enzymes and plays an important role in cellular metabolism
and bioenergy. Importantly, copper ion is a cofactor for
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mitochondrial respiratory complex IV and cytochrome ¢ oxidase,
and thus intracellular copper deficiency may cause mitochondrial
dysfunction4-17, Features of impaired copper metabolism lead to
genetic disorders such as Wilson’s and Menkes disease!4-16:18,
Moreover, copper regulates the lipolysis of triglycerides via cAMP
signaling!®. Therefore, in the absence of SLC46A3, the levels of
copper in the cells could be increased and mitochondrial function
would be increased as well. Conversely, induction of SLC46A3 could
lead to copper deficiency, since copper could migrate to the lysosome
for excretion. Indeed, previous results show that hepatic copper
deficiency appears at the early stages of HFD feeding®. According to
a previous report?!, ATP7B, which results in Wilson’s disease,
removes excess copper into the bile via lysosomal exocytosis. Thus,
lysosomal SLC46A3 trafficking is critical to understand copper
deficiency in hepatocytes. As a conventional method for detecting
copper accumulation in the liver, rhodanine staining was used and
copper staining was noted in Slc46a3~/~ mice. Because copper was

increased by about 30% in the liver of Slc46a3—/— mice, copper levels
were measured in isolated lysosomes using ICP-MS analysis. Copper
accumulation was also measured in SLC46A3-embedded lysosomes
by using the copper sensing probe CF4. Based on this study, the
characteristics of mitochondria differed according to the levels of
SLC46A3. As expected, intracellular copper deficiency resulted in
inhibition of mitochondrial potential when SLC46A3 was over-
expressed. This result is supported by a previous report that mito-
chondrial potential is significantly reduced by TCDD in rat
hepatocytes??. In addition, in a previous, study the morphology of
some mitochondria was changed by copper deficiency to a donut
shape in human hepatocytes?> as well as the thymus and spleen in
mice?%, In addition, others reported that mitochondria were changed
to a donut shape by carbonyl cyanide m-chlorophenyl hydrazine
(CCCP), a mitochondrial oxidative phosphorylation uncoupler,
without fusion or fission in MEF cells®®. This morphological feature
was similar to the present result in a fusion- or fission-independent
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manner by the level of SLC46A3. Thus, SLC46A-induced copper
deficiency might lead to mitochondrial dysfunction. Later, TG could
accumulate in the liver after the reduction in mitochondrial function.
In addition, copper may affect hepatic autophagy?®. However,
changes of LC3 were not found in the absence of SLC46A3.

High TG has been linked to atherosclerosis and heart disease in
humans. Under normal circumstances, an excessive amount of TG
can be stored in the form of lipid droplets and later used as an
energy source?’. However, abnormal TG accumulation caused by
SLC46A3-induced mitochondrial dysfunction can cause serious
pathophysiological problems. In a previous study, hepatic TG levels
were dramatically increased by copper deficiency in rats?S. There-
fore, intracellular copper levels could play an important role in lipid
metabolism in conjunction with mitochondria function. TCDD
treatment-induced mRNA expression of some TG/NEFA-related
proteins. However, the induction was not SLC46A3-dependent, and
could not explain the SLC46A3-dependent TG accumulation in the
liver. Induction of hepatic SLC46A3 increased phosphorylation of
AMPKa and decreased phosphorylation of ACC. These data indi-
cate the SLC46A3 can cause mitochondrial dysfunction and energy
deficiency in hepatocytes. In conclusion, TG accumulation by
TCDD is induced by the induction of lysosome SLC46A3, which
causes mitochondrial dysfunction by intracellular copper deficiency
leading to hepatic steatosis (Fig. 8).

Methods
Chemicals. TCDD was purchased from Cambridge Isotope (Andover, MA). Anti-
phospho-AMPKa (#2535), anti-AMPK (#2532), anti-phospho-ACC (#11818),

anti-ACC (#3676), anti-VDAC (#4661 T), anti-COX IV (#4850), anti-Ferritin (#sc-
376594), anti-LC3 (#2775), anti-OPA1(#80471), and anti-mouse IgG, HRP-linked
secondary antibody (#7076 S), anti-rabbit IgG, and HRP-linked secondary antibody
(#7074 S) were obtained from Cell Signaling Technology (Beverly, MA, USA). Anti-
GAPDH (#sc-47724), anti-CCS (#sc-374205), anti-Drpl (#sc-271583), and anti-GFP
antibody (#sc-9996) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-FLAG antibody (#F1804), bathocuproinedisulfonic acid (BCS), and other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO). Nile Red, Mitotracker,
and Phen Green FL were purchased from Invitrogen (Carlsbad, CA). JetPEI transfec-
tion reagent was obtained from VWR International (Radnor, PA, USA). Anti-
Mitofusin2 (#ab56889), TMRE, and superoxide dismutase (SOD) kit were purchased
from Abcam (Cambridge, MA). CH-223191 was obtained from Tocris (Bristol, UK).
TransIT-QR Hydrodynamic Delivery Solution was purchased from Mirus (Pittsburgh,
PA, USA). EZ-ATP Assay kit was obtained from DoGenBio (Seoul, Korea). All other
chemicals were of the highest grade commercially available. CF4 and Ctrl-CF4 were
synthesized as previously reported?’.

Animals and treatments. All animal experiments were conducted in accordance with
the Association for Assessment and Accreditation of Laboratory Animal Care inter-
national guidelines and approved by the US National Cancer Institute Animal Care and
Use Committee. Slc46a3~/~ mice were generated by disruption of exons 3 and 4 and
interbred with heterozygotes to obtain wild-type (WT) littermate (C57BL/6NCr and
FVB/N mixed background). Ahr—/= (ref. 39), Arntf/fl (ref. 3!) mice were described in
earlier papers. ArntALV mice were obtained by crossing the Arnt/fl mice with mice
carrying the Cre transgene under the control of the rat serum albumin gene
promoter3233, C57BL/6 ] mice were obtained from the Jackson Laboratory (Bar Harbor,
ME). All of the mice were maintained under a standard 12 h light/dark cycle with water
and chow provided ad libitum. For genotyping of Slc46a3~/~ mice, mouse tails were
subjected to general PCR using specifically designed primers: FJG99-1stloxp-F3, 5'-CC
TCGAGGGACCTAATAACTTC-3/, FJG99-15030-F, 5'-GCACTGAGACA
CCATTGTGACGCC-3/, and FJG99-15514-R, 5-~AGCAAAGGTCCGCTTAGTTA
GAGAC-3'. A PCR amplicon (~400 bp) was indicated as Slc46a3~/~ mice. To inves-
tigate the potential role of SLC46A3 in TCDD-induced liver injury, mice were injected
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intraperitoneally with a single dose of 10 or 200 pg/kg of TCDD for 3 or 7 days. To
investigate a role for SLC46A3 in hepatic TG accumulation, mice were fed a 60% of
HED that was obtained from Research Diets (New Brunswick, NJ). Six weeks later, the
mice were killed.

Cell culture. Hepalclc7 cells were purchased from the ATCC and cultured in DMEM
supplemented with 10% heat-inactivated FBS and 50 U/ml of penicillin/streptomycin
mixture (Invitrogen) at 37°C in a humidified atmosphere of 5% CO,/95% air. Cells were
grown to 60-80% confluence and trypsinized with 0.05% trypsin containing 2 mM
EDTA. For ectopic expression of proteins in hepatocytes, recombinant adenovirus or
hydrodynamic shear plasmid DNA was delivered to the liver using tail vein injection.
Primary hepatocytes were cultured overnight and treated with 20 nM MitoTracker or
0.5 ug/ml Nile Red for 15-30 m.

Plasmids. For mammalian expression, coding regions for mouse Slc46a3, Adfp, and

Lampl cDNAs were subcloned into pEGFP, pDsred, and pmCherry plasmids (Clon-
tech, Mountain View, CA, USA) for tagging eGFP, Dsred, and mCherry, respectively, at
the N-terminal of the SLC46A3 protein. For the FLAG-SLC46A3-expressing plasmid
(pCMV-Flag-Slc46a3), the EGFP ¢cDNA in the pEGFP plasmid was replaced to make
the final Flag-Slc46a3 fusion gene by modification.

In vivo and in vitro DNA delivery. For in vivo plasmid DNA delivery, hydro-
dynamic shear tail vein injection was carried out using 10-week-old C57BL/6 ] male
mice. Mixtures with pEGFP-Slc46a3 (20 pug) or pmCherry-Slc46a3 (20 ug) or pEGFP-
Adipophilin (10 pg) and 2.2 ml of TransIT-QR delivery solution were injected within 3
to 5s through the tail vein. One day later, the mice were killed or primary hepatocytes
isolated for culturing as previously described%. Using small pieces of fresh liver,

the expression of each fluorescence fusion protein was monitored under fluorescence
microscopy. Adenoviral delivery of SLC46A3 using 10-week-old C57BL/6 ] male mice
was carried out by injecting 200 ul of saline solution containing 2 x 10'° P%/mouse
through the tail vein. A week later, the mice were killed. For in vitro transfection,
Hepalclc7 cells were transfected with different plasmids using JetPEI reagent for 16 h
before the cells were harvested.

Quantitation of mRNA. Total RNA was isolated from the liver using Trizol (Invi-
trogen, Carlsbad, CA). After synthesis of complementary DNA (cDNA) using a
SuperScript II reverse transcriptase kit (Invitrogen, Carlsbad, CA), qPCR was carried
out using an Applied Biosystems Prism 7900HT Sequence Detection System (Foster
City, CA) as described previously®®. Expression levels of mRNA were normalized to
18 SRNA or Gapdh mRNA as the internal standards. Primers for the qPCR are listed in
Supplementary Table 1.

Western blotting. Hepalclc7 cells were lysed with M-PER buffer (Thermo Scientific)
or RIPA lysis buffer (150 mM NaCl, 0.5% Triton X-100, 50 mM Tris-HCI, pH 7.4,
25 mM NaF, 20 mM EGTA, 1 mM DTT, 1 mM Na;VO,, and protease inhibitor
cocktail) for 30 min on ice, followed by differential centrifugal for fractionation. Protein
concentration was measured with the bicinchoninic acid (BCA) reagent. Protein
(10-30 pg), denatured by boiling and unboiled control, was subjected to electrophoresis
on a 4-15% gradient Tris-HCI gel (Bio-Rad, Hercules, CA) and then electrotransferred
onto a polyvinylidene difluoride membrane in Tris-glycine buffer (pH 8.4) containing
20% methanol. The membrane was blocked with 5% fat-free dry milk in phosphate-
buffered saline containing 0.1% Tween-20 (PBST) for 1 h. The membranes were probed
with primary antibodies and horseradish peroxidase-conjugated secondary antibodies
(#7074 S, #7076 S, Cell Signaling) using standard western blotting procedures. Sec-
ondary antibodies were diluted at 1:5000 for the experiments. Proteins were visualized
using the Femto signal chemiluminescent substrate (Pierce) by an image analyzer
(Alpha Innotech Corp., San Leandro, CA) or a Chemidoc imaging system (Bio-Rad).
Protein densitometry analyses were performed using Image Lab 6.1.1 software (Biorad).

Mitochondria analysis. For mitochondrial OCR measurements, Hepalclc7 cells were
cultured in specialized 24-well plates and transfected with 100 pg of pEGFP or pEGEFP-
Slc46a3 plasmid for 24 h and mitochondrial OCR measured using the Seahorse XF24
analyzer as described previously*®. OCR was measured from the basal conditions and
later cells were treated with the mitochondrial inhibitor oligomycin, a mitochondrial

uncoupling compound carbonylcyanide-4-trifluoromethoxyphenylhydrazone (FCCP),

and the respiratory chain inhibitor antimycin A.

Biochemical analysis. Serum levels of alanine aminotransferase (ALT) and alkaline
phosphatase (ALP) were measured using ALT (Catachem, Bridgeport) and ALP kits

(Catachem, Bridgeport). Serum or hepatic level of non-esterified fatty acids (NEFA) and
hepatic TG level were quantified using TG kit (Wako Chemicals USA Inc.) and NEFA
kit (Wako Chemicals USA Inc.) according to the manufacturer’s instructions.

Metal analysis in the liver. Liver tissues and isolated cell fractions were treated with
100% nitric acid at 70 °C for 3h and then incubated overnight at room temperature.
Levels of major physiological metal ions were measured by inductively-coupled plasma
(ICP)-MS (Agilent, Model 7500 cs) as described previously®”.

Copper transport assay. To analyze the copper levels in the lysosomal fraction,
hepatic lysosomal fraction was isolated using the magnetic bead method. In detail, 8-
week-old FVB male mice were transfected with pEGFP-Lampl (10 pg) and pDsred-
Sle46a3 (10 pg) or pDsred (10 pg) using the hydrodynamic injection method for 24 h.
Liver tissue (300 mg) was homogenized with a tight dounce homogenizer in the pre-
sence of 0.1 M Tris-HCl buffer containing protease inhibitor cocktail followed by
centrifugation at 100xg at 4°C for 5 min twice. The supernatants were incubated with
biotinylated anti-GFP antibody (20 ug/1 ml) for 20 m at 4°C using a rotary shaker and
the lysosomes-eGFP-Lampl complex was isolated with a streptavidin-magnetic bead
(Pierce). The isolated lysosomal fractions were subjected to western blotting or metal
analysis.

For in vitro metal transport assays, Hepalclc7 cells were transfected with different
amounts of pPCMV-Flag-Slc46a3 plasmid using JetPEI transfection reagent for 24 h. The
cells were then treated with copper sulfate (CuSO,-5H,0O, 10 pug/ml) in serum-free
DMEM media for 1h. After extra incubation of cells in fresh serum-free DMEM for
30 m, the cells were lysed with M-PER buffer, and subjected to sequential fractionation
by differential centrifugal at 800 g for 5 m, 13,000xg for 10 min, or 543,000xg for 30 min
at 4°C. Each pellet or supernatant were subjected to western blotting and metal analysis.

Reporter gene assays. To verify the role of AhR on Slc46a3 regulation, the putative
DRE site (—17 kb) of Slc46a3 was inserted in pGL4.10 with additional minimal TATA
box sequence using Ascl/Pacl sites. pGL4.10-3xDREmini was depicted as wild-type and
pGL4.10-3xmutDREmini was indicated as mutant as an experimental control. The
inserted sequences for pGL4.10-3xDREmini and pGL4.10-3xmutDREmini are GGAG
ATAGCGTGCCATGGTCTGCCTGGAGATAGCGTGCCATGGTCTGTTTGGAGA
TAGCGTGCCATGGTCTGAGACACTAGAGGGTATATAATGGAAG CTCGACTT
CCAGCT and TGGAGATAAAAAACCATGGTCTGCCTGGAGATAAAAAACCAT
GGTCTGTTTGGAGATAAAAAACCATGGTCTGAGACACTAGAGGGTATATAA
TGGAAGCTC GACTTCCAGCT, respectively. Hepalclc7 cells were transfected with
the plasmids overnight using JetPEI reagent and treated with 10 nM TCDD for 6 h in
the presence or absence of the AhR inhibitor CH-223191. The dual-luciferase assay was
conducted using the Promega dual luciferase system. Renilla luciferase activity was used
as transfection control.

Histology. For microscopic examination, fresh livers were fixed in 10% buffered for-
malin and embedded with paraffin. Tissue sections (4 um) were stained with hema-
toxylin and eosin (HE) (Sigma-Aldrich, St. Louis, MO, USA). Frozen liver tissues were
cut at 10 um thickness and stained with Oil Red O to detect lipid droplets.
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Transmission electron microscopy (TEM). TEM images of livers were serviced by
the Center for Cancer Research (CCR) of NCI at Frederick.

Southern blot analysis: Tail DNA from the WT and Slc46a3~/~ mice was
performed as described previously® using specific probes (Supplementary Table 1).

Northern blot analysis: Total RNA from different tissue samples was prepared
by using Trizol reagent (Invitrogen, Carlsbad, CA). Northern blot analyses were
performed as previously described’!. Slc46a3 cDNA (901 bp) was used as a
Northern probe.

ATP measurement. Hepalclc7 cells were transfected with pEGFP (8 ug) or
PEGFP-Slc46a3 (8 ug) plasmids in 100 mm dishes overnight and cell lysates
and ATP was measured according to the manufacturer’s instructions
(DoGenBio, Seoul, Korea).

Statistical analysis. Experimental values are expressed as mean + SD. Statistical
analysis was performed by one-way ANOVA for multiple comparisons using
Tukey’s multiple comparisons test, two-way ANOVA for comparisons of multi
factors using Bonferroni’s method, or two-tailed Student’s ¢ test for unpaired data.
P <0.05 was considered statistically significant. GraphPad PRISM v.8.4.3 was used
for statistical analysis.

Data availability

All relevant data are available from the corresponding authors upon request. Source
data are provided with this paper. Supplementary information is provided in
Supplementary Figs. 1-9, Supplementary Table 1. The mouse liver transcription
profiling by array for Fig. 1c was downloaded from Gene Expression Omnibus under
the accession code GSE55084 and AhR ChIP-seq data in Fig. 1d was downloaded from
Gene Expression Omnibus under the accession code GSE97634. Source data are
provided with this paper.

Received: 7 April 2020; Accepted: 2 December 2020;
Published online: 12 January 2021

References

1. Cotter, T. G. & Rinella, M. Nonalcoholic fatty liver disease 2020: the state of
the disease. Gastroenterology 158, 1851-1864 (2020).

2. Geisler, C. E. & Renquist, B. J. Hepatic lipid accumulation: cause and
consequence of dysregulated glucoregulatory hormones. J. Endocrinol. 234,
R1-R21 (2017).

3. Lee, J. H. et al. A novel role for the dioxin receptor in fatty acid metabolism
and hepatic steatosis. Gastroenterol. 139, 653-663 (2010).

4. Deierlein, A. L., Rock, S. & Park, S. Persistent endocrine-disrupting chemicals
and fatty liver disease. Curr. Environ. Health Rep. 4, 439-449 (2017).

5. National Academies of Sciences, E., and Medicine. in Veterans and Agent
Orange: Update 11 (2018) (ed. Washington, D.T.N.A.P.) (Washington (DC),
2018).

6. Hoffman, E. C. et al. Cloning of a factor required for activity of the Ah
(dioxin) receptor. Science 252, 954-958 (1991).

7. Beischlag, T. V., Luis Morales, J., Hollingshead, B. D. & Perdew, G. H. The aryl
hydrocarbon receptor complex and the control of gene expression. Crit. Rev.
Eukaryot. Gene Expr. 18, 207-250 (2008).

8. Barouki, R., Coumoul, X. & Fernandez-Salguero, P. M. The aryl hydrocarbon
receptor, more than a xenobiotic-interacting protein. FEBS Lett. 581,
3608-3615 (2007).

9. Ovesen, J. L, Schnekenburger, M. & Puga, A. Aryl hydrocarbon receptor
ligands of widely different toxic equivalency factors induce similar histone
marks in target gene chromatin. Toxicol. Sci. 121, 123-131 (2011).

10. Rae, T. D., Schmidt, P. J., Pufahl, R. A., Culotta, V. C. & O’Halloran, T. V.
Undetectable intracellular free copper: the requirement of a copper chaperone
for superoxide dismutase. Science 284, 805-808 (1999).

11. Gross, J. B. Jr., Myers, B. M, Kost, L. J., Kuntz, S. M. & LaRusso, N. F. Biliary
copper excretion by hepatocyte lysosomes in the rat. Major excretory pathway
in experimental copper overload. J. Clin. Invest. 83, 30-39 (1989).

12. Harada, M. et al. Biliary copper excretion in acutely and chronically copper-
loaded rats. Hepatology 17, 111-117 (1993).

13. Saftig, P. & Klumperman, J. Lysosome biogenesis and lysosomal membrane
proteins: trafficking meets function. Nat. Rev. Mol. Cell Biol. 10, 623-635
(2009).

14. Kim, H., Wu, X. & Lee, J. SLC31 (CTR) family of copper transporters in health
and disease. Mol. Aspects Med. 34, 561-570 (2013).

15. Kim, H,, Son, H. Y, Bailey, S. M. & Lee, J. Deletion of hepatic Ctrl reveals its
function in copper acquisition and compensatory mechanisms for copper
homeostasis. Am. J. Physiol. Gastrointest. Liver Physiol. 296, G356-G364
(2009).

16. Kim, B. E., Nevitt, T. & Thiele, D. J. Mechanisms for copper acquisition,
distribution and regulation. Nat. Chem. Biol. 4, 176-185 (2008).

17. Prohaska, J. R. Role of copper transporters in copper homeostasis. Am. J. Clin.
Nutr. 88, 8265-829S (2008).

18. Turski, M. L. & Thiele, D. J. New roles for copper metabolism in cell
proliferation, signaling, and disease. J. Biol. Chem. 284, 717-721
(2009).

19. Krishnamoorthy, L. et al. Copper regulates cyclic-AMP-dependent lipolysis.
Nat. Chem. Biol. 12, 586-592 (2016).

20. Heffern, M. C. et al. In vivo bioluminescence imaging reveals copper
deficiency in a murine model of nonalcoholic fatty liver disease. Proc. Natl.
Acad. Sci. USA 113, 14219-14224 (2016).

21. Polishchuk, E. V. et al. Wilson disease protein ATP7B utilizes lysosomal
exocytosis to maintain copper homeostasis. Dev. Cell 29, 686-700 (2014).

22. Aly, H. A. & Domenech, O. Cytotoxicity and mitochondrial dysfunction of
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in isolated rat hepatocytes.
Toxicol. Lett. 191, 79-87 (2009).

23. Gallagher, C. H., Reeve, V. E. & Wright, R. Copper deficiency in the rat. Effect
on the ultrastructure of hepatocytes. Aust. J. Exp. Biol. Med. Sci. 51, 181-189
(1973).

24. Prohaska, J. R, Downing, S. W. & Lukasewycz, O. A. Chronic dietary copper
deficiency alters biochemical and morphological properties of mouse
lymphoid tissues. J. Nutr. 113, 1583-1590 (1983).

25. Miyazono, Y. et al. Uncoupled mitochondria quickly shorten along their long
axis to form indented spheroids, instead of rings, in a fission-independent
manner. Sci. Rep. 8, 350 (2018).

26. Polishchuk, E. V. et al. Activation of autophagy, observed in liver tissues from
patients with Wilson disease and from ATP7B-deficient animals, protects
hepatocytes from copper-induced apoptosis. Gastroenterology 156, 1173-
1189.e1175 (2019).

27. Alves-Bezerra, M. & Cohen, D. E. Triglyceride metabolism in the liver. Compr.
Physiol. 8, 1-8 (2017).

28. al-Othman, A. A,, Rosenstein, F. & Lei, K. Y. Copper deficiency increases
in vivo hepatic synthesis of fatty acids, triacylglycerols, and phospholipids in
rats. Proc. Soc. Exp. Biol. Med. 204, 97-103 (1993).

29. Xiao, T. et al. Copper regulates rest-activity cycles through the locus
coeruleus-norepinephrine system. Nat. Chem. Biol. 14, 655-663 (2018).

30. Fernandez-Salguero, P. et al. Inmune system impairment and hepatic
fibrosis in mice lacking the dioxin-binding Ah receptor. Science 268,
722-726 (1995).

31. Tomita, S., Sinal, C. J., Yim, S. H. & Gonzalez, F. J. Conditional disruption of
the aryl hydrocarbon receptor nuclear translocator (Arnt) gene leads to loss of
target gene induction by the aryl hydrocarbon receptor and hypoxia-inducible
factor lalpha. Mol. Endocrinol. 14, 1674-1681 (2000).

32. Matsusue, K. et al. Hepatic CCAAT/enhancer binding protein alpha mediates
induction of lipogenesis and regulation of glucose homeostasis in leptin-
deficient mice. Mol. Endocrinol. 18, 2751-2764 (2004).

33. Kuhn, R,, Schwenk, F., Aguet, M. & Rajewsky, K. Inducible gene targeting in
mice. Science 269, 1427-1429 (1995).

34. Matsubara, T. et al. Lithocholic acid disrupts phospholipid and sphingolipid
homeostasis leading to cholestasis in mice. Hepatology 53, 1282-1293
(2011).

35. Kim, J. H,, Qu, A., Reddy, J. K., Gao, B. & Gonzalez, F. ]. Hepatic oxidative
stress activates the Gadd45b gene by way of degradation of the transcriptional
repressor STAT3. Hepatology 59, 695-704 (2014).

36. Shen, J. et al. A critical role of mitochondrial phosphatase Ptpmtl in
embryogenesis reveals a mitochondrial metabolic stress-induced
differentiation checkpoint in embryonic stem cells. Mol. Cell. Biol. 31,
4902-4916 (2011).

37. Wu, X. et al. Potassium and the K+/H+ exchanger Khalp promote binding of
copper to ApoFet3p multi-copper ferroxidase. J. Biol. Chem. 291, 9796-9806 (2016).

38. Akiyama, T. E. et al. Conditional disruption of the peroxisome proliferator-
activated receptor gamma gene in mice results in lowered expression of
ABCAL, ABCG]I, and apoE in macrophages and reduced cholesterol efflux.
Mol. Cell. Biol. 22, 2607-2619 (2002).

Acknowledgements

This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (MEST) (NRF-2015R1A5A2008833), the Basic Science Research
Program through the National Research Foundation of Korea (NRF) funded by the Ministry
of Science, ICT & Future Planning (2015R1C1A1A02036595), National Institutes of Health
Grant DK079209 (to J.L.), National Institutes of Health Grant GM79465 (to C.J.C.), and the
National Cancer Institute Intramural Research Program.

Author contributions
J.H.K. performed animal experiments and cell experiments as well as molecular biology.
T.M. analyzed the Slc46a3~/~ phenotype and lipid using the liver and serum samples. C.

| (2021)12:290 | https://doi.org/10.1038/s41467-020-20461-0 | www.nature.com/naturecommunications 1


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE55084
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE97634
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

F.F. and K.H. helped with the computational analysis. J.L. helped with metal analysis.
H.Y. analyzed TG. T.N. followed the generation of Slc46a3~/~ mice and evaluated the
phenotype of Slc46a3~/~ mice. S.Y. discovered that Slc46a3 was an AhR target gene and
generated the Slc46a3~/~ mice. S.J. synthesized the copper sensing probe. JHK,, D.K,,
and K.W.K. performed metabolomics analysis. S.J. and C.J.C. contributed to the copper
detection experiments. J.H.K. and F.J.G. wrote the manuscript and supervised the study
with contributions from all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-20461-0.

Correspondence and requests for materials should be addressed to J.-H.K. or F.J.G.
Peer review information: Nature Communications thanks Roman S. Polishchuk and the

other anonymous reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

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

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

12 | (2021)12:290 | https://doi.org/10.1038/s41467-020-20461-0 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-20461-0
https://doi.org/10.1038/s41467-020-20461-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Lysosomal SLC46A3 modulates hepatic cytosolic copper homeostasis
	Results
	Lysosomal SLC46A3 is regulated by AhR
	Time and dose-dependent expression of Slc46a3 mRNA induction by TCDD
	Generation and phenotype of Slc46a3−/− mice
	Localization of SLC46A3
	Copper is a possible substrate of lysosomal SLC46A3
	Copper ions may be sequestered in the lysosome via SLC46A3
	SLC46A3 alters mitochondrial potential and morphology
	Slc46a3−/− mice are resistant to TCDD-induced hepatic triglyceride accumulation
	Slc46a3 induction triggers hepatic triglyceride accumulation

	Discussion
	Methods
	Chemicals
	Animals and treatments
	Cell culture
	Plasmids
	In vivo and in�vitro DNA delivery
	Quantitation of mRNA
	Western blotting
	Mitochondria analysis
	Biochemical analysis
	Metal analysis in the liver
	Copper transport assay
	Reporter gene assays
	Histology
	Transmission electron microscopy (TEM)
	ATP measurement
	Statistical analysis

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




