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Original Article
ATP7A-dependent copper sequestration
contributes to termination of b-CATENIN
signaling during early adipogenesis
H. Yang1,**, E. Kabin2,3,5, Y. Dong3,5, X. Zhang3, M. Ralle4, S. Lutsenko3,*
ABSTRACT

Objectives: Adipocyte fate determination is tightly regulated by extrinsic signaling pathways and intrinsic metabolic and morphologic changes
that maintain adipose tissue function. Copper (Cu) homeostasis is required for the normal metabolism of mature adipocytes, whereas the role of
Cu in adipogenesis is unclear.
Methods: To determine the role of Cu is adipocytes differentiation, we used 3T3-L1 adipocytes, immunocytochemistry, X-ray fluorescence,
mass-spectrometry, pharmacological treatments, and manipulations of copper levels.
Results: In differentiating 3T3-L1 cells, adipogenic stimuli trigger the upregulation and trafficking of the Cu transporter Atp7a, thus causing Cu
redistribution from the cytosol to vesicles. Disrupting Cu homeostasis by the deletion of Atp7a results in Cu elevation and inhibition of adipo-
genesis. The upregulation of C/EBPb, an initial step of adipogenesis, is not affected in Atp7a�/� cells, whereas the subsequent upregulation of
PPARg is inhibited. Comparison of changes in the Atp7a�/� and wild type cells proteomes during early adipogenesis revealed stabilization of b-
catenin, a negative regulator of adipogenesis. Cu chelation, or overexpression of the Cu transporter ATP7B in Atp7a�/� cells, restored b-catenin
down-regulation and intracellular targeting.
Conclusions: Cu buffering during early adipogenesis contributes to termination of b-catenin signaling. Abnormal upregulation of b-catenin was
also observed in vivo in the livers of Atp7b�/� mice, which accumulate Cu, suggesting a tissue-independent crosstalk between Cu homeostasis
and the Wnt/b-catenin pathway. These results point to a new regulatory role of Cu in adipocytes and contribute to better understanding of human
disorders of Cu misbalance.

� 2024 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Copper; Adipocytes; ATP7A; b-catenin
1. INTRODUCTION

Copper (Cu) has a multifaceted role in mammalian physiology and is
essential for normal development and function of humans, animals,
and many other species. The best-known function of Cu is to serve as
a cofactor of important metabolic enzymes, such as cytochrome c
oxidase, superoxide dismutases SOD1 and SOD3, amino-oxidase
AOC3 and many others [1]. It is now appreciated that Cu is also an
important regulator of kinase-mediated signaling, autophagy, and even
cell death [2e5]. Either Cu deficiency or Cu overload is harmful to
cells. Consequently, cells faithfully maintain Cu homeostasis using Cu
transporting proteins, which ensure proper and timely Cu distribution
to the intracellular compartments. Cu uptake is mediated primarily by
SLC31A1 (CTR1), whereas the ATP-driven transporters ATP7A (Atp7a
in mice) and ATP7B transport Cu into the secretory pathway to activate
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Cu-dependent enzymes and lower cytosolic Cu by exporting excess Cu
into vesicles and eventually out of cells [6]. ATP7A and ATP7B are
highly homologous, and both play critical roles in regulation of cellular
Cu levels. Inactivation of either ATP7A or ATP7B is associated with
debilitating and even fatal diseases [7].
Recently, the new role for ATP7A in cell differentiation was identified.
Expression of ATP7A was found to change during neuronal differen-
tiation [5,8], and was associated with a transient decrease in the
cellular Cu levels [9]. Loss of ATP7A function in neurons causes defects
in their axon outgrowth and synaptogenesis [10]. Cu is required for
myogenesis (during which ATP7A is significantly upregulated [11]), for
spermatogenesis (where changes in the expression of ATP7A, ATP7B,
and CTR1 occur at different steps of sperm maturation [12]), and for
angiogenesis (neovascularization [13]). However, understanding of
how Cu is used during cell differentiation remains very limited.
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Cu homeostasis is required for normal functions of adipose tissue
[14e16], but the role of ATP7A in adipogenesis remains unclear. In
mice, targeted deletion of Atp7a gene in adipocytes is associated with
Cu elevation, age-dependent atrophy and diminished function of white
adipose tissue. This is evident from the lower levels of serum leptin
and adiponectin, elevated serum triglycerides, and hepatic steatosis
[17]. It is unknown whether these abnormalities reflect defects in
adipocytes differentiation or the toxicity of elevated Cu in fully differ-
entiated cells. Studies of adipocytes differentiation in animals are
complicated by complex interactions with other cell types [18,19].
Consequently, to better understand the role of Cu homeostasis in
adipocytes, we used 3T3-L1 mouse preadipocytes, an established
model for adipocyte differentiation. We found that Atp7a-dependent Cu
distribution is required for early steps of 3T3-L1 adipocytes differen-
tiation and identified a new role for Cu in sustaining Wnt/b-catenin
signaling, a conserved pathway that regulates cell proliferation and
differentiation. We demonstrated that the adipogenic stimuli alter the
intracellular Cu distribution by affecting Atp7a abundance and locali-
zation, and that without this regulation the Wnt/b-catenin is prolonged
and adipogenesis is impaired. Moreover, we showed that Cu accu-
mulation leads to stabilization of b-catenin in an animal model of
Wilson disease, which points to a new mechanism through which Cu
can contribute to the development of human pathologies.

2. RESULTS

2.1. Atp7a-dependent Cu distribution changes during adipogenesis
To understand the role of Cu homeostasis in functional maturation of
3T3-L1 adipocytes, we first examined the expression status of major Cu
transporters: Atp7a, Atp7b, and Slc31a1 (Ctr1) during a standard 8-day
differentiation process [20]. Immunoblotting revealed that Atp7a was
present in differentiated adipocytes, whereas Atp7b was not (Figure 1A).
Furthermore, the expression of Atp7a protein was significantly higher in
fully differentiated adipocytes than in pre-adipocytes (Figure 1B).
Quantitative PCR on different differentiation time points demonstrated
that upregulation of Atp7a mRNA occured early in differentiation, right
after the growth arrest, and was associated with the increased Atp7a
protein levels on day 3 of differentiation (Figure 1CeE). By contrast, the
expression of Ctr1 did not change at the early stage of differentiation, but
was upregulated at the later stage, on day 6 (Figure 1F).
In adipocytes, Atp7a transfers Cu to Cu-dependent enzymes, such as
Aoc3 [21]. This process takes place in the trans-Golgi network (TGN).
Atp7a also lowers cytosolic Cu levels by sequestering Cu into vesicles
and exporting Cu via plasma membrane [6]. In either mature or non-
differentiated adipocytes, Cu limitation facilitates Atp7a retention in
the TGN, whereas high Cu triggers Atp7a movement from the TGN to
vesicles, in agreement with its known regulation in other cell types
(Suppl. Fig. 1A,B). Analysis of Atp7a localization during adipogenesis
revealed that the balance between the two Atp7a functions (TGN de-
livery and vesicular Cu sequestration/export) changed as adipocytes
differentiate. In preadipocytes, Atp7a was found mainly in the TGN
(Figure 1F). On day 3 of differentiation (D3), Atp7a was upregulated
and trafficked from the TGN to vesicles (Figure 1D,G and
Suppl. Fig. 2A,B) and towards the plasma membrane, which indicated
increased Cu sequestration and export. On day 5, Atp7a mostly
returned to the TGN, with only a small amount detected in vesicles. The
fully mature adipocytes (day 8) had Atp7a in the TGN (Figure 1F).
Considering that the Ctr1 levels (and hence Cu uptake) increased only
on day 6 of differentiation (Figure 1F), the earlier upregulation and
vesicular targeting of Atp7a suggest that the initial steps of adipo-
genesis may require lowering of cytosolic Cu.
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We also tested whether insulin, the major component of adipogenic
cocktail, alone triggers Atp7a trafficking and whether this process is
copper dependent. We examined Atp7a localization in 3T3-L1 cells
treated with TTM (an intracellular copper chelator), and TTM followed
by insulin (Suppl. Fig. 2C). Insulin alone (without other components of
differentiation cocktail) induced trafficking of Atp7a from the TGN to
vesicles even when Cu was chelated (Suppl. Fig. 2C). Taken together,
these results show that Atp7a-dependent intracellular Cu redistribution
is an integral component of the adipogenesis program.

2.2. Deletion of Atp7a alters the intracellular Cu redistribution and
inhibits adipogenesis at the early stage
To further examine significance of Atp7a function in adipocyte differ-
entiation, we used 3T3-L1-Atp7a�/� cells, previously generated using
CRISPR/Cas9. These cells lack the Atp7a-dependent Cu export and
accumulate Cu ([22,23], Figure 1D and Suppl. Figure 3A). We first
examined the intracellular Cu distribution using X-ray fluorescence
imaging (Figure 2A), an analytical technique that allows direct and
quantitative analysis of various elements, including Cu, in cells and
tissues with high sensitivity and specificity [21,24,25]. Phosphate, an
integral component of nucleic acids thus enriched in the nuclei, was
served as a control. As expected, the levels and compartmentalization
of phosphate were similar for control and Atp7a�/� cells. In contrast,
Cu distribution changed. In wild-type (WT) cells Cu was enriched in the
perinuclear area, and Cu levels in the nuclei were low (Figure 2A). In
Atp7a�/� cells, Cu levels were increased throughout the cell including
the nuclei (Figure 2A). We also found that Atp7a�/� cells proliferated
slower than control 3T3-L1 cells. The lower proliferation rate is likely
caused by the defects in a cell cycle progression, as we found no
increase in cell death (Suppl Fig. 3B). Further analysis demonstrated
that not only cells grew slower, but the differentiation of 3T3-L1-
Atp7a�/� cells into functional adipocytes was inhibited. At the end of
the differentiation program, Atp7a�/� cells remained flat and con-
tained fewer and smaller lipid droplets than the WT cells (Figure 2B).
The Oil red O staining that detects triglycerides and cholesteryl esters
confirmed a paucity of lipid droplets in differentiated Atp7a�/� cells
(Figure 2B). In agreement with the staining data, total triglyceride levels
were significantly lower in 3T3-L1 Atp7a�/� cells compared to 3T3-L1
controls (Figure 2C).
To verify that these changes were caused by the loss of Atp7a
function and were not the off-target effects of CRISPR/Cas9, we
generated an additional 3T3-L1-based cell line using shRNA, wherein
Atp7a was down-regulated by approximately 70% (Suppl. Fig. 3C).
These Atp7a knockdown cells had altered cell morphology
(Suppl. Fig. 2D), accumulated Cu (Suppl. Fig. 2E), had a slower
growth rate, and diminished adipogenic differentiation
(Suppl. Fig. 2F,G). In other words, their key characteristics were very
similar to Atp7a�/� cells. Taken together, the data suggest that
Atp7a is required, in some capacity, for pre-adipocytes transitioning
to mature adipocytes.
Adipogenesis is controlled by a balance of internal and external factors,
which either stimulate or repress cells differentiation. During the early
phase of adipocytes differentiation, CCAAT/enhancer binding proteins
C/EBPb and C/EBPd induce the expression of C/EBPa and PPARg [26],
the principal transcription factors that control early differentiation of
preadipocytes into mature lipid-accumulating cells. The qPCR analysis
of C/EBPb and C/EBPd mRNA revealed that both were upregulated in
WT cells 24 h after induction of differentiation, as expected
(Figure 2D,F). In Atp7a�/� cells 24 h after induction of differentiation,
C/EBPbmRNA levels were comparable to WT and C/EBPdmRNA levels
were even higher (Figure 2D,E). Thus, this step of differentiation
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Cu transporter Atp7a upregulates and relocates during adipogenesis. (A) Immunoblot of Atp7a and Atp7b in differentiated 3T3-L1 adipocytes on day 8. (B) Protein
levels of Atp7a in pre-differentiated (pre-Adi), differentiated adipocytes (Adip). (C) Relative mRNA levels of Atp7a, normalized to non-differentiated cells (ND) (n ¼ 3). (D)
Immunoblot of Atp7a in 3T3-L1 cells in early differentiation day 3 after adipogenic stimuli and (E) associated quantifications. (F) Relative mRNA levels of Ctr1 in pre-adipocytes, on
day 0, day 2, day 4, day 6, and day 8 after adipogenic stimuli, normalized to the levels in preadipocytes (n ¼ 3). (G) Immunostaining of Atp7a (green) and TGN marker (syntaxin 6,
red) in pre-adipocytes, on day 0, day 3, day 5, and day 8 after adipogenic stimuli. All values represent the mean � SEM; One-way ANOVA was used to analyze the data in C and F,
Student t-test was used for E. * e p < 0.05, *** e p < 0.001.
appears to be largely independent of Atp7a activity. In contrast, on day
3 (D3), when the abundance and localization of Atp7a changes
significantly in WT cells, the mRNA levels of C/EBPa and Pparg in
Atp7a�/� cells were markedly lower than in controls. The WT cells had
C/EBPa and Pparg upregulated by more than 50-fold relative to day 0,
whereas Atp7a�/� cells had only modest upregulation of C/EBPa and
very little upregulation of Pparg (Figure 2F). These changes in the
expression of key differentiation factors suggest that the Atp7a activity
is critical for the differentiation step(s) after the C/EBPb and C/EBPd
induction, and that the loss of Atp7a inhibits signaling that results in
the activation of C/EBPa and Pparg.
MOLECULAR METABOLISM 80 (2024) 101872 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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2.3. Inactivation of Atp7a leads to specific changes in 3T3-L1 cells
proteome
To identify signaling pathways that were altered in Atp7a�/� cells, we
compared changes in proteomes of WT 3T3-L1 cells and two clonal
lines of Atp7a�/� cells during the day0-to-day3 (D0-D3) transition
using TMT-labelling mass-spectrometry (Figure 3A). Changes in pro-
tein abundance showed that during D0-D3 transition WT cells
increased fatty acid oxidation, fatty acid synthesis, and proteins
involved in lipid storage (Figure 3B). The RhoA and actin cytoskeleton
signaling were decreased, and the processes leading to osteoclast
differentiation were inhibited (Figure 3B). When the proteome of
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 2: Atp7a inactivation is associated with changes in Cu distribution, cell morphology and inhibition of adipogenesis. (A) X-ray fluorescence imaging and
quantification of Cu in control (WT) and Atp7a�/� pre-adipocytes. Signal of phosphate (P) serves as an abundant internal control and identification of the nucleus in cells. (B)
Representative images of cell morphology and oil red O stained differentiated WT and Atp7a�/� 3T3-L1 adipocytes on day 8 (n ¼ 3). (C) Relative triglyceride content in
differentiated WT and Atp7a�/� 3T3-L1 adipocytes on day 8 (n ¼ 3). (D) Relative mRNA levels of C/EBPb and (E) C/EBPd in WT and Atp7a�/� cells during the first 24 h following
stimulation of adipogenesis, normalized to WT cells at time 0 (n ¼ 3). (F) Relative mRNA levels of PPARg and C/EBPa in Atp7a�/� cells on day 0 and day 3, normalized to WT cells
on day 0 (n ¼ 3). All values represent the mean � SEM. Student t -est was used for C and two-way ANOVA have been used for A, D, E and F; ns e p > 0.05, * e p < 0.05, ** e
p < 0.01, **** e p < 0.0001.

Original Article
Atp7a�/� cells was compared to WT on D3, main differences included
an increased cell spreading with a formation of protrusions (p-value
5.48 � 10�18, z-core 4.184, Figure 3C). Indeed, Atp7a�/� cells were
larger and more flattened comparing to WT cells, as shown by a-
tubulin staining (Figure 3D). Proteins associated with osteoclasts dif-
ferentiation were upregulated in Atp7a�/� cells along with a dimin-
ished metabolism of triglycerides (Figure 3C). Taken together, these
results point to an early differentiation defect in Atp7a�/� cells.
To identify proteins most significantly associated with the adipogenesis
defects in Atp7a�/� cells, we focused on the genes that were highly
changed upon adipogenic stimuli in WT cells by using a 4-fold cut-off
(Figure 3E). Then we compared the expression of those genes in WT
and Atp7a�/� cells using the cluster function in Heatmap.2 R package
4 MOLECULAR METABOLISM 80 (2024) 101872 � 2024 The Authors. Published by Elsevier GmbH. T
(this function uses euclidean measure to obtain distance matrix and
complete agglomeration method for clustering). This approach iden-
tified the group of proteins that showed the largest difference between
the WT and Atp7a�/� cells during D0-D3 transition (Figure 3E). Pro-
teins in this group were markedly down-regulated in WT cells on D3
compared to D0, but failed to decrease in Atp7a�/� cells during the
same period. This group included b-catenin, a well-known inhibitor of
adipogenesis.
b-catenin is a key component of the canonical Wnt/b-catenin signaling
pathway; the translocation of b-catenin to the nucleus is associated
with the inhibition of C/EBPa and PPARg expression [27]. On D3, b-
catenin was significantly down-regulated in WT, which differentiated
successfully, whereas the Atp7a�/� cell lines maintained a fairly high
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 3: Analysis of WT and Atp7a�/� 3T3-L1 cells proteomes during early differentiation. (A) Schematic overview of TMT labeling mass spectrometry. (B) Summary of
processes primarily changed in 3T3-L1 cells during day0-day3 transition: orange e upregulated, blue down-regulated. (C) Major functional differences between the 3T3-L1 and
Atp7a�/� cells on day 3. (D) Immunostaining of a-tubulin in WT and Atp7a�/� 3T3-L1 preadipocytes. (E) Heatmap of highly changed proteins in WT 3T3-L1 during early
adipogenesis stage, the cutoff used is 4-fold change. Clustering function in Heatmap.2 package. The box area is the list indicates the least down-regulated genes in Atp7a�/� cells
compared to control adipocytes; b-catenin is among these least down-regulated proteins. (F) Table of log2 fold change in abundance for proteins involved in Wnt/b-catenin
pathway during D0-D3 transition.
level of b-catenin (Figure 3E). Several other proteins involved in Wnt/b-
catenin pathway were also decreased by more than 16-fold in WT at
D3 but showed only a mild decrease in Atp7a�/� cells (Figure 3F).
These differences in the proteomes suggest that Atp7a�/� cells do not
properly down-regulate the Wnt/b-catenin signaling pathway, which in
turn may block adipogenesis.

2.4. Elevated Cu stabilizes Wnt/b-catenin signaling in vitro and
in vivo
To test whether Atp7a�/� cells have sustained b-catenin signaling, we
further investigated expression of the Wnt/b-catenin pathway mem-
bers. Wnt ligands, such as Wnt10 b, Wnt10a and Wnt6, which activate
the Wnt pathway and stabilize b-catenin protein levels, have been
shown to inhibit adipogenesis [28]. In Atp7a�/� cells on D3 of adi-
pogenesis, the mRNA levels of Wnt10, and Wnt6 were significantly
higher compared to WT 3T3-L1 cells (Figure 4A). Wnt10b showed the
MOLECULAR METABOLISM 80 (2024) 101872 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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most significant increase, being upregulated by 2.5-fold (Figure 4A).
Western blot analysis of b-catenin confirmed the mass-spectrometry
findings, showing the decline of b-catenin’ expression on D3 in WT
cells but not in Atp7a�/� cells (Figure 4B).
Normally, degradation of b-catenin is initiated by phosphorylation of
several Ser/Thr sites by GSK3 kinase [29]. Wnt signaling decreases
phosphorylation of b-catenin, which leads to stabilization of b-catenin
and its trafficking to the nucleus for activation of downstream targets.
Western blot analysis of cells lysates demonstrated that elevated Cu
did not affect Gsk-3a/b levels (Figure 4B), but decreased its activity:
i.e. phosphorylation of b-catenin in Atp7a�/� cells was lower
compared to WT, in agreement with the observed b-catenin stabili-
zation (Figure 4B). To test whether stabilization of b-catenin enhances
its trafficking into the nucleus, we immunostained the WT and Atp7a�/

� cells and found a strong nuclear localization of b-catenin in Atp7a�/

� cells, but not in WT cells on D3, consistent with a prolonged b-
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 4: Wnt/b-catenin signaling persists in Cu overloaded cells during adipogensis. (A) Relative mRNA levels of C/EBPa, Wnt10b, Wnt10a and Wnt6 in Atp7a�/� 3T3-L1
normalized to WT cells on day 3 (n ¼ 3). (B) Immunoblot of b-catenin in WT and Atp7a�/� 3T3-L1 cells on day 0 and day 3, a-tubulin was used as internal control. (C) Immunoblot
of b-catenin, phosphorylated-b-catenin, and Gsk3 in WT and Atp7a�/� 3T3-L1 cells on day 3 and quantification for (D) phosphorylation levels of b-catenin. (E) Immunostaining of
b-catenin (green) and DAPI (blue) in WT and Atp7a�/� 3T3-L1 cells on day 3 after differentiation stimuli. (F) Relative triglyceride levels in differentiated Atp7a�/� cells (day 8) in
either basal medium or medium containing 5 mM or 10 mM of the b-catenin inhibitor FH535 from day0 to day 3 during adipogenesis (n ¼ 3). All values represent the mean � SEM.
Student t test was used for D, One-way ANOVA was used for F and two-way ANOVA was used for A. ns e p > 0.05 * e p < 0.05, *** e p < 0.001.
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catenin signaling (Figure 4C). Finally, to examine whether this altered
Wnt/b-catenin signaling contributes to defective adipogenesis, we
treated Atp7a�/� cells with FH535, an inhibitor of Wnt/b-catenin
signaling, during the D0-D3 differentiation step. FH535 treatment
increased the triglyceride content in Atp7a�/� cells (Figure 4D) in
agreement with an improved adipogenesis.

2.5. Cu-dependent redox misbalance contributes to b-catenin
stabilization
The elevation of Cu in either Atp7a�/� skin fibroblasts or adipocytes
was previously shown to induce oxidative stress [22,23]. Consequently,
we tested whether normal 3T3-L1 cell differentiation is accompanied
by changes in redox balance, i.e. whether this redox misbalance can
contribute to defects in adipogenesis. Using roGFP-Grx1 sensor, we
found that during D0-D3 transition the control (WT) 3T3-L1 cells
maintained their redox status (Figure 5A,B) in the cytosol, and their
cytosol and nucleus were more reducing than the Atp7a�/� cytosol, as
evident by higher oxidation of roGFP-Grx1 sensor in Atp7a�/� cells
(Figure 5C,D). To test whether this increased oxidation can contribute
to b-catenin stabilization, we treated Atp7a�/� cells with N-acetyl
6 MOLECULAR METABOLISM 80 (2024) 101872 � 2024 The Authors. Published by Elsevier GmbH. T
cysteine, a well-known antioxidant. We found that this treatment
rescued b-catenin degradation in a dose-dependent manner
(Figure 5E).

2.6. Cu levels modulate both the stability and intracellular targeting
of b-catenin
Finally, to test whether the Atp7a�/� phenotype can be rescued by
restoring Cu transport to secretory pathway, we overexpressed human
Cu transporter ATP7B in Atp7a�/� cells, which also sequesters excess
Cu in the secretory pathway and decreases Cu in the cytosol. This
overexpression increased levels of triglycerides in Atp7a-/- cells after
adipogenic stimuli, indicative of better adipogenesis (Figure 6A).
Significantly, overexpression of human ATP7B dramatically decreased
b-catenin staining in the nuclei (Figure 6B), as well as the total
abundance of b-catenin (Figure 6C). Overexpression of ATP7B-
D1027A mutant, which cannot export Cu, had no effect on the b-
catenin levels in Atp7a�/� cells on D3 (Figure 6C). Taken together,
these results strongly suggest that elevated cellular Cu is the key factor
that induces accumulation of b-catenin and b-catenin targeting. This
was further supported by our observation that Cu chelator BCS rescued
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 5: Different redox environment in control (WT) and Atp7a�/� cells contributes to different b-catenin stability. (A) Ratiometric representation and (B) quantification
of Grx-roGFP signal in cytosol of non-differentiated WT cells (WT_ND) and WT cells on day 3 after differentiation stimuli (n ¼ 38). (C) Ratiometric representation and (D)
quantification of Grx-roGFP signal in cytosol in control (WT) and Atp7a�/� 3T3-L1 cells (n ¼ 24). (E) Western blot of b-catenin on day 3 after stimulation treated with different
concentration of NAC, b-actin was used as internal control. All values represent the mean � SEM. Student t-test was used for B and D. ns e p > 0.05 * e p < 0.05.
the downregulation of b-catenin levels in a dose-dependent manner
(Figure 6D).
Finally, we tested whether the Cu-dependent stabilization of b-cat-
enin is unique to Atp7a�/� adipocytes or copper elevation may have a
similar effect in other cells or tissues. Atp7b�/�mice, a mouse model
of Wilson disease, accumulate copper in the liver to high levels [30].
We found that the hepatic abundance of b-catenin was significantly
increased in Atp7b�/� mice compared to WT (Figure 6E). Altogether,
these results confirm a stabilizing effect of elevated Cu on b-catenin
signaling.

3. DISCUSSION

In this study, we investigated the role of Cu during 3T3-L1 adipocyte
differentiation and identified a Cu-dependent step in the early adipo-
genesis program, and a new role for excess Cu in prolonging the Wnt/
b-catenin signaling. It was previously demonstrated that the expres-
sion of Cu transporters, such as ATP7A, changes upon cell differen-
tiation [11]. However, functional significance of this change has not
always been apparent. Taken together, our data suggest that the
Atp7a-dependent decrease of cytosolic Cu during early adipogenesis
MOLECULAR METABOLISM 80 (2024) 101872 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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allows for better control of intracellular redox balance, enhanced
degradation of cytosolic b-catenin, and stabilization of cytoskeletal
elements, thus fine-tuning both transcriptional and morphogenic
functions of b-catenin [31].
In neuronal cells, upregulation of ATP7A is associated with higher flow
of Cu to the secretory pathway and facilitation of Cu delivery to Cu-
dependent enzymes dopamine-b-hydroxylate (DBH) and peptidyl-a-
monooxygenase (PAM), which are also upregulated during differenti-
ation [8]. Similar events take place in adipocytes, where adipogenesis
is associated with increased expression of Atp7a and Aoc3, a Cu-
dependent enzyme, which is highly abundant in mature adipocytes
and which receives its Cu from Atp7a [21]. However, the timing of
Atp7a upregulation in either adipocytes or neuronal cells is not coor-
dinated with the expression of Cu-dependent enzymes, i.e. Atp7a
expression peaks much earlier than the increase in Aoc3 or DBH/PAM
occur in the respective cells [21]. These results indicate that the early
adipogenesis (and neurogenesis) involves changes in Cu distribution,
which may affect other processes that are modulated during this time.
In neuronal cells, early differentiation steps involve transient lowering
of cellular Cu, which coincides with changes in cell morphology [9]. We
demonstrate here that in adipocytes, not only abundance of the Atp7a
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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Figure 6: Decrease of Cu normalizes b-catenin degradation, localization, and adipogenesis. (A) Triglyceride levels in differentiated Atp7a�/�cells in basal medium following
expression of WT ATP7B. (B) Immunostaining of ATP7B-GFP (red) and b-catenin (green) in Atp7a�/� 3T3-L1 cells on day 3. (C) Immunoblot of ATP7B and b-catenin in Atp7a�/�

3T3-L1 cells on D3 which infected with wild type ATP7B-GFP and DA mutant ATP7B-GFP. (D) Immunoblot of b-catenin in WT and Atp7a�/� 3T3-L1 cells on D3 incubated with
50 mM or 100 mM Cu chelator BCS since 2 days before and during differentiation. (E) Western blot and (F) densitometry (right) illustrate elevation of b-catenin in Cu overloaded
livers of Atp7b�/� mice (n ¼ 5) compared to WT livers. All values represent the mean � SEM. Student t-test was used for A and F, *** e p < 0.001.

Original Article
protein is increased in the early adipogenesis, but also Atp7a traf-
ficking to the vesicles/plasma membrane, thus lowering cytosolic Cu.
These events occur when the transcriptional programs leading to lipid
synthesis and cytoskeleton remodeling are being turned on, sug-
gesting that these processes can be sensitive to Cu levels. In fact, in
mature adipocytes higher Cu stimulates lipolysis [2], whereas Cu
depletion induces lipid accumulation [21]. We propose that Atp7a-
mediated transient Cu deficit is beneficial for initiation of lipogenesis
and lipid accumulation, and serves as an integral component of the
entire differentiation program. The effects of Cu on cytoskeleton and
cell morphology were previously observed in 3T3-L1 cells [23], as well
as in other cell types [32,33]. Our studies suggest that b-catenin,
which coordinates gene transcription and cell adhesion, could be an
important factor in the observed morphological changes; however, the
role of Cu in adipocyte morphology need to be studied further.
Inactivation of Atp7a results in the elevation of cellular Cu and has
dramatic consequences for adipocytes, manifested in inhibition of
Pparg expression and low lipid accumulation. Our studies of changes
in cell proteome during early steps of adipogenesis reveal that these
effects are caused in part by a sustained Wnt/b-catenin signaling. In
differentiating 3T3-L1 adipocytes, down-regulation of Wnt/b-catenin
signaling, which is inhibitory to adipogenesis [34], coincides with the
8 MOLECULAR METABOLISM 80 (2024) 101872 � 2024 The Authors. Published by Elsevier GmbH. T
upregulation of PPARg, a master regulator of adipogenesis. In 3T3-L1
Atp7a�/� cells, elevated Cu causes stabilization of b-catenin and
elevated Wnt levels thus prolonging Wnt/b-catenin signaling and
inhibiting adipogenesis. Two molecular mechanisms may explain b-
catenin stabilization. First, excess Cu is known to cause oxidative
stress, and 3T3-L1-Atp7a�/� cells were previously shown to have
redox misbalance [22,23]. Oxidative stress can cause changes in b-
catenin plasma-membrane retention/nuclear distribution and increase
expression of Wnt target genes [35]. In addition, elevated Cu was
shown to inhibit activity of GSK-3b [36]. GSK-3b mediated phos-
phorylation is a central event for b-catenin degradation and termina-
tion of Wnt/b-catenin signaling. Our study found diminished
phosphorylation and increased stabilization of b-catenin, which are
consistent with elevated Cu inhibiting Gsk-3b kinase activity. Further
studies should determine whether Cu regulates b-catenin directly or
through these indirect mechanisms.
Cu excess during early differentiation disrupts lipid accumulation.
Previous studies have demonstrated a role for Cu in phosphodiesterase
(PDE3) activity, whereby elevated Cu concentrations stimulate PDE3-
dependent lipolysis [2]. Defects in lipid accumulation that we
observed in Atp7a�/� cells can, in part, attribute to this phenomenon.
Finally, our finding that elevated Cu prolongs b-catenin stabilization not
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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only in cultured pre-adipocytes but also in vivo in the liver of Wilson
disease mouse model offers a new mechanism for Cu-dependent
pathologies. This discovery can contribute to a better understanding
of the human disorders associated with Cu misbalance.

4. MATERIALS AND METHODS

4.1. Cell lines and culture conditions
3T3-L1 cells were cultured in DMEM (Gibco) supplemented with 10%
FBS (Sigma Aldrich) and 1% Penstrep (Gibco). Differentiation of 3T3-L1
cells was done by sequential treatments with first basal medium (BM)
for two days after cells reached confluence (day -2), second with basal
medium containing IBMX, dexamethasone, insulin, and rosiglitazone
(differentiation medium I, DMI) for 3 days (d0-d3), and last with basal
medium containing insulin (differentiation medium II, DMII) for 2 days
(d3-d5). On day 5, the medium was changed to basal medium for 3e4
days. Cells on day -2 were used as undifferentiated adipocytes, and
cells on day 8 or day 9 were used as differentiated mature adipocytes.

4.2. Cell counting for viability and proliferation
3T3-L1 cells were seeded at a density of 15,000 cells/well in 12-well
plates in triplicates. On each day, cells were washed and trypsinized
with trypsin-EDTA (Gibco). Old medium and trypsin-EDTA were both
collected to count for all dead cells. The cell suspensions were then
mixed with trypan blue (Gibco) to identify living and dead cells. The
cells were then counted using hemacytometers under 10� brightfield
microscope.

4.3. Immunoblot analysis
Cells were cultured in 24-well plates, 6-well plates, or 100-mm
dishes. Cells or tissue were lysed using 1xRiPA buffer (with EDTA
free protease inhibitor cocktail) on ice for 1 h, and debris as well as
nuclei were removed by centrifugation at 10000g for 15 min. Protein
concentration in the resulting cleared lysate was determined by BCA
assay. Before electrophoretic separation of proteins, each sample was
combined with an equal volume of 2� Laemmlli sample containing 5%
b-mercaptoethanol. Proteins were then resolved on 8% Laemmlli
SDS-PAGE and transferred to PVDF membrane at 90 V for 90 min using
CAPS buffer. Primary antibodies used in immunoblotting were: rabbit
anti-ATP7A CT77 (Hycult biotech), mouse monoclonal anti-a-tubulin
(Sigma, T8203), mouse anti-b-catenin (BD Biosciences, catalog
#610153), rabbit anti-ATP7B (Abcam ab124973), mouse anti-Na/K-
ATPase (millipore 05-369), rabbit anti-Phospho-b-catenin (Cell
Signaling, catalog #9561), rabbit anti-GSK-3a/b (Cell Signaling, cat-
alog #5676), mouse anti-b-catenin (Santa Cruz, SC-7963). Secondary
antibodies were: goat polyclonal anti-mouse IgG HRP-conjugate (Santa
Cruz, SC-2005), goat polyclonal anti-rabbit IgG HRP-conjugate (Santa
Cruz, SC-2004). All antibodies were used at a dilution of 1:1000.

4.4. Immunostaining of cultured cells
Immunostaining was performed as previously described. Cells were
cultured on cover slips in a 12-well plate, fixed with 1:1 Acetone and
Methanol solution for 30 s followed by 5 s washing in phosphate
buffered saline (PBS), and blocked with 1% (w/v) BSA/1% (w/v) gelatin
in PBS. Primary antibodies used in immunoblotting were: rabbit
monoclonal anti-mouse and rat anti-ATP7A (Hycult biotech), mouse
anti-Syntaxin-6 (BD Transduction Laboratories, 610,636), rabbit
polyclonal anti-beta catenin (ab16051), mouse anti-GM-130 (BD Bio-
sciences, 610,822). Secondary antibodies were: goat polyclonal anti-
rabbit IgG Alexa488-conjugate (Thermo, A11034), goat polyclonal
anti-mouse IgG Alexa555-conjugate (Thermo, A31570). All antibodies
MOLECULAR METABOLISM 80 (2024) 101872 � 2024 The Authors. Published by Elsevier GmbH. This is an open a
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were used at a dilution of 1:100. Cells were imaged with a Zeiss
LSM710 or Zeiss LSM800. Images were processed with ZEN and
ImageJ software.

4.5. Quantitative real-time PCR
Total RNA was isolated from cells with RNEasy kit (Qiagen), and cor-
responding cDNA pools were synthesized using Fast-Strand cDNA
synthesis kit (Roche). RTePCR was performed with SYBR green
(Applied Biosystems) on an ABI 7500 Sequence Detection System
(Applied Biosystems). For ddCt analysis, 18 S or NoNo levels were used
for normalization. Primers used in this study are listed in
supplementary table 1.

4.6. CRISPR/Cas9 genomic edited cell line
Atp7a�/� 3T3-L1 cell line was generated by using CRISPR/Cas9 genomic
editing and vector (pEF6/V5-His TOPO TA) expressing Cas9 were as
previously described [22]. Briefly, two sgRNA oligos were synthesized for
Atp7a: Atp7a target 1: 50-GTTTTTCTGTATCCCTGTAATGG-3’; Atp7a
target 2: 50-CCTATGCTGTTTGTGTTTATTGC-30). 3T3-L1 cells were
transfected with 2mg Cas9-sgRNA plasmid using Lipofectamine LTXwith
Plus Reagent (Life Technologies). Transfected cells were selected by the
addition of 3 mg/ml blasticidin in the cell culture medium for two weeks
and then diluted into 96-well plates for cell cloning. Atp7a-downregulated
cell clones were determined by Western blot assay. Mutations in the
Atp7a gene were further identified through Sanger sequencing.

4.7. X-ray fluorescence microscopy (XFM)
Cultured cells were grown directly onto 4 � 4 mm silicon nitride
membranes (SiN, Silson Ltd, Northhampton, England). SiN membranes
were sterilized with UV radiation and incubated with 10 mL sterile
0.01% POLY-L-Lysine solution (SigmaeAldrich, St Louis, MO) at 37 �C.
After 30 min, POLY-L-Lysine was removed and 10 mL of cell containing
media was added to the membrane. Basal medium was added to the
cultures after 15 min at 37 �C. After completion of the experiments, the
membranes were rinsed with PBS, fixed with 4% paraformaldehyde for
30 min at 37 �C, rinsed with PBS/isotonic 100 mM ammonium ace-
tate/water, and then air-dried. XFM data were collected on beamline 2-
ID-E at the Advanced Photon Source, Argonne National Laboratory
(Argonne, IL). SiN membranes were mounted onto kinematic sample
holders and target cells were selected using a light microscope (Leica,
Buffolo Grove, IL) equipped with a high precision, motorized x, y-stage
(Ludl Electronic Products, Hawthorne, NY). Coordinates of target cells
were recorded before mounting the sample onto the microprobe stage
at the beamline. The microscope coordinates were translated into
microprobe coordinates and the cell raster scanned in the x-y plane.
The incident X-ray energy was tuned to 10 keV using a Si-
monochromator, and the monochromatic beam was focused to
750 � 750 nm using a Fresnel zone plate. The sample was placed at
19� to the incident X-ray beam, and the resulting X-ray fluorescence
was collected at 90� using an energy dispersive 4-element detector
(Vortex ME-4, SII Nanotechnology, Northridge, CA). Elemental maps
were created by extracting, background subtracting, and fitting the
fluorescence counts for each element at each point using the program
MAPS. The fluorescent photon counts were translated into mg/cm2

using calibrated X-ray standards (AXO products, Dresden, Germany).

4.8. Triglyceride levels measurement
Cells monolayers cultured in 24 well-plate were washed two times
with PBS and lysed with 80 ml 1 � RIPA on ice for 30 min. Cell lysates
were vortexed for 30 s, and then triglycerides were quantified calori-
metrically as glycerol by use of a commercial enzymatic assay (Infinity
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Original Article
Triglycerides, Fisher Diagnostics). Triglyceride levels were expressed
as total triglyceride per well. To compare triglycerides in different cell
lines, triglyceride levels were normalized to protein concentration. Cell
lysates were centrifuged at 3000g for 15 min at 4 �C. Supernatants
were used to measure protein concentration using BCA assay.

4.9. Oil red O staining
Cell monolayers cultured in 6 well-plates were washed two times with
PBS and then fixed for 2 min with 4% formaldehyde. Cells were then
washed two times with water followed by a wash with 60% iso-
propanol for 5 min. 60% isopropanol was removed completely and
cells were left to dry at room temperature. 0.5% Stock Oil Red O
(Sigma, O1391) was diluted with water (3:2), filtered through a
0.45 mm filter, and incubated with the fixed dried cells for 2 h at room
temperature. Cells were then washed extensively with distilled water,
dried, and photographed using a camera.

4.10. Adenoviral infection
Atp7a�/� 3T3-L1 preadipocytes were transduced with AdenoExpress
ATP7B-GFP in pAdLOX for adenovirus-mediated protein expression.
Briefly, 1% polylysine was added to the serum-free medium prior to
the addition of AdenoExpress ATP7B-GFP virus, and then incubated at
room temperature for 100 min prior to adding it to the PBS-washed
cells. After incubation of the culture being transduced for OptiMEM
media (Invitrogen Life Technologies) and then the media were replaced
with complete media for 48 h.

4.11. Generation of ATP7A knock-down 3T3-L1 cells
The shRNA pLKO.1-puro plasmids expressed in DH5a E. coli strain were
purchased from SigmaAldrich (MISSION� shRNA Bacterial Glycerol
Stocks, clones nr TRCN0000101810, TRCN0000101812 and
TRCN0000101813, products referred as shRNA-10, shRNA-12 and
shRNA-13, correspondingly). Lentiviral pMD2.G envelope and psPAX2
packaging plasmids were purchased from Addgene (cat 12,259 and
12,260). HEK293T cell were used as a packaging cell line. Briefly,
HEK293T cells were grown to reach 70e80% confluency and were co-
transfected with pLKO.1-puro, pMD2.G and psPAX2 plasmids using
Lipofectamine� LTX and Plus� reagent (15,338-100, Invitrogen)
following the protocol of the manufacturer. Transfection medium was
replaced with fresh medium 6 h after transfection. Virus packaging was
confirmed by the presence of virus plaques. Lentivirus particles con-
taining medium was harvested 48 h after transfection and stored
in �80 �C until transduction of 3T3-L1 cells. Before transduction, virus
containing medium was slowly thawed on ice, diluted to obtain proper
MOI and added to 3T3-L1 preadipocytes (1 � 109 particles/ml).
Transduction medium was replaced with complete growth medium 24 h
after infection. pLKO.1-puro plasmids expressing 3T3-L1 cells were
selected using puromycin. The shRNA constructs sequences were:
shRNA-10: 50CCGGCGTGCAAGGATCT-TATGTCAACTCGAGTTGACATAA-
GATCCTTGCACGTTTTTG3’; shRNA-12:50CCGGCGGAC-CATTGAACAGCA-
GATTCTCGAGAATCTGCTGTTCAATGGTCCGTTTTTG3’; shRNA-13: 50CC-
GGCCCGAGTGATAGCAGAGTTTACTCGAGTAAACTCTGCTATCACTCGGGTT
TTTG3’.

4.12. Mass spectrometry analysis
Samples were prepared as described previously [21]. Briefly, Wild
type, Atp7a�/�, BSC treated Atp7a�/� 3T3-L1 cells at confluent stage
(day 0) or 3 days stimulated with differentiation medium I, DMI (IBMX,
dexamethasone, insulin, and rosiglitazone) day 3 were cultured and
washed three times with cold phosphate-buffered saline (PBS).
Extraction solution consisted of 55 mM iodoacetamide in buffer
10 MOLECULAR METABOLISM 80 (2024) 101872 � 2024 The Authors. Published by Elsevier GmbH. T
(100 mM pH 8.5 Tris-HCl buffer, 4% SDS) was added to cells to
alkylate free cysteine thiols upon lysis per each condition. Cells were
scraped immediately on ice and sonicated. All samples were centri-
fuged at 16,000 g for 5 min at 4 �C. Supernatants were then incubated
in the dark at a shaker with 1400 rpm for 1 h at room temperature.
Protein concentration was determined by BCA assay. 80 mg proteins
from each sample were treated with 70 mM DTT and incubated at
room temperature (24 �C) for 45 min to reversibly reduce their oxidise
thiols. Samples were added one volume of 50 mM ammonium bi-
carbonate solution (pH 7.0). Newly generated free thiols were sub-
sequently alkylated using 80 mM NEM. Finally proteins were then
precipitated using trichloroacetic acid (TCA) and used to perform
samples for mass spectrum.
Approximately 1 mg of each fraction, (calculated based on the original
amount of total protein) was analyzed by liquid chromatography
interfaced with tandem mass spectrometry (LC/MS-MS) using a
Thermo Easy-LC interfaced with a Fusion (www.thermofisher.com),
and isotopically resolved masses in precursor (MS) and fragmentation
(MS/MS) spectra were extracted from raw MS data without decon-
volution and with deconvolution using Xtract or MS2 Processor in
Proteome Discoverer (PD) software (v1.4, Thermo Scientific) as
described before [21]. Protein quantification is based on the normal-
ized median ratio of all spectra of tagged peptides from the same
protein [37].

4.13. Bioinformatic analysis
Multivariate statistics and associated graphics were performed in R
version 3.4.1. Fold change of protein levels were analyzed using limma
package. Heat maps were drawn using the heatmap.2 function found
in the ggplots package. The associations between altered proteins and
pathways were evaluated using the Ingenuity Pathways Analysis
software (Ingenuity Systems, www.ingenuity.com). Differentially
expressed proteins and their corresponding expression values were
loaded into the software and mapped to associated pathway functions
that were generated from existing literature from the Ingenuity Sys-
tems Knowledge Base.

4.14. Mice husbandry and tissue collection
Animals were housed at the Johns Hopkins University, School of
Medicine (JHU SOM) animal care facility, and the studies followed the
National Institutes of Health guidelines. Animal protocols were
approved by the Institutional Animal Care and Use Committee (protocol
number M017M385). Atp7b KO (Atp7b�/�) and littermate WT mice of
C57BL/6 � 129S6/SvEv background (described in [38]) were fed with
the standard pellet chow. At 20 weeks after birth, mice were eutha-
nized and dissected to take different tissues. Liver samples were used
for immunoblot analysis. Tissues were flash-frozen and stored
at �80 �C until protein extraction.

4.15. Statistical analysis
Statistical analysis was performed using Prism software version 6.0b
(GraphPad Software). Two-tailed Student’s t-tests, One-way ANOVA or
Two-way ANOVA were used when appropriate. All data in the figures
are shown as the mean � SEM. A p value of less than 0.05 was
considered significant, and ns stands for p > 0.05, * - p < 0.05, ** -
p< 0.01, *** - p < 0.001, **** - p < 0.0001.
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