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Abstract

The Wilson disease protein, ATP7B maintains copper (herein referring to the Cu* ion)
homeostasis in the liver. ATP7B traffics from trans-Golgi network to endolysosomes to export
excess copper. Regulation of ATP7B trafficking to and from endolysosomes is not well
understood. We investigated the fate of ATP7B after copper export. At high copper levels, ATP7B
traffics primarily to acidic, active hydrolase (cathepsin-B)-positive endolysosomes and, upon
subsequent copper chelation, returns to the trans-Golgi network (TGN). At high copper, ATP7B
colocalizes with endolysosomal markers and with a core member of retromer complex, VPS35.
Knocking down VVPS35 did not abrogate the copper export function of ATP7B or its copper-
responsive anterograde trafficking to vesicles; rather upon subsequent copper chelation, ATP7B
failed to relocalize to the TGN, which was rescued by overexpressing wild-type VPS35.
Overexpressing mutants of the retromer complex-associated proteins Rab7A and COMMD1
yielded a similar non-recycling phenotype of ATP7B. At high copper, VPS35 and ATP7B are
juxtaposed on the same endolysosome and form a large complex that is stabilized by /n vivo
photoamino acid labeling and UV-crosslinking. We demonstrate that retromer regulates
endolysosome to TGN trafficking of copper transporter ATP7B in a manner that is dependent upon
intracellular copper.
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Introduction

Lysosomes have traditionally been characterized as a disposal organelle of the cell. A
growing body of recent studies have implicated lysosomes as centers of cellular nutrient
sensing and recycling (Abu-Remaileh et al., 2017; Korolchuk and Rubinsztein, 2011;
Rabanal-Ruiz and Korolchuk, 2018). With advancement in lysosomal research, the border
between endosome and lysosomes has become increasingly blurred. Fusion between late
endosomes and lysosomes gives rise to acid hydrolase-active endolysosomes that are distinct
from terminal inactive storage lysosomes (Bright et al., 2016). There is growing evidence
that lysosomes regulate cellular homeostasis of various metals like copper (Cu), zinc (Zn)
and iron (Fe) (Strochlic et al., 2007; Kurz et al., 2011; Kambe, 2011; Polishchuk et al., 2014;
Blaby-Haas and Merchant, 2014). Copper, a transition metal, serves as an essential
micronutrient for biological system. It participates in redox reactions in different cellular
metabolic pathways shuttling between Cu(ll) and Cu(l) states (Uauy et al., 1998), where Cu
* is favored for normal physiological activities (Fahrni, 2013). Several proteins tightly
regulate copper homeostasis and supplies bioavailable copper to the secretory pathway.
Excess copper induces oxidative stress through a Fenton reaction and hence is detrimental
for living system (Gupta and Lutsenko, 2009). Copper homeostasis is primarily maintained
by two trans-Golgi network (TGN) recycling P-type ATPases, ATP7A (Menkes disease
protein) and ATP7B (Wilson disease protein). ATP7A is expressed ubiquitously, whereas
expression of ATP7B is limited to liver, brain and kidney (Telianidis et al., 2013). ATP7B
solely functions to maintain the copper homeostasis in hepatocytes (Muchenditsi et al.,
2017). Defects in ATP7B leads to Wilson disease (WD), a disorder characterized with
copper accumulation in liver, brain and other organs manifesting severe hepatic or
neurological symptoms (Huster and Lutsenko, 2007).

In this study, we have attempted to dissect the copper-responsive trafficking itinerary of
ATP7B and its mode of regulation in hepatocytes. At physiological/basal copper level,
ATP7B primarily resides on membrane of the TGN and functions in secretory pathway by
delivering copper to the Cu-dependent ferroxidase ceruloplasmin (Lutsenko, 2016). At
higher intracellular copper it vesicularizes (anterograde trafficking), sequestering copper
inside vesicles and exports copper in lysosomes (Polishchuk et al., 2014). What is the fate of
copper in the lysosome is still to be determined. It is possible that the entire copper content
of in the lysosome is excreted out of the cell by exocytosis. Alternatively, lysosomes may act
as a storehouse of bioavailable copper that is tapped as per the requirement of the cell.

Some recent and early studies have shown that membrane cargoes recycle back from
lysosomes and endolysosomes (Seaman, 2007; Canuel et al., 2008; Suzuki and Emr, 2018a).
We examined the fate of ATP7B at the lysosome/endolysosomes. We specifically asked (1)
if ATP7B shows a preferential localization at acid-hydrolaseactive endolysosomes or at
inactive storage endolysosomes, or (2) is ATP7B degraded at those compartments during its

J Cell Sci. Author manuscript; available in PMC 2021 July 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Das et al.

Page 3

copper export activity and (3), if not, what is the mechanism that retrieves ATP7B from
endolysosomal/lysosomal compartments.

Over 300 mutations in ATP7B are associated with WD and are frequently used to

understand regulation and structure—function correlation of ATP7B (Forbes and Cox, 1998;
Caca et al., 2001; Cox et al., 2005; Gupta et al., 2005; Abdelghaffar et al., 2008; Aggarwal et
al., 2013; Braiterman et al., 2014; Ala et al., 2015). These disease mutations affect the
functioning of ATP7B either by affecting its copper-transporting activity or its trafficking or
both (Gupta et al., 2011; Braiterman et al., 2014). Several proteins govern trafficking and
stability of ATP7B (Materia et al., 2012; Jain et al., 2015; reviewed in Gupta et al., 2018),
and interact directly or indirectly with defined and conserved motifs of the protein. These
motifs influence the directionality of cargo transport between organelles like the Golgi,
endosome and plasma membrane.

Although the anterograde pathway of ATP7B has been moderately well characterized
(Braiterman et al., 2009; Gupta et al., 2016; Polishchuk et al., 2014), the regulation that
mediates its retrograde transport from lysosomes/endolysosomes has been elusive. Recent
studies have shown that retromer regulates retrieval or rescue of cargoes from endosomal
and lysosomal compartments (Burd and Cullen, 2014; Gershlick and Lucas, 2017,
Tammineni et al., 2017). Retromer is a highly conserved endosomal sorting complex,
composed of the core components vacuolar protein sorting VPS35, VPS26 (for which there
are two forms in mammals, VPS26A and VVPS26B) and VPS29 and, variable components,
including sorting nexins (SNX) along with WASH complex, which are involved in
retrograde transport of endocytosed transmembrane proteins (cargoes) to the TGN or cell
surface (Seaman, 2018; Suzuki et al., 2019). Studies from Burd group have provided a
mechanistic understanding of retromer oligomerization and cargo sorting (Deatherage et al.,
2020; Ma and Burd, 2020; summarized in the review, Burd and Cullen, 2014). Harrison et
al. have shown that membrane recruitment of retromer is mediated by bivalent recognition of
an effector of phosphoinositide 3-kinase (PI13K), SNX3 and the GTPase Rab7 (Rab7a and
Rab7b forms in mammals) by the VPS35 retromer subunit. These interactions facilitate
retromer to bind integral membrane cargo, leading to membrane binding of retromer and
subsequent cargo sorting (Harrison et al., 2014). Studies by Seaman have determined the
role of retromers on recycling of the CI-M6PR (also known as CIMR), the protein which
delivers acid hydrolases to lysosome from TGN (Seaman, 2004, 2007). Studies from Emr
and co-workers have shown that, in yeast, proteins like autophagy protein Atg27 is recycled
from the vacuole to the endosome via the Snx4 complex and then from the endosome to the
Golgi via the retromer complex (Suzuki and Emr, 2018b). Furthermore, they have also
demonstrated that both VPS26 and VVPS35 are critical in cargo retrieval; however, VPS26
utilizes different binding sites depending on the cargo, allowing flexibility in its cargo
selection (Suzuki et al., 2019). Besides TGN delivery, retromers also regulate endosome-to-
plasma membrane recycling as in for the copper transport protein CTR1 (Curnock and
Cullen, 2020).

In this study, we have demonstrated that at elevated intracellular copper, the Cu-P-type
ATPase ATP7B, localizes primarily to the active acid hydrolase (Cathepsin B)-positive
endolysosomes. Subsequently, upon copper chelation, it recycles to the TGN and this
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phenomenon is regulated by the retromer. We demonstrate that similar to what is seen in the
case of an ‘endocytic cargo’ (Mellado et al., 2014; Tabuchi et al., 2010) retromer also sorts
the ‘secretory cargo’, that is, ATP7B for its TGN delivery from endolysosomes and late
endosomes.

ATP7B recycles between endolysosomes and the TGN in a copper-dependent manner

ATP7B vesicularizes from trans-Golgi network in response to high copper and recycles back
to TGN upon copper chelation (Roelofsen et al., 2000). To determine the optimal time of
recycling of ATP7B from vesicles to TGN, HepG2 cells (a human hepatocellular carcinoma
cell line) were treated with high copper (50 uM; 2 h) and subsequently treated with 50 uM
bathocuproine disulfonic acid (BCS), a copper chelator for varying time periods (10 min, 30
min and 2 h). Gradual increase in colocalization between TGN and ATP7B was observed
with 10 min, 30 min and 2 h of BCS treatment post high copper, as evident from the
Pearson’s colocalization coefficient (PCC). At 2 h, the maximum TGN retrieval of ATP7B
was observed (Fig. 1A,B).

Polishchuk et al. have demonstrated that ATP7B utilizes lysosomal exocytosis to export
copper (Polishchuk et al., 2014). We investigated whether ATP7B degrades at the lysosome
after it transports copper or if it recycles back from these compartments for a next round of
export cycle. We treated the cells with either BCS (50 uM) or copper (50 uM). Using an
immunofluorescence assay, we determined that under high copper conditions ATP7B exits
the TGN and colocalizes with the endolysosomal markers Lampl (Fig. 2A,B) and Lamp2
(Fig. S1A,B) and to a lesser extent with late endosome, that is, Rab7-positive compartments
(Fig. S2A,B). Upon copper chelation using BCS, ATP7B recycled back to TGN from
endolysosomes and late endosomes (bottom panel images of Fig. 2A; Figs S1A, S2A). We
did not observe its appreciable colocalization with the recycling endosomal marker Rab11
(Fig. S2C,D).

Lamp1 typically marks the terminal end of the endolysosomal pathway (Humphries et al.,
2011), but frequently, Rab7 and Lamp1 also colabel the non-degradative lysosomal
compartment (Cheng et al., 2018). To determine the percentage distribution of ATP7B in the
milieu of late endosomal-endolysosome compartments (Rab7-Lampl), we utilized
structured illumination microscopy (SIM) along with deconvolution confocal microscopy
imaging. At elevated copper (50 pM), we found a proportionately higher co-distribution of
ATP7B with compartments positive for both Rab7 and Lamp1 than compartments positive
for individual markers. In this condition, 48.5£13.2% (meanzs.d.) of total cellular pool of
ATP7B colocalized with either Lampl or Rab7 or both. Among them, 44.9+14% of ATP7B
localized in vesicles positive for both Lampl and Rab7. Hence, it is inferred that recycling
of ATP7B to TGN upon copper chelation is largely from vesicles that are positive for both
the markers (Fig. S3A,B). Together, this result suggests that ATP7B localizes at
endolysosomal compartments at high copper.

We wanted to scrutinize the nature of the ATP7B-harboring endolysosomal compartment
with respect to its hydrolase activity. The delivery of macromolecules for degradation by
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lysosomal acid hydrolases requires traffic through early endosomes to late endosomes,
followed by fusions between late endosomes and lysosomes. Using the cathepsin-B substrate
Magic Red (MR), which releases the fluorescent reporter (Cresyl Violet) upon proteolytic
cleavage, Bright and co-workers have demonstrated that the late endosome-lysosome fusion
results in the formation of acid-hydrolase-active endolysosomes, which are hybrid organelles
and are distinct from inactive terminal storage lysosomes (Bright et al., 2016). We employed
this technique to identify the ATP7B-residing compartments in high copper conditions. Cells
were treated with Dextran A—Alexa Fluor 647 and Magic Red. The total lysosomal pool was
labeled with Dextran A—Alexa Fluor 647 (far red) and the acid hydrolase-active fraction was
stained red due to the hydrolase-mediated release of the fluorescent reporter Cresyl Violet
[emission wavelength (Aem) of 622 nm] (Fig. 2C; Fig. S4). We noticed that ATP7B at high
copper (50 uM and 250 puM) distributes between active lysosomes and storage lysosomes,
with a higher abundance in the active ones. Interestingly, compared to what was seen at 50
UM copper, at 250 UM, the percentage localization of ATP7B, although staying constant at
the active lysosomes, increased by ~50% in the storage lysosomes (Fig. 2D). This increase
might be attributed to further shift of ATP7B localization from the TGN to the
endolysosomes with increasing copper. However, there were no apparent degradation of
ATP7B in either of the copper treatment conditions as evidenced by immunoblots (Fig. 2E).
No evidence of degradation was also recorded in controls for Lamp1 (lysosomal marker) or
Na,K-ATPase (membrane protein marker) (Fig. 2E,F). Upon treatment with copper chelator,
BCS, in presence of cyclohexamide, ATP7B returned to its tight perinuclear location,
reminiscent of TGN (Fig. 2Ciiii, lower panel images). Furthermore, using live-cell imaging
in HepG2 cells, we confirmed the dynamic fusion and fission of GFP-tagged wild-type
ATP7B (GFP-wWtATP7B) vesicles with or from dual-stained (Dextran A in blue and Magic
Red in red) active hydrolase-positive endolysosomes (marked with an arrowhead and the
region is magnified in a box in Movie 1). Image capture was initiated at the point of copper
treatment, and data was collected at an interval of 5 s for a total period of 15 min.

It is worth mentioning that the size and shapes of the Lamp1-positive vesicles are variable
across cells and as well as in a single cell. They vary from 20-200 pM in diameter
(maximum length across), and shape varies from small puncta to larger patchy clumps. We
noticed that abundance of LampZl-positive compartments was higher in cells treated with
copper than untreated cells.

Retromer regulates the retrograde trafficking of ATP7B from endolysosomes

It has been shown that the Menkes disease protein ATP7A, a homolog of ATP7B, requires
the SNX27-retromer to prevent lysosomal degradation and maintain surface levels and
localization (Steinberg et al., 2013). In addition, CI-M6PR recycles between TGN and
endosomes in a retromer-regulated fashion to mediate sorting of lysosomal hydrolases
(Seaman, 2004, 2007; Arighi et al., 2004; Cui et al., 2019). ATP7B exits endolysosomal
compartments by an unknown regulatory mechanism upon copper chelation. This prompted
us to investigate whether the retromer complex plays a role in retrieval of ATP7B from the
endolysosome and late endosomal compartments. VPS35 is the largest core component of
the retromer complex. It functions as the scaffold for the assembly of the other core
components, VPS29 and VPS26, and also cargo binding (Hierro et al., 2007). Hence, we
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selected human (h)VVPS35 as the target component to determine the role of retromer
complex, if any, in copper-mediated trafficking of ATP7B. Broadly, localization and
trafficking of ATP7B in HepG2 can be divided in 4 phases — (a) at the TGN in basal Cu [or
without Cu (-=Cu)], (b) on the anterograde vesicles in high Cu (50 uM for 2 h), (c)
subsequently, upon copper chelation, on the retrograde vesicles (10 min, 50 uM BCS
treatment) and (d) further, with the majority of ATP7B recycled back to the TGN in copper-
chelated conditions (30 min, 50 uM BCS treatment).

Immunoblot analysis of VPS26 and VVPS35 revealed that HepG2 cells express the retromer
complex proteins (Fig. 3A) and copper levels do not alter abundance of VPS35 in HepG2
cells (Fig. S5A). To study whether ATP7B colocalizes with retromer core components, cells
were treated to give the four conditions described above. Cells were fixed, blocked and co-
stained with anti-ATP7B and anti-VPS35 antibody. Maximum colocalization, as quantified
by means of the PCC between VVPS35 and ATP7B, was observed in high copper (phase b)
and in copper for 2 h followed by BCS (copper followed by BCS treatment is denoted
Cu>BCS with appropriate duration and concentrations noted) for 10 min (phase c)
conditions. With 30 min of BCS treatment post high copper (phase d), ATP7B and VPS35
showed loss of colocalization (Fig. 3B,C). Similar observations were made with VPS26
(data not shown).

To further understand whether retromer regulates any of these phases of ATP7B trafficking,
we knocked down VVPS35 and studied the phenotype of copper-induced localization of
ATP7B with respect to TGN. Appreciable knockdown was attained (>70-80%) for the
targeted siRNAs as compared to scrambled for VPS35, as ascertained by immunoblotting
(Fig. 4A). Additionally, as reported by (Fuse et al., 2015) decrease in VPS26 level was also
observed in VPS35 KD cell which eventually tells us expression as well as functionality of
VPS subunits are interdependent (Fig. S5B). Recycling of CI-M6PR between Golgi and
endolysosomes was used as a control to functionally evaluate knockdown of VPS35. As
reported previously, we found that CI-M6PR localized in vesicles in cells transfected with
SiRNA against VPS35 KD as compared to scrambled RNA transfected cells where CI-M6PR
shows a complete localization with TGN46 (Fig. S5C) (Seaman, 2007).

VPS35 siRNA treated cells were incubated with (1) BCS (2 h) or (2) copper (2 h) or (3)
copper (2 h)>BCS (30 min), fixed, blocked and stained with the anti-ATP7B and anti-
Golgin97 antibodies. We observed that trafficking of ATP7B from the vesicles back to the
TGN (condition 3) was significantly abrogated (Fig. 4B,C). ATP7B remained in vesicles and
failed to recycle back to TGN even after the cells were incubated in BCS for a prolonged
time of 2 h subsequent to copper treatment (data not shown).

To corroborate our finding that VPS35 regulates ATP7B trafficking, we utilized livecell
imaging using the wild-type and an inactive dominant-negative mutant mCherry-VPS35
(R107A) protein. The R107A mutation abolishes the interaction of VPS35 with VPS26 and
affects cargo sorting (Gokool et al., 2007; Zhao et al., 2007). HEK293 cells were co-
transfected with GFP-ATP7B and mCherry-wt-VPS35, GFP-ATP7B was concentrated at
TGN (perinuclear region) after preincubating the cells with the copper chelator BCS.
Vesicularization and recycling of ATP7B was triggered with treatment with copper. Image
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capture was initiated at the point of copper treatment and data was collected at an interval of
1.964 s for a total period of 30 min. We noticed that within 1 min of Cu treatment, GFP and
mCherry signals colocalized at the same endosomal vesicle. The dwell time ofwt-VPS35
and GFP-ATP7B on the vesicle was notably higher for wt-VPS35 compared to the mutant.
For VPS35-R107A, the colocalization lasted for a few seconds (4-11 s) but for wt-VVPS35,
the colocalization lasted for an average of 7 min (Movies 2A,2B; Fig. S6AI,ii).

Since we determined that ATP7B colocalizes at the endolysosomes at high copper, we
investigated whether VVPS35 regulates endolysosomal exit of ATP7B on triggering its
retrograde pathway. Using identical experimental conditions and knocking down VPS35 or
not, we found that ATP7B colocalizes with VPS35 in high copper (Fig. S6B; left image, top
and bottom panel) for both KD and control cells. ATP7B is arrested at Lamp1-positive
compartments upon triggering the retrograde pathway (i.e. high copper>BCS) (Fig. S6B;
center images, bottom panel) in KD cells but not in scrambled RNA-treated cells (Fig. S6B,
top panel). Boosting the retrograde pathway by lengthening BCS treatment time to 2 h did
not facilitate retrieval of ATP7B from the lysosomes (Fig. S6B, right images, bottom panel),
unlike control (Fig. S6B, right images, top panel).

We further confirmed the role of retromer by rescuing the non-recycling phenotype of
ATP7B in VPS35 KD cells by overexpressing mCherry—wt-VPS35. We found that ATP7B
recycled back from vesicular to its tight perinuclear TGN localization upon copper chelation
in VPS35 KD cells that overexpressed the wt-VPS35 construct but not the mutant VPS35-
R107A or in untransfected cells (Fig. 4D). These experiments confirm that VPS35 regulates
retrieval of ATP7B from endolysosomes to TGN upon copper depletion.

Retromer-associated proteins Rab7 and COMMDL1 regulates ATP7B recycling

We explored the possible role of two proteins that have been shown to interact directly or
indirectly (as part of a complex) with the retromer in retrograde trafficking of ATP7B. It has
been now been thoroughly established that Rab7 regulates recruitment of the core retromer
trimer VPS35, VPS26 and VPS29 to the endosomal membrane and interference with Rab7
function causes dissociation of the trimer (Rojas et al., 2008). On other hand, COMMD1
protein, whose dysfunction phenocopies Wilson disease mutation, interacts with the WASH
complex and is critical in copper-dependent endosomal localization of the Cu-ATPase
ATP7A (Phillips-Krawczak et al., 2015) and retrograde trafficking of ATP7B (Miyayama et
al., 2010). Interaction of the WASH complex with VVPS35 is crucial for its endosomal
localization and this facilitates cargo sorting by promoting formation of endosomal F-actin
(Seaman and Freeman, 2014).

We overexpressed the dominant-negative (DN) mutant Rab7A-T22N (impaired in nucleotide
exchange and with a reduced affinity for GTP) (Spinosa et al., 2008) and studied its effect on
retrograde trafficking of ATP7B. Trafficking of ATP7B was triggered with 50 uM copper for
2 h. Subsequently upon copper chelation, we observed that ATP7B stayed vesicularized and
failed to return to its perinuclear location in cells overexpressing the DN mutant, a
phenotype that is identical to VPS35 KD condition (Fig. 4Ei, bottom panel). Cells
overexpressing wt-Rab7A exhibited a normal trafficking itinerary of ATP7B (Fig. 4Ei, upper
panel).
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We next studied the effect of two COMMD1 mutants on retrograde trafficking of ATP7B.
The COMMD1 mutation T174M was discovered as a WD patient with deteriorating
prognosis even after early medical intervention (Gupta et al., 2010). The other key residues
mutated in COMMDL are K167E/K173E, as the positively charged lysine residues have
been shown to be crucial for its phosphatidylinositol interaction (Burkhead et al., 2009;
Stewart et al., 2019). Cells were transfected with GFP—-COMMD1-T174M or GFP-
COMMD1 K167E/K173E and trafficking of ATP7B was triggered with 50 uM copper for 2
h. Subsequently upon copper chelation with BCS, we observed vesicular localization of
ATP7B in cells over expressing either GFP-COMMD1-T174M or GFP—-COMMD1 K167E/
K173E (Fig. 4Eii, middle and bottom panel). Cells overexpressing wt-COMMD1 exhibited a
normal trafficking itinerary of ATP7B (Fig. 4Eii, top panel).

We conclude that interfering with the functioning of the retromer core proteins or proteins
that are associated with the retromer complex abrogates the retrograde trafficking of ATP7B.

Lysosomal luminal pH does not influence localization of ATP7B and recruitment of VPS35

It emerges that copper-induced localization of ATP7B involves a tripartite participation, that
is, from ATP7B itself, the endolysosome and retromer. After confirming the role of VPS35
in this process, we asked whether the luminal endolysosomal environment affects retromer
recruitment and hence ATP7B retrieval from lysosome. Retromers have been previously
implicated in lysosomal activity, for example, autophagy (Cui et al., 2019). We investigated
whether the targeting of ATP7B to lysosomes in high copper or its retrieval initiation by
VPS35 recruitment is affected by inactivation of the V-ATPase that is crucial for lysosomal
functioning. Cells were treated with the V-ATPase inhibitor BafAl (200 nM), in 50 uM
copper for 2 h (to trigger lysosomal targeting of ATP7B) and Cu>BCS (50 uM, 20 min)
conditions to trigger its lysosomal exit and retrograde trafficking. No observable and
significant difference in colocalization of Lampl, ATP7B and VVPS35 was obtained between
BafAl-treated cells versus the control cells in either of the copper treatment conditions (Fig.
5A,B). It can be inferred that retromer being situated on the outer membrane of the Lamp1-
positive compartments is unaffected by the change in luminal pH of the lysosome brought
on by BafAl treatment. Localization of ATP7B also stays unaltered, as also demonstrated by
Polishchuk and co-workers. (Polishchuk et al., 2014).

VPS35 acts on ATP7B in a micro-distant modus operandi

Next, we used biochemical assays to investigate whether VPS35 directly interacts with
ATP7B. We utilized co-immunoprecipitation where GFP-ATP7B was expressed in cells,
pulled down with anti-GFP beads and probed for endogenous VPS35. At high copper (100
or 200 uM) or upon subsequently triggering ATP7B recycling BCS (100 uM), we failed to
detect any signal in the immunoblot at developed with anti-VPS35 antibody [Fig. S7 shows
data for 200 uM Cu, and Cu (200 pM)>BCS (100 pM)].

To understand the underlying reason of our inability to detect interaction between ATP7B
and VPS35 using biochemical methods, we resorted to super resolution microscopy to
determine the exact positioning of ATP7B with respect to VVPS35 at the lysosomal
compartment. Using SIM and high-resolution deconvolution confocal microscopy, we
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observed that ATP7B and VVPS35 lies in juxtaposition on the lysosomal compartment
(stained with Lamp1 antibody) at high copper conditions (Fig. 6A-D). The average distance
between these two proteins varies from ~25 nm-200 nm. It can be inferred that, although
ATP7B lies in close proximity to VPS35 and is regulated in its retrograde pathway by
retromer, the physical interaction between these two proteins is indirect. We utilized
stimulated emission depletion (STED) microscopy to look further closely on the disposition
of ATP7B and VPS35 on a vesicular membrane. Using Z-stacking, we determined the shape
of a vesicle (dotted circle in Fig. 6E). At high copper, we observed that ATP7B (green) and
Vps35 (red) decorated the vesicular membrane with a signal overlap (yellow) at a maximum
resolution of 25 nm, further substantiating our biochemical findings.

Since, the interaction between ATP7B and VPS35 is likely to be indirect and possibly they a
part of a larger complex, we utilized a proximity ligation assay (PLA) to substantiate our
finding. Interaction of Hur and Trim21 (Guha et al., 2019) were used as positive controls and
secondary antibodies against ATP7B (anti-rabbit-1gG) and VPS35 (anti-goat-1gG) were used
as negative controls. We observed positive interaction between ATP7B and VPS35, as is
evident by formation of red intracellular puncta, which occurs at sites where the two proteins
juxtapose at a distance less than <40 nm (Fig. 6F).

This finding strongly suggests that VPS35 and ATP7B are a part of a larger complex, and the
regulation of ATP7B trafficking by the retromer proteins are possibly indirect and they do
not share a physical interface. To detect such an interaction, we metabolically labeled GFP-
ATP7B-overexpressing HepG2 cells with photo-amino-acids (P-leucine and P-methionine).
Cells were treated with copper (50 uM for 2 h) or the copper chelator BCS (50 uM for 2 h)
and subjected to UV crosslinking. Crosslinked GFP—-ATP7B complex was
immunoprecipitated with anti-GFP beads. Upon probing the eluate on an immunoblot with
anti-VPS35, anti-VPS26 and anti-GFP antibodies, a complex much larger than 250 kDa was
detected that contained all the three proteins. The complex was found to be absent or much
less abundant in cells treated with BCS (Fig. 6G).

VPS35 knockdown does not abrogate copperexport function of ATP7B

We have now established that retromer regulates retrograde trafficking of ATP7B, and that
downregulation of VPS35 arrests ATP7B at endolysosomes. We examined whether the
ATP7B arrested at endolysosomes is capable of exporting copper. We knocked down VPS35
using lentiviral mediated sShRNA delivery in HepG2 cells. Scrambled, non-targeting shRNA
was used as control (Fig. S8A). sShRNA# 2, 3 and 5 revealed significant knockdowns, and
hence were subsequently used for the experiment. Cells were either treated with 50 uM
copper for 2 h or maintained in basal medium. We did not observe any statistically
significant change (~>0.1) in cell viability in either of the treatment conditions, as
determined by a Neutral Red (NR) assay (Fig. 7A). No apparent change in cell morphology
was recorded in any of these conditions ascertained by 40x phase contrast microscopy (Fig.
S8B). Copper measurement in these cells from four conditions (sh_Scrambled with basal
Cu; shVPS35 with basal Cu; sh_Scrambled with 50 uM Cu; and shvVPS35 with 50 uM Cu)
were carried out using inductively coupled plasma-optical emission spectrometry (ICP-
OES). Interestingly, we found that upon copper treatment, accumulation of copper was

J Cell Sci. Author manuscript; available in PMC 2021 July 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Das et al.

Page 10

significantly lower (P<0.01) in VPS35 KD cells as compared to non-KD control cells (Fig.
7B). This suggests that ATP7B arrested at the lysosomes in the VPS35 KD condition is
continuing its copper export function resulting in a lower accumulation of intracellular
copper. However, in basal conditions, both VPS35 KD and control cells exhibited similar
levels of intracellular copper (Fig. 7B).

Recently, it has been shown that retromer regulates recycling of the copper importer CTR1
between the plasma membrane and endocytic vesicles in HeLa cells (Curnock and Cullen,
2020). Compared to control cells, knockdown of VPS35 enhances survivability of cells in
high copper, which is suggestive of lower intracellular copper accumulation and hence lower
copper-induced cytotoxicity (Curnock and Cullen, 2020). This is primarily due to regulation
of CTR1 and not ATP7B (HeLa cells do not express ATP7B, as shown in the Human Protein
Atlas and our data). In the study by Curnock and Cullen, the treatment was carried out for at
least 48 h and within a range of 3.125 uM to 800 uM copper; at 50 uM copper, they found
no significant difference of cell survivability and hence intracellular copper levels was
observed between KO and control cells. This result suggests that the lower intracellular
copper content that we observe in VPS35 KD compared to control cells is primarily due to
continued export function of ATP7B arrested on the lysosomes.

In summary, in this study, we establish that ATP7B traffics to active acid-hydrolase
containing endolysosomes in high copper conditions, where it juxtaposes with VPS35 and
contributes to the formation of a complex that comprises at least ATP7B, VPS35 and VPS26
in addition to other proteins. Upon triggering the retrograde pathway by subsequent copper
chelation, retromer regulates the recycling of ATP7B from the lysosome to the TGN
(illustrated in Fig. 8).

Discussion

The copper transporting ATPase ATP7B exports copper through lysosomes (Polishchuk et
al., 2014). ATP7B (160 kDa) is a large eight membrane-spanning protein with a total of
1465 residues. ATP7B resides on the TGN membrane at basal copper levels and traffics to
Lampl- and Rab7-positive compartments at high copper. We argue that it would be highly
wasteful for the cell to degrade ATP7B after each cycle of copper export from the TGN to
the lysosomes. At the onset of this study, we determined that ATP7B primarily localizes on
the active acid hydrolase-positive endolysosomes at high copper. Since ATP7B is a recycling
protein, we wondered whether ATP7B recycles back from these compartments after it
pumps copper in the endolysosomal lumen for either export out of the cell or for
reutilization as a nutrient, and investigated this possibility. Interestingly, the protein does not
get degraded unlike many other cargoes that are destined for degradation at the lysosomes.
Rather, the low pH in lysosomal lumen might help the release of copper from the histidine
residues that are located between the TM1 and TM2 loop, as shown in its homolog ATP7A
(LeShane et al., 2010; Barry et al., 2011; Otoikhian et al., 2012), and bind copper.

Furthermore, we investigated the regulatory mechanism of retrograde trafficking of ATP7B.
In a preliminary proteome analysis on GFP-ATP7B vesicles isolated from HepG2 cells (data
not shown), we identified members of the retromer complex. Previously Harada et al. (2000)
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had shown that ATP7B resides in late endosome (Rab7 positive) in high copper. Retromer is
recruited on endosomal membrane by the sequential action of Rab5 and Rab7 (Rojas et al.,
2008).

Before investigating the role of retromer in retrieval of ATP7B from lysosomes, we first
determined whether ATP7B was stable in lysosomal and Rab7 compartments. Similar to
observations made by Polishchuk et al. (2014), we found that even at up to 200 uM copper
treatment in HepG2 cells, ATP7B shows no significant degradation, and we noticed no
change in its abundance at 250 UM copper. At high copper, ATP7B primarily localized at the
active hydrolase-positive recycling endolysosomes with a smaller fraction at the terminal
storage lysosomes. Interestingly, upon further elevating intracellular copper, although
fraction of ATP7B was unaltered at the active endolysosomes, an increase in its abundance
was noticed in storage lysosomes. We argue that this shift of the abundance equilibrium of
ATP7B is due to a relay effect of ATP7B trafficking from TGN to active endolysosomes and
finally to storage endolysosomes. At 250 uM copper, further emptying of ATP7B from TGN
is compensated for by its increase at the storage terminal lysosome.

Upon examining triple-colocalization of ATP7B, VPS35 and Lamp1 in fixed cells, we
noticed that the level of overlap is moderate at high copper. This might be attributed to the
fact that at a given point in copper-treated cells, the nature of vesicles are highly
heterogeneous comprising of retrograde and anterograde vesicles, and those are at various
stages of trafficking. We hypothesize that the endolysosomes would exhibit a higher co-
residence of VPS35 and ATP7B if we were able to synchronize the TGN exit (upon copper
treatment) and endolysosomal exit (upon subsequent copper removal) of ATP7B. However,
time-lapse imaging showed that GFP-ATP7B and mCherry—Vps35 colocalizes in the same
compartment for a few minutes. In VPS35 KD cells, ATP7B is trapped in the endolysosomes
even upon activating the retrograde pathway (Cu>BCS). We reason that ATP7B recycles
back to TGN directly and not via plasma membrane, as we did not observe ATP7B staining
at the plasma membrane or even at the cortical actin (data not shown). This might be due to
the non-polarized nature of the HepG2 cells used in this study.

Interestingly, using conventional biochemical assays, we did not detect any direct interaction
of ATP7B and VPS35 (or VPS26). This is possibly due to the fact that, although the
retromer complex regulates lysosomal exit of ATP7B, the interaction is mediated via a
different member of the complex. This proposition is substantiated by co-detection of
ATP7B, VPS35 and VPS26 in a supercomplex (>>250 kDa) and also proximity of ATP7B
and VPS35 at a range <40 nm as detected in the PLA study. Our observation suggests that
the retromer complex along with the WASH, and the CCC complex consisting of COMMD1
and the Rab-GTPase Rab7 co-ordinates the recycling of ATP7B from the endolysosomal
compartments. However, the order of interaction of these complexes with the cargo is still to
be determined.

Retromer complex shows heterogeneity in its subunits that are responsible for binding to the
cargo (Belenkaya et al., 2008; Feinstein et al., 2011; Zhang et al., 2012; Follett et al., 2016;
Suzuki et al., 2019). It has been shown that the canonical recycling signal for the Divalent
Cation Transporter (DMT1-11) binding of retromer is mediated via the interface of VPS26
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and SNX3 in a hybrid structural model shows that the a-solenoid fold extends the full-
length of Vps35, and that Vps26 and Vps29 are bound to its two opposite ends (Hierro et al.,
2007; Lucas et al., 2016). This extended structure suggests that multiple binding sites for the
SNX complex and receptor cargo are present. It has been shown show that a membrane
recruitment of retromer is mediated by recognition of SNX3 and RAB7A, by the VPS35
subunit. These bivalent interactions prime retromer to capture integral membrane cargo,
which enhances membrane association of retromer and initiates cargo sorting (Zhao et al.,
2007). Further studies are needed to be carried out to identify the exact interface of ATP7B-
retromer interaction.

How copper (or copper removal) mediates triggering of the retrograde pathway for ATP7B is
not understood. It is likely that copper binding to the six metal-binding domains (MBDs) on
ATP7B N-terminus, exposes the upstream 1-63 N-terminal domain containing the
4INXXY44 domain. However, role of C-terminus cannot be completely discounted as
Braiterman et al. has shown that multiple regulatory phosphorylation sites lie on the C-
terminus that might play an indirect role in the regulation of ATP7B trafficking by retromer
complex (Braiterman et al., 2015). Additionally, ATP7B (and also ATP7A) harbors di-
leucine motifs on the C-terminal that have been shown to be crucial in trafficking regulation
and its retrieval to the TGN (Petris et al., 1998; Francis et al., 1999; Jain et al., 2015).

Wilson disease, although a Mendelian disorder caused by mutations only in ATP7B gene,
shows a large spectrum of symptoms and age of onset. We hypothesize that polymorphisms
and mutations in trafficking regulatory proteins might be responsible for imparting such high
phenotypic heterogeneity. Mutations and SNPs in the retromer subunit genes are associated
with many hereditary conditions (Small, 2008; Shannon et al., 2014; Reitz, 2017; Chen et
al., 2017; Rahman and Morrison, 2019). Varadarajan et al. reported significant association of
SNPs of retromer complex genes (SNX1, SNX3 and Rab7A) with Alzheimer’s disease
(Vardarajan et al., 2012). Similarly, a VPS35 hemizygous condition accentuates Alzheimer’s
disease neuropathology (Wen et al., 2011). Additionally, Parkinson’s disease-linked D620N-
VPS35 knockin mice manifest tau neuropathology and dopaminergic neurodegeneration
(Chen et al., 2019). It would be important to extend the knowledge of role of retromers in
ATP7B trafficking to delineate the genotype—phenotype co-relationship in Wilson disease
patients.

Materials and Methods

Plasmids and antibodies

The GFP-ATP7B construct was available in our laboratory. The mCherry WT-VPS35 and
mCherry-VPS35 (R107A) constructs were a kind gift from Dr Sunando Datta, [ISER
Bhopal, India. The mCherry—Rab7a-7 was Addgene plasmid #55127. The mCherry—
Rab7a-7 T22N mutant was prepared following Q5® Site-Directed Mutagenesis Kit (#£0554)
protocol. GFP—wtCOMMDY1, T174M and K167/173E mutant constructs was kindly gifted
by Dr Jason Burkhead, University of Alaska, Anchorage, USA. The following antibodies
were used for experiments: rabbit anti-ATP7B [1:600 for immunofluorescence (1F)/1:2500
for western blotting (WB); #ab124973, Abcam), mouse anti-Golgin97 (1:400, IF; #A21270,
Invitrogen), goat anti-VPS35 (1:400, IF; #NB 100-1397, Novus Biologicals), mouse anti-
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VPS26 (1:1500, WB; #NBP 236754, Novus Biologicals), mouse anti-VPS35 (1:1500, WB;
#sc-374372, Santa Cruz Biotechnology), mouse anti-Lampl (2 pg/ml, IF and 0.5 ug/ml,
WB; DSHB: #H4A3), mouse anti-Rab7 (1:50, IF; #sc-376362, Santa Cruz Biotechnology),
donkey anti-rabbit 1gG (H+L) Alexa Fluor 488 (1:800, IF; #A-21206, Invitrogen), goat anti-
rabbit IgG (H+L) Alexa Fluor Plus 647 (1:800, IF; #A32733, Invitrogen), donkey anti-
mouse IgG (H+L) Alexa Fluor Plus 647 (1:800, IF; #A32787, Invitrogen), donkey anti-Goat
IgG (H+L) Alexa Fluor 568 (1:800, IF; #A-11057, Invitrogen), donkey anti-mouse 1gG (H
+L) Alexa Fluor 568 (1:800, IF; #A10037, Invitrogen), mouse anti-cation-independent
mannose-6-phosphate receptor (10 pug/ml, IF; DSHB: #86f7), mouse anti-Lamp2 (20 pg/ml,
IF; DSHB: #H4B4), mouse anti-Na/K ATPase (1:1000, WB; ATP1A1 #MA3-929,
Invitrogen), goat anti-Rab11 (1:50, IF; #sc-6565, Santa Cruz Biotechnology), rabbit anti-
GAPDH (1:3000, WB; #BB-AB0060, BioBharati) and rabbit anti-y-actin (1:2500, WB) and
sheep anti-TGN46 (1:300, IF; a kind gift from Prof. Carolyn Machamer, Johns Hopkins
University, USA). Endotoxin free plasmid isolation was performed using an EndoFree
Plasmid Maxi Kit (Qiagen, #12362).

Cell lines and cell culture

HepG2 cells (NCCS Pune) were grown and maintained in complete medium containing low-
glucose minimum essential medium (MEM) (#41500-034, Thermo Fisher Scientific)
supplemented with 10% fetal bovine serum (#10270-106, Thermo Fisher Scientific), 1x
penicillin-streptomycin (#A001, HIMEDIA) and 1x amphotericin B (#15290026, Thermo
Fisher Scientific). Similarly, HEK293T cells (a kind gift from Prof. Arindam Mukherjee’s
laboratory, Indian Institute of Science Education and Research Kolkata, India) were grown
and maintained in Dulbecco’s modified Eagle’s medium (DMEM) (#CC3004.05L,
Cellclone) supplemented with 10% fetal bovine serum, 1x penicillin-streptomycin and 1x
amphotericin B. For transfection of plasmids in HepG2 cells, Lipofectamine 3000 reagent
(#L.3000-001, Invitrogen) was used according to the manufacturer’s protocol. For
transfection in HEK293T, for live-cell imaging, JetPrime (#114-07, PolyplusTransfection)
transfection reagent was used. Both cell lines were confirmed free of any contamination.

Copper and BCS treatments

For studying the trafficking or other biochemical assays of ATP7B in HepG2, copper
chloride (CuCly) either in 50 uM or 250 uM concentration was used. Similarly,
bathocuproine disulfonate (BCS), a copper chelator, was used either in 50 pM or 250 uM
concentration. Both the reagents were prepared fresh in autoclaved miliQ-water prior to
treatment.

Endocytic uptake of fluorescent dextran

Endocytic compartments in cultured HepG2 cells were loaded with 0.5 mg/ml lysine-fixable
dextran—Alexa Fluor 647, from Thermo Fisher Scientific in culture medium for 4 h at 37°C
followed by incubation in conjugate-free medium for 20 h as previously described (Bright et
al., 1997).
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Incubation with cathepsin B substrate

To label endocytic organelles in which cathepsin B was catalytically active, HepG2 cells
were incubated with the Magic Red substrate from ImmunoChemistry Technologies, as per
the manufacturer’s instruction.

Knockdown assays

Accell human VPS35 (55737) siRNA-SMARTpool (#E-010894-00-0010), Accell non-
targeting siRNA (#D-001910-01-05), Accell siRNA delivery medium (#B-005000-100), 5x
siRNA Buffer (#B-002000-UB-100) and molecular grade RNase-free water (#B-003000-
WB-100) were purchased from Dharmacon. HepG2 cells were seeded in complete medium
at a density of 1.5x10° cells/ml in coverslips heat-fixed on a 24-well plate. Cells were
allowed to double for ~48 h (doubling time of HepG2). After 48 h, medium was discarded,
cells were rinsed with 1x PBS pH 7.4 and siRNAs were added at a final concentration of 1
UM resuspended in Accell siRNA delivery medium (#B-00-5000-100). This condition was
maintained for 72 h after which the siRNA-containing medium was replaced with complete
medium and again maintained for another 24 h. This ensures better knockdown at protein
level. To validate knockdown of VPS35, western blotting was performed following same
protocol from one well of the 24-well plate.

The lentiviral ShARNA RNAI Consortium (TRC) protocol was used to produce TRC VPS35
lentiviral constructs [TRC VPS35 shRNA components (Dharmacon): RHS3979201863202,
RHS3979201863553, RHS3979-201866801, RHS3979-201869452, RHS3979-201877513]
(#RHS4533-EG55737) and TRC Lentiviral pLKO.1 stuffer control (#RHS4080).
Knockdown of VPS35 was validated by western blotting.

Immunofluorescence

HepG2 cells were seeded at a density of (0.8x10°-1.6x10° cells/ml) on coverslips heat-fixed
on wells of a 24-well plate each time while conducting immunofluorescence analysis. Any
treatment was performed at a confluency of 60-70%, including transfection. 2%
paraformaldehyde (PFA) fixation was done following treatment. After fixation cells were
permeablized with chilled methanol and finally washed with 1x PBS. Fixation and
permeablisation was carried out in cold condition. Cells were blocked in 3% BSA suspended
in 1x PBS for either 2 h at room temperature (RT) or overnight at 4°C. Following this,
primary antibody (1°) incubation was done at RT in a moist chamber for 2 h. After 2 h
incubation, cells were washed with 1x PBST (PBS with 0.01% Tween 20) three times and
again re-incubated with corresponding secondary antibodies (2°) for 1.3 h at RT. This was
followed by further washing with 1x PBST three times and finally with 1x PBS twice.
Coverslips were fixed on glass slides using SIGMA Fluoroshield™ with DAPI mountant
(#F6057). The solvent for antibody suspension was 1% BSA in 1x PBST.

For STED sample preparation, HepG2 cells were seeded on glass coverslips and treated with
copper (as mentioned in Fig. 6E). Treatment was done at 70% confluency. Cell were fixed
with 2% PFA for 20 min followed by washing with 1x PBS, pH 7.2 for 15 min (twice) and
then quenched with 50 mM NH4CI. Blocking and permeation was done for 30 min with 1%
BSA along with 0.075% saponin. Cell were co-incubated with primary rabbit anti-ATP7B
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and goat anti-VPS35 for 2 h at room temp. This was followed by 1x PBS washing and
incubation with secondary anti-rabbit-1gG conjugated to Alexa Fluor 488 and anti-goat-1gG
conjugated to Alexa Fluor 647. Coverslips was mounted with ProLong™ Diamond Antifade
Mountant with DAPI (#P36962).

Time-lapse fluorescence microscopy

Microscopy

HEK?293T cells were seeded on confocal dishes (SPL) and were co-transfected separately
with GFP-ATP7B and mCherry-VPS35-WT, mCherry-VVPS35-Mutant (R107A) (a gift
from Sunando Datta, IISER Bhopal) using jetPRIME (Polyplus) transfecting regent as per
the manufacturer’s protocol. Images were acquired using Leica SP8 confocal setup with 63x
oil objective. For ATP7B and VPS35-WT or mutant, images were taken at every 1.964 s
interval using Lightning by Leica. For triple-color time-lapse fluorescence microscopy of
ATP7B (green), DexA (blue) and Magic Red (red), GFP-ATP7B was transfected in HepG2
cell in confocal dishes pre-incubated with DexA and Magic Red. Each image was captured
at an interval of 5 s for a total duration of 15 min. All time-lapse images were recorded in
DMEM without Phenol Red supplemented with 5% fetal bovine serum and 5 mM HEPES.
All the images were processed using Fiji and LASX software provided by Leica and videos
were processed using Cyberlink Powerdirector.

All images were acquired with Leica SP8 confocal platform using an oil immersion 63x
objective and deconvoluted using Leica Lightning software. For SIM, images acquisition
was taken at 90x (60x objective + 1.5xdigital) magnification in Zeiss Elyra PSI. For STED
microscopy, imaging was done on a Leica STED 3X. For Alexa Fluor 647, the 775 nm
STED laser line was used and for Alexa Fluor 488, the 592 laser line was used for depletion.
The line average was set at 4 and pixel size was kept as 25 nm to achieve maximum
resolution. STED corrected images were deconvoluted and processed by Scientific Volume
Imaging of Huygens Professional Software with default settings.

Immunoblotting

HepG2 cells were grown on 60 mm dish and cell pellet was collected at 70% confluency.
For lysate preparation of membrane protein dry pellet was dissolved in 200 pl of lysis buffer
[250 mM sucrose, 1 mM EDTA, 1 mM EGTA, 1x PBS as solvent and 1x protease inhibitor
cocktail (GCC Biotech, Kolkata)] and incubated on ice for 1 h with intermittent tapping.
Dounce homogenization of dissolved pellet was done ~400 times followed by syringing up
and down with a 22—-24 gauge needle for 20-25 times on ice. This enables the cell to rupture
completely. The soup was centrifuged at 600 g at 4°C for 10 min to discard debris and
nucleus. The mitochondrial fraction was discarded by centrifugation at 3000 g for 10 min at
4°C. The resultant soup was subjected to ultracentrifugation at 100,000 g with a TLA55,
serial no. 07U920, fixed angle rotor for 1 h at 4°C to collect the membrane fraction. The
pellet was dissolved in membrane-solubilizing buffer (250 mM sucrose, 1 mM EDTA, 1 mM
EGTA, 1.0%NP-40, 1.0% Triton X-100, 1x PBS as solvent and 1x protease inhibitor
cocktail). For soluble protein, whole-cell lysate was prepared with RIPA lysis buffer (10 mM
Tris-HCI pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 1.0% Triton X-100, 0.1% sodium
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deoxycholate, 0.1% sodium dodecyl sulphate, 140 mM NaCl and 1x protease inhibitor
cocktail). The dry pellet was dissolved in RIPA lysis buffer and incubated on ice for 30 min
with intermittent tapping. The solution was then sonicated with a probe sonicator (3—4
pulses, 5 s and 100 mA). Following this, centrifugation at 20,000 g for 20 min at 4°C was
done to pellet cellular insoluble debris, and soup was collected. Protein estimation was
carried out with Bradford reagent (#B6916-500ML, Sigma-Aldrich) following the
manufacturer’s protocol. Protein sample preparation was done by adding 4x loading buffer
(Tris-HCI pH 6.81, 4% SDS, 10% B-mercaptoethanol, 20% glycerol, 0.02% Bromophenol
Blue and urea 8 M) to a final concentration of 1x and run on SDS-PAGE (6% for membrane
fraction and 10-12% for soluble fraction) gels to separate proteins according to molecular
mass. This was further followed by wet transfer of proteins onto nitrocellulose membrane
(1620112, BioRad). After transfer, the membrane was blocked with 3% BSA in 1X Tris-
buffered saline (TBS) buffer pH 7.5 for 2 h at RT with mild shaking. Primary antibody
incubation was done overnight at 40°C following blocking and then washed with 1x TBST
(0.01% Tween-20) for 10 min (three times). HRP-conjugated respective secondary
incubation was done for 1.3 h at RT, further washed and signal was developed by ECL
developer (170-5060, BioRad/1705062, BioRad) through chemiluminescence by Chemi Doc
(BioRad).

Co-immunoprecipitation

All solutions were pre-chilled to 4°C and all steps were carried out on ice. HEK293T cells
were transfected with GFP-ATP7B and treated with different Cu conditions followed by
washing with 1x PBS and lysis using lysis buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl,
0.5 mM EDTA, 0.5% NP40, PMSF and protease inhibitor cocktail in ddH20). Cell extracts
were triturated with a 2 ml syringe and incubated for a total of 45 min and the insoluble
materials were sedimented at 16,000 g for 10 min at 4°C. Co-IP experiment were performed
using GFP-trap beads (ChromoTek, #gta-20) following the manufacturer’s protocol. The
supernatants were diluted using diluted buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5
mM EDTA, PMSF and protease inhibitor cocktail in ddH20 to yield 0.25% NP40) and
incubated with GFP-trap beads for 2 h at 4°C on a rotating wheel. Finally the interacting
proteins were eluted using 0.2 M glycine and used for western blotting. For western blotting
of VPS35, VPS26 and GFP, samples for western blotting were resolved by SDS-PAGE and
separated proteins were transferred to nitrocellulose membrane. After protein transfer, the
membrane was blocked in 5% non-fat milk powder (for VPS35 and VPS26) and 3% BSA
(for GFP) and incubated with primary antibody diluted in 5% non-fat milk powder (for
mouse anti-VPS35 and mouse anti-VPS26, 1:1500 dilution) or 1% BSA (for rabbit anti-
GFP, 1:10,000 dilution) overnight at 4°C. Following incubation, the membrane was briefly
washed three times with TBST and incubated with HRP-conjugated secondary antibodies
(anti-mouse-1gG conjugated to HRP, 1:5000 dilution and anti-rabbit-1gG conjugated to
HRP,1:15000 dilution) diluted in 5% non-fat milk powder or 1% BSA for 1.5 h at RT. The
membrane was washed three times for 5 min in TBS-T flowed by two times washing with
TBS at RT and incubated for 5 min at RT with Enhanced Chemiluminescence (ECL)
substrate and ECL plus (1:1).
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in vivo metabolic labeling and UV crosslinking

HEK?293T cells were transfected with GFP-ATP7B and supplemented with modified
DMEM-LM (#30030, Sigma-Aldrich) medium (without leucine and methionine) and photo-
Leucine (#22610, Thermo Scientific) and photo-methionine (#22615, Thermo Scientific).
Cell was treated with either 100 uM CuCl, or 50 uM BCS for 4 h and subjected to UV
crosslinking at 365 nm for 15 min. Cell was processed for co-immunoprecipitation (Co-IP)
assay following GFP-Trap A (code, gta-20) Chrormotek protocol as described above with
few modifications. All steps were carried out on ice. Briefly, cell lysis was performed with
co-1P compatible 200 pl lysis buffer (10 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5 mM
EDTA, 0.5% Nonidet™ P40, 1x protease inhibitor cocktail and 1 mM PMSF). Trituration
was done with a 26 gauge needle in 1 ml syringe for ~40 times for cell to completely lyse
followed by centrifugation at 3000 g for 5 min at 40°C. The supernatant was collected and
diluted with 300 pl of dilution buffer (10 mM Tris-HCI pH 7.5, 150 mM NaCl and 0.5 mM
EDTA). GFP-Trap A bead slurry was equilibrated with dilution buffer and incubated with
the diluted supernatant and subjected to tumbling end-over on a rotatory wheel at 10 rpm for
4 h (first 2 h at RT and the next two hours at 4°C).

Proximity ligation assay

The proximity ligation assay was performed according to the manufacturer’s protocol
(Duolink™ PLA Technology, Sigma). Briefly, HepG2 cell was grown on glass coverslips to
70% confluency and treated with copper for 2 h, fixed with 4% PFA and permeabilized with
0.1% saponin. Thereafter, the cell was blocked with blocking solution (DUO82007) for 1 h
at 37°C and incubated with primary antibodies for 2 h at 37°C followed by washing twice
with Wash Buffer A (DUO82049-4L) for 5 min on gentle orbital shaker at RT. During
washing, the secondary PLA probes (DU092005, DU092003, DU092001) were diluted to
1:5 with antibody diluent (DUO82008) and cell was incubated with it for 1 h at 37°C. Cells
were further washed in same way. During washing, the ligation mixture was prepared by
diluting the ligase enzyme (DU082029) 1:40 in 1x ligation buffer (DUO82009) and applied
onto cell. This was then incubated for 30 min at 37°C followed by washing twice in Wash
buffer A for 2 min at RT. During washing, the amplification mixture was prepared by
diluting the polymerase enzyme (DUO82030) 1:80 in 1x amplification buffer (DU0O82010)
and applied on cell with incubation at 370C for 100 min. After incubation, cells were
washed twice with Wash Buffer B for 10 min. A final wash with 0.01x Wash buffer B was
given prior to mounting with DAPI containing mountant. Images was acquired with Leica
SP8 confocal platform using a 576 nm (Cy3) filter.

Cell viability test using the Neutral Red assay

HepG2 cell cytotoxicity to copper in the background of VPS35 knockdown was determined
in cultured cells by performing a Neutral Red assay. Briefly, 6x103 viable cells were seeded
in each well of a 96-well microplate (Nunc) and incubated at 37°C (5% CO, atmosphere).
After 24 h of incubation, the medium was replaced with a fresh one containing lentiviral
shRNA (scrambled and pooled VVPS35). After 48 h of incubation, the medium was replaced
with a fresh one containing the desired concentration of copper (0 UM and 50 uM) where
each concentration was loaded in quadruplicate. After 24 h of incubation with the copper
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solution, the medium was removed and a fresh medium was added with Neutral Red
(#N7005, Sigma-Aldrich) at a final concentration of 40 pg/ml and incubated for 2 h. This
was followed by washing with destaining solution (50% ethanol, 1% acetic acid, 49% MiliQ
water). The absorbance was recorded at 540 nm using a SYNERGY H1 microplate reader,
Biotek, and percentage of viable cells was calculated against copper concentrations. Each
condition had four replicates (A<0.05). Data was plotted in GraphPad Prism 8 to obtain the
histogram normalized against corresponding scrambled controls. A non-parametric £test
was performed to obtain the A-value.

Determination of the cellular copper concentration in VPS35 knockdown cells

HepG2 cells were seeded in a 35 mm Petri dish at 37°C (5% CO, atmosphere). After 24 h of
incubation, the medium was replaced with a fresh one containing lentiviral ShRNA
(scrambled and pooled VVPS35). After 48 h of incubation, the medium was replaced with a
fresh one containing the desired concentration copper (0 UM and 50 uM) and incubated for 2
h. Cells was washed with 1x dPBS for several times and pelleted down (5000 rpm for 6
mins). Dry pellet was weighed, which was ~0.25 mg. For each sample, 2 ml 65% suprapur
HNO3 plus 4 ml deionised water added prior to digestion for 1 h [MWD (microwave
digester) conditions: power, 800 W; temperature, 100°C; hold time, 1 h]. After digestion,
samples were syringe filtered through 0.45 micron filter. Cu calibration was done by acid
digestion of Cu foil (procured from Alfa Aeasar) in 10 ml suprapur HNO3 for 1 h. (MWD
conditions: power, 400 W; temperature, 100°C; hold time, 1 h). From the obtained solution,
different strengths of Cu in parts per billion (ppb) were prepared and used for calibration.
Similar acid digestion steps were followed for samples in a microwave digester. This
solution was used to determine the cellular copper concentrations using a Thermo Scientific
inductively coupled plasma optical emission spectroscopy (ICP-OES) iCAP 6500 machine.
For each sample, a total of five replicates were used to calculate the average intracellular
copper concentration (£<0.05).

Cell count and vesicle count for data analysis

The number of cells considered for analysis is given in in bar plots in figures as “77’. For Fig.
6A, to assess colocalization between ATP7B, VPS35 and Lampl, a total of 12 cells were
taken to calculate ATP7B and VPS35 signals colocalizing together in Lampl-positive
compartments in high copper; 88 ATP7B (green) puncta were considered as actual signals.
This served as reference to calculate the relative abundance of green (ATP7B), cyan
(VPS35), red (Lampl) signals that are clustered together. A total of 37 such triple-colored
clusters were obtained.

Image analysis and statistics

Images were analyzed in batches using ImageJ (Schneider et al., 2012). For the
colocalization study, the Colocalization_Finder plugin was used. Regions of interest (ROIs)
were drawn manually on best z-stack for each cell. For three protein colocalization studies,
the other two protein co-residing vesicles were isolated using the Analyze Particle tool, and
a colocalization study were carried out with the reference protein, ATP7B in our case. To
calculate the lysosomal distribution of ATP7B, fractions of ATP7B localized in MR- and
Dextran-positive endosomes were obtained using Manders’ colocalization coefficient

J Cell Sci. Author manuscript; available in PMC 2021 July 12.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Das et al.

Page 19

(MCC) (Manders et al., 1993). A merged image of MR channel and dextran channel was
obtained in greyscale, which was used to obtain the total lysosomal ATP7B. Using the set
theory formulae: |ANB|=|A|+|B|-|AUB|, the rest were deducted. The RGB_Profiler plugin
was used to obtain the line profile graph. For statistical analysis and plotting, the ggplot2
(Hadley Wickham Ggplot2 SPIN, 2009; https://cran.r-project.org/web/packages/ggplot2/
index.html) package was used in R v-4.0.3 (R: A Language and Environment for Statistical
Computing, 2015; https://cran.r-project.org/bin/windows/base/). Non-parametric tests for
unpaired datasets (Kruskal-Wallis test and Mann-Whitney U-test) were performed for all
the samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ATP7B recycles between the TGN and vesiclesin a copper-dependent manner.
(A) Colocalization of ATP7B (green) with the TGN marker, Golgin97 (red) in copper

limiting, BCS (top row) and 50 uM copper (second row). Rows 3-5 shows subsequent return
of vesicularized ATP7B upon BCS treatment for varying time length (10, 30 and 120 min).
The overlap plots (right boxes) show the extent of overlap of green and red at lines drawn
through the signals located on TGN (marked by arrow or arrowhead). The line through the
selected region of the image represents the overlap between green and red and has been
magnified in the rightmost images. Arrow and arrowhead represents TGN localized and
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vesicularized ATP7B respectively. Scale bars: 5 um. Blue signal represents DAPI staining of
the nucleus. (B) Pearson’s correlation coefficient of colocalization between ATP7B and
Golgin97 at different copper conditions demonstrated by a box plot with jitter points. The
box represents the 25-75th percentiles, and the median is indicated. The whiskers show the
datapoints within the range of 1.5x interquartile range (IQR) from the 1st and 3rd quartile.
****P<0.0001; ns, not significant [non-parametric Mann-Whitney U test (Wilcoxon rank-
sum test)]. The number (n) of cells counted to obtain the data for each condition is noted.
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Fig. 2. ATP7B recycles from the endolysosome upon copper depletion.
(A) Colocalization of ATP7B (green) with the lysosomal marker Lamp1 (red) in copper

limiting BCS (top row), 50 uM copper (middle row) and copper depletion post copper
treatment (bottom row) conditions. The overlap plots (right boxes) show the extent of
overlap of green and red at lines drawn through the signals (marked by arrow or arrowhead).
Arrow represents vesicularized ATP7B and dotted lines represents perinuclear positioned
ATP7B. Blue signal represents DAPI staining for the nucleus. (B) Pearson’s correlation
coefficient of colocalization between ATP7B and Lampl at different copper conditions
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demonstrated by a box plot with jitter points. The box represents the 25-75th percentiles,
and the median is indicated. The whiskers show the data points within the range of 1.5x
interquartile range (IQR) from the 1st and 3rd quartile. ****/~<0.0001 (non-parametric
Mann-Whitney U test). (C) Colocalization of ATP7B (green), Alexa-647—-Dextran (blue)
and Magic Red (MR; red) in (C.i) 50 uM copper (upper panel) and 50 uM>50 uM BCS
(lower panel) and (C.ii) 250 pM Cu (upper panel) and 250 uM Cu>250 pM BCS (lower
panel) conditions. Arrow, ATP7B in active lysosomes; arrowheads, ATP7B in storage
lysosomes; dashed line, perinuclear concentration of ATP7B. ‘n’ denotes the nucleus. (D)
Bar plot using Manders’ colocalization coefficient (MCC) representing relative ATP7B
localization in endolysosomes positive for both active acid-hydrolase and Dextran A (DexA
+MR) and storage lysosomes exclusively positive for Dextran A (DexA). The MR-only
signal possibly represent background staining and falls within 5% range of error. Error bars
show s.d. (E) Immunoblot of ATP7B at different copper conditions (top row). GAPDH is
used as a loading control (second row). Immunoblots of Lamp1 (thirdrow) and Na,K-
ATPase (fourth row) in different copper conditions. (F) Bar plot (meanzs.d.) representing
ATP7B abundance at different copper conditions as normalized against GAPDH abundance
obtained from the respective immunablots. ns, not significant (non-parametric Mann-
Whitney U test). The number of cells counted to obtain the data for each condition is
denoted by ’n’ (for B and D). Scalebars: 5 um.
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Fig. 3. ATP7B and VPS35 colocalizes at high copper.
(A) Immunoblot showing that HepG2 cells express the retromer subunits VPS26 and VPS35

(top panel). y-actin is used as loading control (lower panel). (B) Colocalization of ATP7B
(green) with retromer subunit, VPS35 (red) in copper limiting BCS (top panel), 50 uM
copper (second row) and copper depletion post copper treatment (rows three and four). The
overlap plots (right boxes) are from the region of the field has been magnified rightmost
images) show the extent of overlap of green and red at lines drawn through the signals
(marked by arrowor arrowhead). Arrowheads represent vesicularized ATP7B and arrows
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represents perinuclear ATP7B. the line through the selected region of the image represents
the overlap between green and red signals and has been magnified (rightmost image). Blue
signal represents DAPI staining for nucleus. Scale bars: 5 pm. (C) Pearson’s correlation
coefficient of colocalization between ATP7B and VPS35 at different copper conditions
demonstrated by box plot with jitter points. The box represents the 25-75th percentiles, and
the median is indicated. The whiskers show the data points within the range of 1.5x
interquartile range (IQR) from the 1st and 3rd quartile. **/<0.01; ns, not significant (non-
parametric Mann-Whitney U test). The number (n) of cells counted to obtain the data for
each condition is noted.
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Fig. 4. VPS35 and its associated proteinsregulatesretrieval of ATP7B from lysosomesto TGN.
(A) siRNA-mediated knockdown of Vps35 in HepG2 cells shows its downregulation. (*)

denotes the VPS35 protein. GAPDH is used as a loading control. (B) Colocalization of
ATP7B (green) with the TGN marker Golgin97 (red) in BCS (top row) and 50 uM copper
(second row) and copper depletion post copper treatment (third row). Arrow denotes TGN
colocalization of ATP7B; arrowhead denotes vesicularized ATP7B. Scale bars: 5 um. (C)
Pearson’s correlation coefficient of colocalization between ATP7B and TGN at different
copper conditions comparing VPS35 siRNA treated versus control demonstrated by a box
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plot. The box represents the 25-75th percentiles, and the median is indicated. The whiskers
show the data points within the range of 1.5x interquartile range (IQR) from the 1st and 3rd
quartile. ****P<0.0001; ns, not significant (non-parametric Mann-Whitney U test). (D)
Localization of ATP7B (green) in VPS35 siRNA-treated cells and subsequently transfected
with mCherry-wtVPS35 (red). The left image represents cells that are not expressing
mCherry—-wtVPS35 as compared to cells expressing mCherry—wtVVPS35 (center image) or
the mutant, mCherry-R107A-VPS35 (right) Cells belong to the same culture dish for both
the left and center images. Arrow represents vesicularized ATP7B and arrowhead
perinuclear ATP7B. (E.i.) Localization of ATP7B (green) in cells overexpressing mCherry—
wtRab7 (red) (top panel) or dominant negative mutant mCherry-T22N-Rab7 (bottom panel)
in copper to BCS condition to triggers retrograde trafficking of ATP7B. (E.ii.) At the same
copper conditions as E.i., localization of ATP7B (red) in cells overexpressing GFP—
wtCOMMDL1 (top panel) or the mutants GFP-T174M-COMMDL1 (middle panel) and GFP-
K167/173L-COMMD1 (bottom panel). Scale bars: 5 um. Blue signal represents DAPI
staining for nucleus. Arrows represents perinuclear ATP7B and arrowheads vesicularized
ATP7B.
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Fig. 5. Lysosomal luminal pH does not influence localization of ATP7B and recruitment of
VPS35.

(A) Colocalization of ATP7B (green), Lamp1 (red) and VPS35 (cyan) in high copper for 2 h
in cells treated with Bafilomycin Al (lower row) or not (upper row). (B) Colocalization of
ATP7B (green), Lamp1 (red) and VVPS35 (cyan) in cells treated with copper chelator for a
brief period (20 min) subsequent to high copper treatment to induce ATP7B vesicularization.
Cells were treated with Bafilomycin A1 (lower row) or not (upper row). The magnified inset
corresponds to the region of the main image marked by arrowheads. Scale bars: 5 um.
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Fig. 6. VPS35 interacts with ATP7B on lysosome in a micro-distant manner.
(A) High-resolution deconvoluted confocal microscopy merged image showing

colocalization of ATP7B (green) with Lampl (red) and VVPS35 (blue) at 50 uM copper. Gray
represents nucleus. (B) Zoomed image of region marked in A. The overlap plots (right box)
show the extent of overlap of green, red and blue at lines drawn through the signals (marked
by white line). (C) 3D representation of image in B, marked by a dashed line. ATP7B is
marked in green, Lampl in gray and VPS35 in magenta. Cyan represents the nucleus. (D)
3D representation of structured illumination microscopy (SIM) image of the same area with
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100 nm resolution. ATP7B is marked in green, Lamp1l in red and VPS35 in magenta.
Arrowhead represents co-distribution of ATP7B and VPS35 in alysosomal compartment
(Lampl). (E) Stimulated emission depletion (STED) microscopy image of ATP7B (green)
and VPS35 (red). Both rows represents colocalization of ATP7B and VPS35 in high copper.
ATP7B-containing vesicles (marked by dotted circle) show juxta-positioning of VPS35 (red)
and ATP7B (green). Arrowhead represents point of juxtaposition or merging. Scale bars: 200
nm. (F) Proximity Ligation Assay. The upper row (i and ii) shows interaction of mouse Hur
and rabbit Trim21 in HepG2 cells, which serve as a positive control. (i) Technical negative
control (NC) without primary antibodies probed with onlyanti-rabbit(-) and anti-mouse(+)
secondary PLA antibodies. (ii) Hur and Trim21 interaction, marked by arrows. The lower
row (iii and iv) shows interaction of rabbit ATP7B and goat VPS35 in HepG2. (iii) Technical
negative control (NC) without primary antibodies probed with only anti-rabbit(-) and anti-
goat(+) secondary PLA antibodies. (iv) ATP7B and VPS35 interaction, marked by arrows.
(G) In-cell crosslinking. (i) Immunoblot showing presence of GFP both in WCL and elute in
the +Cu state at ~>>250 kDa (metabolically crosslinked with photo-amino acids), which

proteins VPS35 and VVPS26, respectively. WCL, whole-cell lysate.
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Fig. 7. Knocking down VPS35 does not affect cell viability but lowersintracellular copper
content.

(A) Graphical representation of cell viability where VPS35 expression was silenced by
lentiviral mediated delivery of sShRNA against VPS35 or not (non-targeting shRNA) as
measured by Neutral Red (NR) assay. The assay was performed in two different copper
conditions (basal and 50uM). Each conditions has four replicates. (B) Intracellular copper
content (ng/g) as measured by ICP-OES in cells subjected to identical knockdown or copper
treatment conditions as of 7A. Each conditions has five replicates (£<0.05). Graphs show
meanzs.d. **£<0.01; ns, not significant (non-parametric Mann-Whitney U test).
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Fig. 8. Schematic representation of recycling of ATP7B between TGN and endolysosomes.
Retromers are recruited on the endolysosomal membrane, which regulates retrograde

transport of vesicularized ATP7B upon copper removal.
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