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Copper is essential in cell physiology, participating in numerous enzyme reactions. In mitochondria, cop-
per is a cofactor for respiratory complex IV, the cytochrome c oxidase. Low copper content is associated
with anemia and the appearance of enlarged mitochondria in erythropoietic cells. These findings suggest
a connection between copper metabolism and bioenergetics, mitochondrial dynamics and erythropoiesis,
which has not been explored so far. Here, we describe that bathocuproine disulfonate-induced copper
deficiency does not alter erythropoietic cell proliferation nor induce apoptosis. However it does impair
erythroid differentiation, which is associated with a metabolic switch between the two main energy-gen-
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GT;?&ﬁ;sis erating pathways. That is, from mitochondrial function to glycolysis. Switching off mitochondria implies
MEN2 a reduction in oxygen consumption and ROS generation along with an increase in mitochondrial mem-
OPA1 brane potential. Mitochondrial fusion proteins MFN2 and OPA1 were up-regulated along with the ability

of mitochondria to fuse. Morphometric analysis of mitochondria did not show changes in total mitochon-
drial biomass but rather bigger mitochondria because of increased fusion. Similar results were also
obtained with human CD34+, which were induced to differentiate into red blood cells. In all, we have
shown that adequate copper levels are important for maintaining proper mitochondrial function and
for erythroid differentiation where the energy metabolic switch plus the up-regulation of fusion proteins
define an adaptive response to copper deprivation to keep cells alive.

© 2013 Elsevier Inc. All rights reserved.

Mitochondrial dynamics

1. Introduction

Copper is an essential transition metal that acts as a cofactor in
many enzymes, playing key roles in cell metabolism and bioener-
getics. Copper is an integral part of the cytochrome c oxidase, the
complex IV (CIV) of the respiratory chain, and it is needed for its
assembly and function [1,2]. Hallmarks of dysfunctional copper
metabolism are the Wilson’s and Menkes diseases that are
inherited disorders [1-3].

Acquired copper deficiency has also been reported and can be
induced by a poor copper and/or high zinc diet as well as condi-
tions like gastric surgery, parenteral nutrition and tube feeding
[4-6]. Clinical manifestations of acquired copper deficiency are
anemia, bone marrow dysplasia, neutropenia and neuromyelopa-
thy [7-10]. Interestingly, the appearance of enlarged mitochondria
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was described in early precursors of bone marrow, in hepatocytes
and myocardium in humans and rats when under copper defi-
ciency [11-14]. All these findings are suggesting a connection be-
tween copper content and bioenergetics, erythropoiesis and
mitochondrial dynamics that has not been explored yet.
Erythropoiesis is highly dependent of mitochondrial metabo-
lism because mitochondria are vital in processes such as energy
production, heme biosynthesis and iron and copper metabolism
[1,15,16]. As a byproduct, a considerable amount of ROS is
generated by the respiratory chain itself and by the Fenton and-
Haber-Weiss reactions. Mitochondria are extremely dynamic
organelles, undergoing frequent fusion and fission events, the so-
called mitochondrial dynamics (MtDy), which regulate their mor-
phology, number and function. In erythropoiesis, there is an initial
increase in mitochondrial number and biomass to accomplish
heme biosynthesis and energy demands, followed by mitophagy
at final stages of maturation [17,18]. Mitochondrial fusion is
dependent on mitochondrial membrane potential (mtAY), GTP,
the proteins mitofusin 1 and 2 (MFN1 and MFN2) and optic
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atrophy 1 (OPA1) in mammals [19]. Proteins involved in fission are
DRP1/DNM1 (dynamin-related protein 1/dynamin 1) and FIS1
(Fission 1 homolog protein) [20,21].

Given that copper is part of CIV and its depletion stimulates the
formation of enlarged mitochondria and induces anemia, we aim
to explore if mitochondrial dynamics alterations are involved in
this phenomenon as well as the bioenergetics of the two energy
metabolic pathways, the oxidative phosphorylation and glycolysis,
in erythropoietic cells.

2. Materials and methods
2.1. Reagents

Most antibodies were from Abcam. MitoTracker Green (MTG),
MitoTracker Red CMXRos (MTR), tetramethylrhodamine methyl
ester (TMRE) and dihydroethidium (DHE) were from Invitrogen.
Polyethyleneglycol 1500 (PEG) was from Roche. Bathocuproine
disulfonate (BCS), rotenone, carbonyl cyanide 4-(trifluorometh-
oxy)phenylhydrazone (FCCP), oligomycin, butyric acid, 3,3',5,5'-
tetramethylbenzidine were from Sigma-Aldrich.

2.2. Cell culture

K562 cells (ATCC) were maintained in RPMI 1640 medium
(Hyclone), supplemented with 10% FBS (Hyclone), penicillin-strep-
tomycin (Invitrogen) and GlutaMAX (Invitrogen). Differentiation
was induced with 0.9 mM butyric acid. Cells expressing hemoglo-
bin were quantitated with benzidine staining.

Human CD34+ cells were isolated using MACS® CD34
Microbead kit (Miltenyi Biotec) from umbilical cord blood and cul-
tured as published [22] in Iscove’s media supplemented with 30%
FBS, penicillin-streptomycin, GlutaMAX, 120 pg/mL human holo-
transferrin (Biological Industries), 3 U/mL EPO (Proscan), 100 ng/
mL SCF (Miltenyi Biotec) and 10 ng/mL IL-3 (Miltenyi Biotec).

2.3. Copper chelation

K562 cells were copper-deprived for 72 h in the presence of 10—
30 M BCS. CD34+ cells were cultured for 3 days after isolation to
allow them to recover and commit into erythroid differentiation.
At day four BCS was added for 72 h.

2.4. Cell lysates and immunoblots

Cells were lysed in 20 mM Hepes pH 6.8, 2 mM EDTA, 150 mM
Nacl, 0.1% SDS, 0.5% Triton X-100, PMSF and HALT protease inhib-
itors (Thermo Scientific), centrifuged 10 min at 17,000 xg. Superna-
tants were subjected to PAGE, then proteins were transferred to
PVDF membranes and subjected to immunoblot detection. To de-
tect respiratory complexes the MitoProfile total OXPHOS human
antibody kit (Abcam) was used. Primary antibodies were detected
with HRP-conjugated secondary antibodies and the Supersignal-
Pico-West kit (Thermo Scientific).

2.5. Confocal imaging and morphometry

Cells were adhered to poly-lysine-coated coverslips, stained
with 120nM MTG for 30 min, rinsed and placed in a
temperature-controlled and CO,-supplemented chamber (Cham-
lide ™ IC, Live Cell Instrument, Inc) under the confocal microscope
Olympus Fluoview 1000. Z-series were acquired with a slice sepa-
ration of 1 uM throughout the entire cell depth. Morphometric
data was extracted with Image ]J: number of mitochondria per cell,
individual mitochondrial size and total mitochondrial area per cell.

CD34+ cell erythroid differentiation was determined by CD71-
FITC (BD Pharmingen) and GPA-PE (Glycophorin A; eBioscience)
staining with confocal imaging and FACS analysis.

Changes in mtAY were determined using TMRE staining in
non-quenching mode. Cells were stained for 30 min with 7 nM
TMRE, single confocal images were acquired and mean fluores-
cence intensity per cell was quantitated using Image J. TMRE signal
was also quantitated by FACS analysis.

2.6. Determination of cellular and mitochondrial ROS levels

Cells were stained with the cellular ROS marker DHE at 10 pM,
or with the superoxide-sensitive dye Mitosox red, at 5 uM, for
20 min, rinsed with PBS and fluorescence intensity was detected
by FACS and confocal microscopy. Intensity of Mitosox red was
normalized to TMRE intensity.

2.7. FACS analysis

To detect cell death, cells were rinsed once with 10 mM Hepes,
pH 7, 170 mM NaCl and incubated with 3 uL APC-Annexin V (BD
Biosciences) and 30 pg/mL 7-aminoactinomycin D (7-AAD, BD Bio-
sciences) for 15 min. To detect oxidative stress, cells were stained
with 10 uM DHE or 5 pM Mitosox red (Invitrogen). Fluorescence
was read using Accuri C6 cytometer (BD Biosciences) and analyzed
using FCS Express (De Novo Software).

2.8. PEG-induced fusion assay

This assay was done as in Song et al., [23]. After 72 h BCS treat-
ments, aliquots of 10° cells were stained with either MTG or MTR
for 30 min, rinsed with PBS, mixed and allowed to fuse in the pres-
ence of 200 pL of 50% PEG for 1 min, then culture medium was
added. After 6 h recovery images were acquired under epifluores-
cence microscope, including ~100 cells for each treatment. Mito-
chondrial fusion was scored visually according to the overlap of
red and green signals, and classified in four categories, 0% (no fu-
sion), <50% (most mitochondria not fused), >50% (most fused)
and 100% fusion (full overlap). Results from 3 independent exper-
iments were pooled and analyzed statistically.

2.9. Oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR)

Cell respiration and media acidification were measured with
the XF24 (Seahorse Inc), as described in [24]. Briefly, cells were pla-
ted at 80,000 cells/well in poly-lysine-coated XF V7-PS plates and
measurements were made. After obtaining basal respiration,
150 nM FCCP was added to measure maximal respiration, followed
by 1pM oligomycin. Then, 2 uM rotenone/myxothiazol were
added to determine the non-mitochondrial respiration.

2.10. Statistics

Statistical analyses were performed with Graphpad Prism
(Graphpad Software) with significance set at p < 0.05. Unpaired
Student’s t-test was used when comparing 2 average values. One
way-ANOVA, when comparing 3 or more average values followed
by Tukey’s multiple comparison test, and linear regression when
compared proliferation curves. Frequency distribution data from
PEG-fusion assays as well as from mitochondrial confocal micros-
copy were analyzed through contingency tables and a chi-square
test.



428 R.I. Bustos et al./Biochemical and Biophysical Research Communications 437 (2013) 426-432

3. Results

3.1. Effect of copper deprivation on cellular parameters and
mitochondrial morphology

To study the effects of copper deprivation on mitochondrial
physiology, we used the copper chelator BCS, a hydrophilic mole-
cule that has been widely used to chelate extracellular copper with
low or no cytotoxicity in cell culture experiments [25]. We per-
formed a BCS dose-response experiment in K562 cells to assess
proliferation, apoptosis, cellular death and the ability to differenti-
ate into erythroid cells. Proliferation decreased a 25% while apop-
tosis and cellular death were below 3% after 72 h. at 30 uM BCS.
Although a decrease was observed in proliferation and an increase
in apoptosis and cellular death, especially at higher BCS concentra-
tions, changes in those parameters were not significantly (p > 0.05)
different (Fig. 1A and B). However, butyrate-induced cell differen-
tiation was significantly reduced (p < 0.05) in about 40% at 10 uM
BCS treatment after 3 or 5 days post-induction (Fig. 1C).

Since copper deprivation was reported to generate enlarged
mitochondria [11], we studied mitochondrial morphology and bio-
mass by confocal microscopy. After image analysis and 3D recon-
struction (Fig. 1 D), mitochondria from 10 uM BCS treated cells
were slightly fewer and bigger (Fig. 1E and F) than control cells.
Frequency distribution analysis of area of individual mitochondrial
units showed, however, that the differences were significant
(p <0.05, chi® test) (Fig. 1F). Total mitochondrial area per cell
was not significantly different between BCS-treated and control
cells (Fig. 1G).

3.2. Expression of OXPHOS and MtDy proteins under copper
deprivation

Copper deficiency is known to decrease CIV expression and
activity [11,26-28]. Thus, we assessed BCS treatment effects on
mitochondrial function. As seen in Fig. 2A and B, protein levels of
CIV were greatly decreased (45% of control, p < 0.05) in BCS treated
cells as compared to controls. In addition, levels of complex I and I
were elevated (150% and 200% of control). No changes were de-
tected in levels of complexes IIl and V.

To understand the mechanism behind the enlarged mitochon-
drial phenotype when under copper deprivation, we analyzed the
expression of MtDy proteins as well as proteins related to mito-
chondrial biogenesis such as PGC-1a and porin. Interestingly, the
fusion proteins MFN2 and OPA1, were significantly (p < 0.05) up
regulated a 200% and 40% respectively, in copper-depleted cells.
On the other hand, FIS1 and DRP1, the fission proteins, did not
change significantly (Fig. 2C and D). Our results also showed that
copper depletion does not induce mitochondrial biogenesis
(Fig. 2C and D). These results are consistent with our confocal
analysis.

Since MFN2 and OPA1 levels were elevated in copper-deprived
cells, we next investigated whether the mitochondrial fusion rate
was affected. Mitochondrial ability to fuse was assessed in PEG-in-
duced cybrids. After 6 h post PEG-induced cytoplasmic fusion, we
classified cells into 4 categories according to the extent of mito-
chondrial fusion (Fig. 2E). Frequency distribution analysis showed
significantly (p < 0.05) more mitochondrial fusion in BCS-treated
cells as compared to control cells (Fig. 2 F).
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Fig. 2. Effect of copper depletion on mitochondrial proteins. (A) Immunoblots showing OXPHOS complex proteins in extracts from control or BCS-treated cells. Ponceau S-
stained membrane is shown as a loading control. (B) Densitometry quantitation showing protein levels detected in copper-depleted cells, expressed as relative values over
protein levels in control extracts (n = 3, “indicates p < 0.05, compared to control). (C) Immunoblot detection of mitochondrial proteins in control and 10 M BCS-treated cells.
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fusion. Images of control single cells from each category: 0% fused mitochondria, <50% fused, >50% fused and 100% mitochondrial fusion. (F) Quantitation of mitochondrial

fusion, average + SD of the percentage of cells within each category (n =3).

3.3. Bioenergetics parameters

We measured oxygen consumption, glycolysis, mtAW and ROS.
In BCS-treated cells, basal and maximal respiration (FCCP-stimu-
lated) were significantly (p < 0.05) decreased (Fig. 3A and B) in
up to 50% while basal glycolysis was significantly (p <0.05)
increased (Fig. 3A and B) in up to 100% in a BCS-dose response
manner. This represents a metabolic switch from the mitochon-
drial towards the glycolytic energy-generating pathways. Maximal
glycolytic rate (FCCP-stimulated) was decreased (p < 0.05) by BCS
in a dose-dependent manner in up to 30% as compared to control
cells (Fig. 3A and B). A decreased respiration allowed to build up
the mtA¥Y (TMRE fluorescence) (p <0.05) and to reduce the
amount of ROS (Mitosox for mitochondrial ROS; DHE for total
ROS) also in a BCS dependent manner (p < 0.05). This was observed
both in confocal microscopy (Fig. 3C), FACS (Fig. 3D) and the
Oxyblot technique (data not shown), which detects carbonyl
groups in proteins. These results are consistent with a shut down
in mitochondrial metabolism due to an inhibition of respiratory
chain function in copper-depleted cells.

3.4. Copper effects on human CD34+ cells

We have described the effects of lack of copper on the erythro-
poietic K562 cells, a cancer cell line. To validate our results in pri-
mary cells, we exposed human CD34+ cells to BCS and measured
its effect on mtAW and their ability to differentiate. Interestingly,
mtAWY significantly increased (p <0.05) in a BCS-dose response
manner as measured by confocal microscopy (Fig. 4A and B) and
FACS (Fig. 4C). Furthermore, copper-depleted cells showed a

significant (p < 0.05) inhibition of differentiation into the red line-
age (Fig. 4D and E) given by an increase in R1 population (p < 0.05)
and a decrease in R3 and R4 populations (p < 0.05). Erythroid dif-
ferentiation was analyzed by the expression of the surface markers
CD71 and GPA and quantified by FACS (Fig. 4D and E) where R1
represents undifferentiated cells (CD34+, CD71—, GPA-) and R4
(CD71++, GPA++), differentiated hemoglobin-containing cells. We
also show representative images obtained by confocal microscopy,
as well as FACS plots (Fig. 4D).

4. Discussion

Anemia and myelodysplastic syndromes are two common
pathologies associated with acquired copper deprivation
[6,7,10,4]. Several reports have pointed out when cells are under
copper deficiency, mitochondria change their morphology toward
an enlarged phenotype [11-13,29]. Moreover, the expression and
activity of CIV is decreased [11,28,30-32]. Mitochondria are
essential for erythropoiesis because of, besides accomplishing en-
ergy demands, they are involved in heme biosynthesis [15,16].
Thus, copper emerges as an essential cofactor, which is regulating
mitochondrial morphology and function and erythropoiesis. There-
fore, we wanted to study the effects of copper deprivation at the
level of mitochondrial dynamics and bioenergetics in erythropoi-
etic cells.

Initial stages of erythroid progression are characterized by an
increase in mitochondrial biogenesis [33-35] and fragmentation
of mitochondrial web through up-regulation of FIS1 (our unpub-
lished results) to achieve heme biosynthesis and later on autoph-
agy at the end of erythroid maturation [36,37]. In this regard,
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formation of enlarged mitochondria when under copper depriva-
tion could be due to an inhibition of fission events. However, our
results clearly show when erythropoietic cells are copper deprived,
MFN2 and OPA1 become up-regulated and functional to promote
fusion. Increased fusion is thought to obey to energy requirements
of the cell, availability of nutrients and health state of mitochon-
dria [38]. Our results from mitochondrial morphology studies, even
though significant, did not show the expected enlarged phenotype
in copper depleted cells. In this regard, confocal microscopy may
not be able to account for the real differences between normal
and enlarged mitochondria, given its diffraction limit of 250 nm,
which makes small organelles look bigger due to diffraction blur
[39]. Copper deficiency did not alter erythropoietic cell prolifera-
tion and did not induce apoptosis in K562. Similar results were re-
ported for HL60 cells, a white blood cell lineage [40] and
hematopoietic cells [33]. However, it does impair erythroid differ-
entiation in both K562 and CD34+ cells. Bioenergetics analysis of
BCS-treated cells showed CIV levels were strongly reduced with a
concomitant decrease in the basal and maximal respiration,
accounting for a mitochondrial dysfunction. Given that erythropoi-
esis is highly dependent on mitochondrial function, our results
agree with published literature on mitochondrial impairment and
disruption of erythropoiesis in copper-deficient animals [33-35].
Copper deficiency-induced mitochondrial dysfunction was also
associated with a loss in mtAY in cardiac mitochondria [27] and
in the C2C12 skeletal muscle cell line [28]. Interestingly, our results
showed the opposite results. mtAW was increased in a BCS dose
dependent manner. Furthermore, cells showed an overall reduc-
tion in mitochondrial and cellular ROS and, in parallel, glycolysis
was turned on. These results suggest that erythropoietic cells un-
der copper deprivation make a metabolic switch from mitochon-
drial energy generation to glycolysis. This metabolic switch may
allow them to survive while waiting for better environmental
and/or nutritional conditions to move forward into differentiation.
In addition, it may help to keep progenitors in an undifferentiated
state [41]. It was reported that progenitor cells base most of their
energy metabolism on glycolysis to avoid mitochondrial ROS pro-
duction. Actually, the respiratory chain was reported not to work
and mtAY was sustained by the ATP synthase in reverse mode
[42]. Beyond the basal glycolytic flux, we also show that maximal
glycolytic rate is negatively affected by copper deprivation in a
dose response manner. These results are supported by studies in
copper-deficient mice cerebellum, which presented significantly
higher concentrations of glucose and glucose-6-phosphate as com-
pared to control animals, indicating that glycolytic metabolism is
impaired [32]. Gybina et al. [32] hypothesized that higher levels
of sugar might be due to an increase in NADPH/NADP+, and Rov-
etto et al. [43] reported inhibition of glycolysis by lactate accumu-
lation. In our understanding, the significant low levels of ROS found
in erythropoietic cells under copper deprivation, might alter the
cytosolic redox environment which in turn might disrupt the
NAD+ regeneration and then inhibit glycolysis.

In all, we have shown that adequate copper levels are important
for maintaining proper mitochondrial function and for erythroid
differentiation. Erythropoietic cells will respond to copper depriva-
tion by turning mitochondria off, switching their metabolism to-
ward glycolysis. The fact that mitochondria are able to adjust
their own metabolism, including the up-regulation of MFN2 and
OPA1 to keep the cell alive is what we have called mitochondrial
adaptive responses and we believe it opens a new field in the
understanding of mitochondrial physiology.
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