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ABSTRACT

E

rythroblast maturation in mammals is dependent on organelle
clearance throughout terminal erythropoiesis. We studied the role
of the outer mitochondrial membrane protein voltage-dependent
anion channel-1 (VDAC1) in human terminal erythropoiesis. We show
that short hairpin (shRNA)-mediated downregulation of VDAC1 accelerates erythroblast maturation. Thereafter, erythroblasts are blocked at
the orthochromatic stage, exhibiting a significant decreased level of
enucleation, concomitant with an increased cell death. We demonstrate
that mitochondria clearance starts at the transition from basophilic to
polychromatic erythroblast, and that VDAC1 downregulation induces
the mitochondrial retention. In damaged mitochondria from non-erythroid cells, VDAC1 was identified as a target for Parkin-mediated ubiquitination to recruit the phagophore. Here, we showed that VDAC1 is
involved in phagophore’s membrane recruitment regulating selective
mitophagy of still functional mitochondria from human erythroblasts.
These findings demonstrate for the first time a crucial role for VDAC1
in human erythroblast terminal differentiation, regulating mitochondria
clearance.
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Introduction
https://doi.org/10.3324/haematol.2020.257121
Mature erythrocytes result from a finely regulated process called erythropoiesis,
producing two million erythrocytes every second in healthy human adults.1 In
mammals, during the late stages of terminal erythroid differentiation, erythroblasts expel their nuclei and lose their organelles including the Golgi apparatus,
endoplasmic reticulum (ER), ribosomes and mitochondria.2 Organelles can be
eliminated by the general process of macro-autophagy. This process is initiated by
the formation of a double membrane structure called phagophore, engulfing cytoplasmic material to form the autophagosome which fuses with a lysosome for
degradation.3 Alternatively, mitochondria can be eliminated by a selective
autophagic process called mitophagy, in which outer mitochondrial membrane
(OMM) proteins act as signals to recruit the phagophore membrane.4 In erythroid
progenitors, much work has shown that autophagy is essential for the organelle
removal that occurs during reticulocyte maturation.5,6 Notably though, the majority of these studies were performed in human progenitors that had already
reached the reticulocyte stage of differentiation or in genetic mouse models that
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were deleted for different proteins involved in
phagophore formation (i.e., Ulk1, Atg4, Atg7). In these
latter models, the importance of autophagy in murine
erythroid differentiation was demonstrated by the finding that the delayed clearance of mitochondria and ribosomes is associated with anemia.7-11
Mitophagy results from the binding of adaptors to LC3
(microtubule-associated protein 1 light channel 3B, also
known as ATG8) within the growing autophagosome.
Once associated with phosphatidyl ethanolamine (PE),
LC3-II (PE-conjugated LC3) enables the elongation and
maturation of the phagophore that is recruited to ubiquitin-covered mitochondria through interaction with the
LIR (LC3-interacting region) motif of mitophagy adaptors. An autophagosome is then built around mitochondria that are finally degraded following autophagosomelysosome fusion. Mitophagy can also occur in an ubiquitin-independent manner following accumulation of
OMM proteins such as NIX/BNIP3L,12 bringing together
autophagosomal membranes and mitochondria via their
LIR motif.4 In this regard, it is interesting to note that the
absence of NIX results in mitochondrial retention and
anemia in mice.12-14
The PINK1/Parkin pathway is one of the best-characterized pathways of mitophagy. In healthy functional
mitochondria, PTEN-induced putative kinase 1(PINK1) is
addressed to the OMM. Once translocated to the inner
membrane, this protein is cleaved and targeted for degradation by the proteasome. However, on defective mitochondria, there is an accumulation of PINK1 which
results in the translocation of Parkin, an E3 ubiquitin ligase, and the subsequent clearance of damaged mitochondria by mitophagy.15-17
At the surface of damaged mitochondria, Parkin interacts with OMM proteins among which voltage-dependent anion channels (VDAC). Furthermore, in the absence
of all three VDAC, mitophagy has been shown to be
impaired, at least in certain cell types.18-20
VDAC1 is a ubiquitous OMM protein involved in different pathways including apoptosis,21,22 mitochondrial
cristae scaffold,23 and nucleotide transport.24,25 Its role in
erythropoiesis is unknown, but transcriptomic and proteomic data could suggest a role at the terminal differentiation.26,27 Using a short hairpin RNA (shRNA) approach,
we find that downregulation of VDAC1 results in a
blockage in erythroid progenitor differentiation at the
orthochromatic erythroblast stage, exhibiting a significantly decreased level of enucleation and cell death.
Furthermore, we show that the clearance of mitochondria from terminal erythroblasts is dependent on VDAC1,
starting at the polychromatic erythroblast stage of differentiation. VDAC1 plays a crucial role to initiate the
recruitment of phagophore’s membrane, necessary to
achieve an efficient maturation of human red blood cells.

Methods
CD34+ cells isolation and ex vivo erythroid
differentiation
CD34+ cells were isolated from cord blood and cultured following a human ex vivo differentiation protocol as previously
described28 (see the Online Supplementary Appendix). The experimental protocol was approved by ethical committees from the
Inspire H2020 program (agreement 655850) and from INTS
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(2019-1), additional information is included in the Online
Supplementary Appendix.

Transduction of CD34+ progenitors
Cells undergoing erythroid differentiation were transduced at
day 4 of erythroid differentiation with lentiviral vectors (MISSION® pLKO.1) containing scrambled shRNA (shSCR) or
shRNA targeting VDAC1 (shVDAC1) (TRCN0000297481)
upstream of the EGFP transgene, at a MOI of 10 (Online
Supplementary Figure S1A). Transduction efficiency was evaluated by the percentage of EGFP+ cells after 72 hours (h) and EGFP+
cells were sorted using the cell sorter SONY SH800.

Flow cytometry-based analysis of erythroid
differentiation
Cells were analyzed for surface markers expression, mitochondrial content and the presence of a nucleus, starting at day
7. Briefly, 105 cells were stained with 250 nM MitoFluor and
Hoechst 34580 in media for 30 minutes (min) at 37°C. Cells
were washed and subsequently stained with fluorochrome-conjugated antibodies against glycophorin A (GPA), Band3 and a4integrin in phosphate-buffered saline (PBS) 2% bovine serum
albumin (BSA), for 30 min at 4°C. Cells were washed once with
PBS and 7-AAD was added prior to acquisition to exclude dead
cells. Cells were analyzed using a BD FACSCanto™ (BD
Biosciences), data were acquired with Diva software and analyzed using FCS express 6 Flow Research Edition software.

Enucleation assay by imaging flow cytometry
Orthochromatic erythroblasts were sorted at day 12 as previously described.28 Cells were maintained in culture for 1 day in
phase III medium before staining with 1 mg/mL Hoechst 34580
and anti-GPA antibody. Nucleus polarization was analyzed by
Amnis® Imaging Flow Cytometer. Approximately 10,000
events were collected and the “delta centroid GPA-Hoechst” was
calculated as the distance of the center of the GPA-labeled erythroblast from the center of the Hoechst-labeled nucleus. A
threshold of 2 for the delta centroid (DC) was fixed in order to
discriminate between a polarized and non-polarized nucleus.
Analysis was performed using the IDEAS 6.2 software.29

Other standard methods
Quantitative real-time polymerase chain reaction (qRT-PCR),
antibodies and dyes, May-Grünwald-Giemsa (MGG)-based
identification of erythroblasts stage, apoptosis assay, reactive
oxygen species (ROS) detection, mitochondrial respiration
analysis, immunoblotting, immunolabeling for confocal
microscopy, ATP measurement, electron microscopy, K562 cell
culture, image stream co-localization and statistical analysis are
fully described in the Online Supplementary Appendix.

Results
shRNA-mediated knockdown of VDAC1 results in an
accelerated erythropoiesis until the orthochromatic
erythroblast stage of differentiation
In order to assess the specific effects of VDAC1 during
erythroid differentiation, we pursued a shRNA-mediated
knockdown approach. CD34+ cells were transduced at
day 4 of differentiation with a shSCR or a shVDAC1
lentiviral vector, both harboring the EGFP transgene
(Online Supplementary Figure S1A), and EGFP+ cells were
sorted at day 7 (Figure 1A). Knockdown efficiency was
assessed at day 10 and a significant downregulation of
haematologica | 2022; 107(1)

VDAC-driven mitophagy in human erythropoiesis

VDAC1 expression, both at the mRNA (53.6 ± 7.6%) and
protein level (78.5 ± 5.9%) was observed as compared to
shSCR-transduced cells (Online Supplementary Figure S1B
and C). Of note, no significant difference was observed in
the mRNA expression of two other VDAC, VDAC2 and

VDAC3, confirming the specificity of the shRNA construct (Online Supplementary Figure S1D).
The effect of VDAC1 downregulation on erythroblast
maturation was assessed by quantifying the percentages
of erythroblasts at different stages of differentiation, as
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Figure 1. VDAC1 knockdown in human erythroid progenitors accelerates erythroid differentiation. (A) Schematic of the ex vivo erythroid differentiation protocol following short hairpin RNA (shRNA)-mediated downregulation of VDAC1. CD34+ progenitors were isolated from cord blood and transduced at day 4 with a lentiviral vector harboring either the VDAC1 shRNA or scramble shRNA (shSCR), together with the EGFP transgene. EGFP+ cells were sorted at day 7 and differentiated until day
17. (B) Representative May-Grünwald-Giemsa (MGG) images of erythroid progenitors and quantification of cells at different stages of differentiation are shown for
day 7 and (C) day 10 of differentiation (n=3). Scale bar =20 mm. (D) Representative a4-integrin/Band3 flow cytometry profiles of GPA+ cells at day 10 are shown,
allowing different stages of differentiation to be distinguished. (E) Band3 and (F) a4-integrin surface expressions were evaluated on glycophorin A positive (GPA+)
cells following introduction of shSCR (black) and shVDAC1 (red) at days 8, 10, 14, and 16 of erythroid differentiation. The percentages at each time point were quantified and means ± standard error are shown (n=9). (G) Erythroblast proliferation in control progenitors and shVDAC1-transduced progenitors was monitored at days
7, 10, 14 and 17 (n=4). *P<0.05, **P<0.01, ***P<0.001. CBMC: cord blood mononucleated cells; shVDAC1: VDAC1 shRNA; D: day. ProE: proerythroblast; BasoE:
basophilic erythroblasts; PolyE: polychromatic erythroblasts; OrthoE: orthochromatic erythroblasts; Retic: reticulocytes.
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monitored by MGG coloration. VDAC1 downregulation
did not alter erythroid differentiation before 3 days posttransduction (D7) (Figure 1B). However, by day 10 of differentiation, shVDAC1 transduced cells exhibited an
accelerated terminal differentiation as compared to control cells, shown by a significantly higher percentage of
orthochromatic erythroblasts as compared to earlier
basophilic and polychromatic erythroblasts (Figure 1C).
These data were confirmed by evaluating a4integrin/Band3 profile by flow cytometry allowing the
terminal stage of differentiation to be distinguished as
previously described28 (Figure 1D). Consistent with the
data above, shVDAC1-transduced progenitors showed
no difference in Band3 expression (Figure 1E) but a significantly decreased levels of a4 integrin, a marker which is
lost during terminal differentiation, as compared to
shSCR-transduced cells (Figure 1F). Furthermore, we
observed a decreased proliferation rate in shVDAC1transduced cells starting at day 10 (Figure 1G). Altogether,
these data point to the importance of VDAC1 in regulating terminal erythroid differentiation.

VDAC1 downregulation impairs erythroblast
enucleation
The main morphological feature of terminal mammalian
erythroid differentiation is the enucleation, leading to the
production of a reticulocyte and a pyrenocyte from an
orthochromatic erythroblast. Despite the accelerated differentiation observed in shVDAC1-transduced cells,

A

C

orthochromatic erythroblast percentage was increased
whereas reticulocyte level was significantly decreased
from day 14 until day 17 as evaluated by MGG coloration
(Figure 2A and B) as well as Hoechst staining (Figure 2C).
Enucleation starts with the polarization of the nucleus
towards the plasma membrane, allowing the separation
of the nucleus from the yet-to-be formed reticulocyte by
a mechanism similar to cytokinesis.30 In order to assess
whether the decrease in enucleation in shVDAC1-transduced cells was due to an impairment in the polarization
of the nucleus, we sorted orthochromatic erythroblasts at
day 12 of differentiation and analyzed these cells by
imaging flow cytometry 24 hours (h) later. We measured
the distance between the center of the cell and the center
of the nucleus (delta centroid XY from the IDEAS software). No significant differences in delta centroid XY
were observed between shVDAC1- and shSCR-transduced cells, suggesting that VDAC1 downregulation does
not block the polarization of the nucleus (Online
Supplementary Figure S2).
In order to assess whether the block in enucleation
affects cell viability, we evaluated the level of apoptosis
as a function of annexin V staining of exposed phosphatidylserine. While annexin V staining was not altered
in shVDAC1-transduced cells as compared to shSCRtransduced cells at days 7 and 10 of differentiation, levels
were significantly higher at days 14 and 17, strongly suggesting that an attenuated enucleation was associated
with apoptosis (Figure 2D).

B

D

Figure 2. Enucleation is impaired in short hairpin VDAC1-transduced erythroid progenitors. (A) The progression of terminal erythroid progenitors to the reticulocyte
stage of differentiation was evaluated following scramble shRNA (shSCR) and VDAC1 shRNA (shVDAC1) transduction. Representative May-Grünwald-Giemsa (MGG)
images (left) and quantification of the different progenitor stages (right) at day 14 and (A) day 17 (B) are presented and means ± standard error (SE) are shown.
Scale bar =20 mm. (C) The percentages of enucleated cells (glycophorin A postive [GPA+], Hoechst- cells) were quantified by flow cytometry at day 10, 14 and 17 of
differentiation (n=4) and means ± SE are shown. (D) Apoptosis was evaluated by annexin V staining and the quantification of annexin V+ cells is presented at day 7,
10, 14 and 17 (n=3). *P<0.05, **P<0.01, ****P<0.0001. BasoE: basophilic erythroblasts; PolyE: polychromatic erythroblasts; OrthoE: orthochromatic erythroblasts; Retic: reticulocytes.
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Mitochondrial biomass remains elevated in
shVDAC1-transduced erythroblasts
In mammals, mature red blood cells are devoid of mitochondria. However, mitochondria can still be found at the
reticulocyte stage in many mammalian species such as
rabbits, dogs, rats, mice and humans.5,31-33 As expected, we
detected a progressive decrease in mitochondrial biomass
during erythroblast maturation, with a first major
decrease in the transition between basophilic and polychromatic stages and a second between polychromatic
and orthochromatic stages (Figure 3A). At day 10 of differentiation the mitochondrial marker TOM40 was
detected at significantly higher levels in shVDAC1-transduced cells by western blot analysis (2.6±0.6-fold, n=5;
Figure 3B). As VDAC1 downregulation alters the kinetics
of differentiation, difference on protein expression at day
10 could results from a different proportion of erythroblastic stages. For this reason, mitochondrial biomass was
assessed by flow cytometry in the different stages based
on a-4integrin/Band3 profile as previously described.
Mitochondrial biomass was significantly higher in
shVDAC1-polychromatic and orthochromatic erythroblasts as compared to shSCR-transduced erythroblasts
(Figure 3C). Importantly, these differences were associated with late stages of differentiation as there was no
change in mitochondrial biomass in earlier basophilic erythroblasts. Although shSCR transduced cells progressively eliminate mitochondria at each differentiation stage,
our data point to a defect in mitochondrial clearance dur-

A

ing the transition between basophilic and polychromatic
erythroblasts in conditions of VDAC1 downregulation.

VDAC1 regulates mitochondrial morphology and
oxidative phosphorylation in terminal erythroblasts
In order to evaluate mitochondrial function in
shVDAC1-transduced erythroblasts, we first evaluated
the structural morphology of mitochondria by transmission electron microscopy at day 10 of differentiation
(Figures 4A; Online Supplementary Figure S3). In contrast
with the normal ultrastructural morphology detected in
shSCR-transduced cells, shVDAC1-transduced cells
exhibited swollen mitochondrial cristae (Figure 4A and
B) with a significantly increased percentage of rounded
as compared to elongated mitochondria (P<0.0001,
Figure 4A to C). These data are in agreement with a published role of VDAC1 OMM-IMM contacts sites in
cristae structuration.23 Interestingly, we also observed a
reduced number of ER-mitochondria contact sites in
shVDAC1-transduced cells (Figure 4D). As these mitochondrial associated membranes have been shown to
recruit signaling molecules such as mTOR, GSK3 and
hexokinase I, thereby increasing oxidative phosphorylation,34 it was of interest to evaluate mitochondrial function in erythroblasts with downregulated VDAC1.
Notably, shVDAC1-transduced erythroblasts exhibited a
significantly decreased oxygen consumption rate, evaluated as a function of mitochondrial biomass (Figure 4E).
This measure, quantifying oxidative phosphorylation

B

C

Figure 3. VDAC1 downregulation causes a retention of mitochondria in late stage erythroblasts. (A) Mitochondrial mass was measured by Mitofluor staining in erythroblasts at different stages of terminal differentiation and representative histograms (left) and quantification of the mean fluorescence intensity (MFI) are shown
(n=5) (right). (B) Levels of the mitochondrial protein TOM40 were quantified by immunoblot at day 10 of differentiation and representative blots (left) as well as normalization to b-actin (right) are presented. Levels in control cells was arbitrarily set at “1” (n=5). (C) Mitochondrial content of erythroblasts at day 11 of differentiation
was evaluated by Mitofluor staining on basophilic (BasoE), polychromatic (PolyE) and orthochromatic (OrthoE) erythroblasts and MFI in progenitors transduced with
scramble shRNA (shSCR) (black dots) and VDAC1 shRNA (shVDAC1) (red dots) transduced cells are presented (n=5). Gates for erythroblasts populations are based
on a4-integrin/Band3 profiles as shown in Figure 1D. *P<0.05, **P<0.01. ProE: proerythroblast.
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(OXPHOS), was lower in shVDAC1-transduced erythroblasts for both basal levels and maximal respiration
(Figure 4F). In accord with the lower OXPHOS, intracellular ATP levels were significantly lower in shVDAC1transduced cells than control cells (Figure 4G). We also
measured mitochondria membrane potential and ROS
accumulation at day 10 and showed no difference in cells
transduced with shVDAC1 compared to the shSCR
(Online Supplementary Figure S4), suggesting an adaptation of the cell to compensate for mitochondria changes
of metabolism upon VDAC1 downregulation. Thus,
decreased expression of VDAC1 attenuates mitochondr-

ial function, resulting in a diminished energetic state of
the differentiating erythroblast.

Delayed mitochondrial clearance in late-stage erythroblasts with downregulated VDAC1 is due to a
defective recruitment of autophagosomal membranes
Given that VDAC1 has been shown to regulate
mitophagy in non-erythroid cell lines,18-20 we hypothesized
that VDAC1 downregulation could impair mitophagy in
human erythroblasts as well. While the autophagy-mediated lipidation of LC3-I to LC3-II in the autophagosome
membrane was not altered upon VDAC1 downregulation
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Figure 4. Mitochondria morphology is altered and oxidative phosphorylation is attenuated upon VDAC1 downregulation. (A) Sample transmission electron
microscopy (TEM) images of erythroblasts at day 10 (D10) of differentiation (black arrows show endoplasmic reticulum [ER]-mitochondria contact site) with swollen
cristae indicated by red arrows. Scale bar =200 nm. (B) TEM-based quantification of the percentage of altered cristae and (C) number of rounded (white) and elongated (black) mitochondria by mm2 are presented. (D) The number of mitochondria-ER contact site by mm2 is presented. Quantification in 20 cells for panels B and C
and nine different cells for panel D. *P<0.05, ***P<0.001, ****P<0.0001. (E) Oxygen consumption rates (OCR) were monitored in the indicated populations at
D10 of differentiation by Seahorse technology and representative profiles are formed (n>3 technical replicates). Data were normalized to mitochondrial quantity
using mean fluorescence intensity (MFI) values of mitotracker deep red previously measured by flow cytometry. (F) Basal and maximum respiration were quantified
with levels in control cells arbitrarily set at “1” (n=3). (G) Intracellular ATP in scramble shRNA (shSCR) and VDAC1 shRNA (shVDAC1)-transduced erythroblasts was
evaluated at D10 of differentiation by luminometry with levels in control cells arbitrarily set at “1” (n=3). Data are presented as means ± standard error. *P<0.05,
***P<0.001.
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Figure 5. Autophagy is impaired in VDAC1 scramble short hairpin RNA-transduced cells. (A) Schematic representation of the role of the PINK1/Parkin and NIX pathways in mitochondrial degradation. (B) LC3-I and LC3-II levels were evaluated in scramble shRNA (shSCR) and VDAC1 shRNA (shVDAC1)-transduced erythroblasts at
day 10 (D10) and representative immunoblots are presented (left). LC3-II levels were normalized to b-actin with levels in control cells arbitrarily set at “1” (n=5) (right).
(C) p62 levels were monitored and representative immunoblots (left) and quantifications (right) are presented. p62 levels were normalized to b-actin with levels in
control cells arbitrarily set at “1” (n=6). (D) p62 protein level was evaluated by flow cytometry on basophilic (BasoE), polychromatic (PolyE) (n=8) and orthochromatic
(OrthoE) (n=3) and mean fluorescence intensity (MFI) of shSCR (black dots) and shVDAC1 (red dots) are presented with levels in control cells arbitrarily set at “1”.
Gates for erythroblasts populations are based on a4-integrin/Band3 profiles as shown in Figure 1D. *P<0.05. (E) Co-localization of LC3 and TOM22 was monitored
by confocal microscopy and representative images are shown. Scale bar =3 mm. (left) The Pearson coefficient between LC3 and TOM22 are presented for 30 cells
in a representative experiment (n=3) (right). *P<0.05, **P<0.01, ****P<0.0001. ns: non-significant.
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(Figure 5B), there was a significant accumulation of p62,
an adaptor protein that allows bridging between the ubiquitinated cargos and the phagophore membrane35 (Figure
5A to C). Furthermore, p62 expression was detected by
flow cytometry in different stages on fixed cells stained
with a4-integrin and Band3 antibodies. As well as for
mitochondrial content, a significant increase in p62 was
observed at polychromatic and orthochromatic stages in
shVDAC1-transduced cells (Figure 5D).
After engulfment of the mitochondria, the autophagosome usually fuses with a lysosome, leading to the degradation of the mitochondria along with the adaptor proteins (Figure 5A). In order to decipher whether p62 accumulation was due to a stabilization at MOM on ubiquitinated proteins or to a defect in mitophagy completion by
lysosomal degradation, we studied the autophagosomal
membrane recruitment to mitochondria by immunofluorescence. We observed a significant decreased co-localization between autophagosomal LC3-II and the mitochondrial marker TOM22 in shVDAC1-transduced cells
(P<0.01; Figure 5E), suggesting a defect in the phagophore
membrane recruitment and consequently a defect in
mitophagy completion.
In order to assess the specificity of our results, we constructed shSCR-K562 and shVDAC1-K562 stable cell
lines and transfected shSCR-K562 cells with a small interfering RNA (siRNA) against VDAC1 (siVDAC1-K562).
We confirmed VDAC1 downregulation by western blot
(Online Supplementary Figure S5A), and showed, as for differentiating erythroblasts, no difference in LC3 activation
(Online Supplementary Figure S5B) and an increase in p62
protein level (Online Supplementary Figure S5C). We also
observed a decrease of LC3/TOM22 co-localization in
shVDAC1-K562 and siVDAC1-K562, which indicates
that the recruitment of the phagophore membrane to the
mitochondria was impaired upon VDAC1 downregulation (Online Supplementary Figure S5D). These data confirmed that VDAC1 downregulation in K562 erythroid
cells recapitulates the phenotype observed on VDAC1downregulated erythroblasts.

PINK1 protein level is reduced upon VDAC1
downregulation
The phagophore recruitment is dependent on the stabilization of some specific MOM proteins and direct or
indirect interaction with lipidated LC3 (Figure 5A). We
first evaluated NIX levels, previously identified in mouse
reticulocytes as being critical for the recruitment of
autophagosomal
membranes
and
appropriate
mitophagy.36 Notably, we detected no significant decrease
in neither NIX dimers nor NIX transcripts in human erythroblasts with decreased VDAC1 expression (Online
Supplementary Figure S6). We then studied the second
main mitophagy induction pathway and observed a significant decrease of full-length PINK1 protein level in
shVDAC1-transduced bulk erythroblasts at D10 by western blotting (Figure 6A). PINK1 expression was then evaluated by flow cytometry on basophilic, polychromatic
and orthochromatic erythroblasts based on the a4-integrin and Band3 expression pattern. We confirmed a significant decrease of PINK1 level starting from the polychromatic stage (Figure 6B), in line with the differences of
mitochondrial mass and p62 expression.
We next confirmed the reduction of PINK1 protein level
upon VDAC1 downregulation in K562 cell lines (Figure
174

6C). Furthermore, we observed a reduction of the mitochondrial localization of PINK1, as shown by the reduction of PINK1/TOM22 co-localization in shVDAC1-K562
cells (Figure 6D). Finally, we observed a decrease of the
phagophore recruitment to the mitochondria when
downregulating PINK1 in shSCR-K562, as observed with
the significant reduction of LC3/TOM22 co-localization
(Figure 6E). In contrast, LC3/TOM22 co-localization did
not worsen upon PINK1 downregulation in shVDAC1K562 cells (Figure 6E).

Discussion
Mitochondrial clearance is a crucial process for the production of mature red blood cells and several studies have
shown that mitophagy occurs at the reticulocyte stage,
allowing the complete clearance of mitochondria and
leading to final murine erythrocyte maturation.13,14
Mitophagy is a mitochondrial-specific form of general
macroautophagy, which can be mediated by different
well characterized pathways involving protein signaling
as the PINK1/Parkin pathway, NIX and BNIP3. While
autophagy related genes (ATG) have been shown to be
critical
for
mitochondrial
clearance
during
erythropoiesis,6-11 and the NIX-driven pathway has been
identified as plying a role in murine erythropoiesis,12-14 the
importance of these mitophagy pathways in human erythroid terminal differentiation is unknown.
Here we focused on the role of VDAC1, an OMM protein, known to be involved in mitophagy in non-erythroid cells.
We found that VDAC1 downregulation accelerates
human erythroblast differentiation until the orthochromatic erythroblast stage, but then blocks enucleation and
cumulates mitochondria with altered ultrastructure and
decreased function, resulting in apoptosis.
In agreement with previous data on the role of VDAC1
in the structuration of mitochondria,23 we observed
altered mitochondria ultrastructure and a decrease in ERmitochondria contact sites in shVDAC1-transduced erythroblasts by electron microscopy. Notably, complexes
between VDAC and hexokinase-1 at ER-mitochondrial
contact sites have been shown to regulate mitochondrial
metabolism.34 In our study, mitochondria in VDAC1downregulated erythroblasts showed a decrease in OCR
and intracellular ATP content, a signature of reduced
mitochondrial activity. Thus, perturbations in mitochondrial metabolism may influence the kinetics of erythroblast differentiation and their enucleation profiles.
We demonstrated that VDAC1 is required for progressive mitochondrial clearance during the terminal phase of
differentiation. This is in line with a previous study
showing a decrease in mitochondrial mass after the
proerythroblastic stage.37 We found that this is regulated
through the PINK1/Parkin pathway, with VDAC1 modulating PINK1 accumulation at the mitochondria outer
membrane and the recruitment of the phagophore.
Accordingly, the attenuation of mitochondrial clearance
was associated with increased levels of p62, an adaptor
protein that allows bridging between the ubiquitinated
cargos and the phagophore membrane.35
Our data therefore highlight the critical role of VDAC1
function in the recognition of mitochondria that are “to
be degraded” during the process of red cell maturation.
haematologica | 2022; 107(1)
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We recently demonstrated that TSPO1 downregulation
also affects mitochondria clearance with no effect on the
erythroblasts’ differentiation kinetics,38 raising the possibility that this phenotype is mediated through the
VDAC1-TSPO1 OMM complex.
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In addition, our findings suggest that the canonical
PINK1/Parkin pathway may play an important role during human erythropoiesis, confirming in humans a previous study on mice.39 Transcriptome analyses in human
erythroblasts detected an upregulation, starting from the

E

Figure 6. Lower PINK1 protein levels upon VDAC1 downregulation. (A) PINK1 levels were evaluated by immunoblot in the indicated conditions at day 10 of differentiation and normalized to the quantity of mitochondria (housekeeping mitochondrial TOM40) on total number of cell (housekeeping b-actin) (top). Levels in control
cells were arbitrarily set at “1” (n=5) (bottom). (B) PINK1 protein level was evaluated by flow cytometry on basophilic (BasoE), polychromatic (PolyE) (n=8) and
orthochromatic (OrthoE) erythroblasts (n=3). PINK1 mean fluorescence intensity (MFI) was normalized to mitochondrial housekeeping TOM22 MFI in erythroblasts
transduced with scramble shRNA (shSCR) (black dots) and VDAC1 shRNA (shVDAC1) (red dots), with levels in control cells arbitrarily set at “1”. Gates for erythroblasts
populations are based on a4-integrin/Band3 profiles as shown in Figure 1D. (C) PINK1 protein levels were evaluated by immunoblot in the indicated conditions in
shSCR-K562 and shVDAC1-K562 cells and normalized to the quantity of mitochondria marker TOM40 on total number of cell (β-actin). Levels in control cells were
arbitrarily set at “1” (n=4). (D) PINK1/TOM22 co-localization (MPI ratio from PINK1 and TOM22 signals) assessed by imaging flow cytometry of shSCR-K562 and
shVDAC1-K562 cells (n =3). (E) LC3/TOM22 co-localization assessed by imaging flow cytometry (myeloma prognostic index [MPI] ratio from LC3 and TOM22 signals)
of shSCR-K562 and shVDAC1-K562 cells and shSCR-K562 cells transfected with a PINK1 siRNA (n=3). *P<0.05, ***P<0.001, ****P<0.0001. ns: non-significant;
OMM: outer mitochondrial membrane.
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polychromatic stage, of key proteins of mitophagy
belonging to different pathways, such as NIX and
PINK1.26 NIX upregulation was described by several
works studying NIX-mediated mitophagy in murine
reticulocytes,12-14 but no clear evidence was found to
explain the upregulation of PINK1. Under the condition
of VDAC1 downregulation, NIX protein levels were not
altered, suggesting that mitochondrial retention was not
due to a defect in the NIX pathway but in the PINK1
pathway, as described below. It was previously reported
that VDAC is required to promote Parkin recruitment to
the mitochondria.18 Our data suggest that this could be
due to a lack in PINK1 accumulation at the OMM.
Since VDAC1 is part of a multimeric complex with
ATAD3A,23 we speculate that in the absence of VDAC1,
ATAD3A is free to form alternative complexes.40 Recently,
a new function of ATAD3A was described in hematopoietic progenitor cells, promoting the import of PINK1.41 In
this context PINK1 is rapidly degraded by the mitochondrial peptidases MPP and Parl to prevent its accumulation
in the surface prevent mitophagy. However, when
ATAD3A dissociates from the translocase of the inner
membrane (TIM) complex, the import of PINK1 is
blocked, causing its accumulation.42 It is noteworthy that
also hexokinase 2 (HK2) and adenine nucleotide transporter (ANT), both proteins known to be involved in a
multimeric mitochondrial membrane protein complex,
have been recently shown to be essential for PINK1 accumulation at the OMM,43,44 suggesting a role of this complex in PINK1/Parkin mitophagy. Further studies are necessary to assess this hypothesis and evaluate the crosstalk
between VDAC1, ATAD3A, ANT and/or HK2 in the terminal phase of erythropoiesis.
In conclusion, our data are the first demonstration of a
fundamental role of mitochondrial-selective autophagy at
the erythroblast stage. Loss of VDAC1 causes an ineffective elimination of mitochondria in the transition between
basophilic and orthochromatic erythroblasts, demonstrating the critical role of VDAC1 in late stage erythropoiesis.
We have taken account of recent reports highlighting
the possible unspecific and strain-dependent effects of
shRNA in knocking down mouse erythroblasts enucleation.45 However, we have observed the same effects after
knocking down VDAC1 by two different approaches
(shRNA and siRNA) and by using different experimental
models, strongly supporting our conclusions.
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