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Abstract

Reticulocytes shed CD71 from the cell membrane and eliminate mitochondria during terminal
maturation, but it is unknown whether these two events are coordinated. We demonstrate that
timely removal of CD71 is coupled with mitochondrial clearance, which can be disrupted by null
mutation of immediate early response gene X-1 (IEX-1), leading to generation of aberrant CD71-
positive and mitochondria-negative (CD71*Mito~) reticulocytes. CD71*Mito~ reticulocytes were
also present in a subset of patients with myelodysplastic syndromes (MDS) in direct proportion to
reduced mitochondrial membrane potential (Ayp,). Mitochondrial abnormality caused by either
IEX-1 deficiency or agents that dissipate Ay, could trigger premature clearance of mitochondria
in reticulocytes. Premature clearance of mitochondria or addition of antioxidants lowered
intracellular reactive oxygen species (ROS) that in turn hindered CD71 shedding and reticulocyte
maturation. In contrast, introduction of ROS accelerated CD71 shedding via release of exosomes
that contained a high proportion of Fe3* over Fe2*, suggesting dual functions of CD71 shedding
both in removal of toxic Fe3* from reticulocytes and in limiting importation of Fe3* into the cells.
These observations emphasize the coordination of mitochondrial and CD71 clearance in erythroid
terminal maturation and offer new insights into a role for mitochondrial degeneration in the
pathogenesis of some MDS-associated anemia.

Introduction

Myelodysplastic syndromes (MDS) are a heterogeneous group of clonal hematopoietic stem
cell (HSC) disorders characterized by dysplastic and ineffective hematopoiesis and resultant
peripheral blood cytopenias, especially anemia [1]. Growing evidence suggests that genetic
instability of HSCs may be only one of several contributing factors to the disorder.
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Additional aberrations in myeloid-lineage differentiation may act as a driving force to
exhaust the already unstable HSC pool. Clinical studies showed that expression of
immediate early response gene X-1 (/E£X-1, also known as /ER3) was altered in a large
portion of early stage/lower-risk MDS patients, in some cases due to translocation of the
gene [2, 3]. A severe decrease of the gene expression was correlated with a shorter survival
time of the patients [4], but the underlying mechanism by which IEX-1 contributes to
disease pathology is poorly understood.

IEX-1 is a stress-inducible gene that modulates F1F,-ATPase activity [5] and plays an
essential role in regulation of mitochondrial functions in a cell-type specific fashion [5, 6].

In addition to clinical observations [3], involvement of IEX-1 deregulation in the etiology of
MDS was also suggested by development of MDS-like disease in IEX-1-null mutant mice
after exposure to y-irradiation or bone marrow transplantation [7]. IEX-1 deficiency also
impeded proplatelet formation of megakaryocytes, giving rise of 50% fewer platelets than
wild type (WT) megakaryocytes [8]. The pivotal role for mitochondria in thrombopoiesis
might help explain a higher incidence of MDS occurring in the elderly because mitochondria
degenerate with aging, apart from serial acquisition of somatic mutations in leukemia-
associated genes throughout life.

Besides irreversible thrombocytopenia, IEX-1 deficient mice also had an abnormally low
level of red blood cells (RBCs) following y-irradiation [7], raising the possibility that IEX-1
deficiency may affect erythroid differentiation as well. Erythroid lineage commitment and
differentiation to erythroblasts occur within the bone marrow through several discernible and
well described processes [9]. In the circulation, the enucleated reticulocytes gradually and
continuously expel mitochondria by autophagy and eliminate surface obsolete proteins by
exocytosis [10, 11], while synthesizing a large amount of hemoglobin [10, 12]. Iron used for
heme synthesis at mitochondria is transported by the transferrin receptor 1 (TfR1, or CD71)
on reticulocytes [13]. CD71 expression declines over time during late erythroid
differentiation, and it is eventually eliminated by exocytosis as reticulocytes mature into
erythrocytes [12, 14]. However, how CD71 is removed in this timely fashion and what is the
significance of the timely removal remain elusive. Understanding of CD71 removal
dynamics could shed novel insight into mechanisms underlying inherited and acquired
anemia and possibly confer new targets for therapeutics or monitoring of this disorder.

In the present study, we demonstrate that CD71 shedding by reticulocytes is coupled with
mitochondrial clearance. This coupling is disrupted by null mutation of IEX-1 or by
mitochondrial abnormality, giving rise to an aberrant subset of CD71-positive and
mitochondria-negative (CD71*Mito~) reticulocytes not only in IEX-1 deficient mice, but
also in a subset of patients with MDS. The presence of the aberrant cells is in direct
proportion to decreased mitochondrial membrane potential (Ay,) in MDS patients. These
observations support the concept that mitochondrial abnormality, regardless of whether it is
caused by IEX-1 deficiency, stress, or aging, could trigger premature clearance of
mitochondria that subsequently hinders CD71 shedding and reticulocyte maturation,
contributing to the etiology of anemia in MDS.
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Materials and methods

Mice

WT and IEX-1 knockout (KO) mice in a 129 Sv/C57BL/6 background were generated in our
laboratory [6]. The animal protocol was approved by the subcommittee on Research Animal
Care of the Massachusetts General Hospital, according to the National Institutes of Health
guidelines for the Care and Use of Laboratory Animals.

Ex vivo maturation of reticulocytes

Mice were injected intraperitoneally with 100 mg/kg phenylhydrazine (PHZ, Sigma). Blood
was collected in 3 days after PHZ treatment and stained with FITC-anti-CD71 and PE-anti-
Ter119 (Biolegend) for sorting Ter119*CD71M9M reticulocytes. The sorted cells were
cultured in Iscove’s Modified Dulbecco Medium (IMDM, Gibco) supplemented with 30%
fetal bovine serum (Hyclone), 1% deionized bovine albumin (Sigma), 100 units/ml penicillin
(Gibco), 100 g/ml streptomycin (Sigma) and 0.1 mM a-thioglycerol (Sigma) [15]. In some
experiments, 10 uM carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), 0.1 uM
wortmannin, 5 aM A-acetyl-L-cysteine (NAC), 5 mU/ml glucose oxidase (GO), or 1 aM o-
phenanthroline (Sigma) was also added to the culture. For iron quantification, 1 x 107 cells
were collected from the cultures on indicated days and lysed by NP-40 lysis buffer (1%
NP-40, 150 mM NaCl, 50 mM Tris-HCI, pH 7.4). The concentration of Fe2* and Fe3* were
determined by QuantiChrom Iron Assay Kit (BioAssay Systems) per the manufacturer’ s
protocol.

Immunofluorescence staining

After 12-h ex vitro maturation, young reticulocytes were incubated with FITC-anti-CD71
and 5 pM N-rhodamine-labeled phosphatidylethanolamine (NRhPE, Avanti Polar Lipids) for
30 min [16]. The cells were re-suspended in culture medium for additional 4-h ex vivo
maturation in a glass bottom culture dish (MatTek) and examined using an Olympus
FV1000 confocal microscope (Olympus).

Human samples

The diagnosis of MDS was made according to the 2016 World Health Organization
classification. None of the patients had received any disease-modifying therapeutic agents
prior to the blood collection. The institutional review board of the Dana-Farber Cancer
Institute, USA, and the Affiliated Cancer Hospital of Zhengzhou University, China approved
the study protocols and patients provided consent for analysis of a blood sample in
accordance with the Declaration of Helsinki.

Statistical analysis

Statistical significance was assessed with 2-tailed Student’s #test or one way ANOVA using
GraphPad Prism 6.0 (GraphPad Software). A value of £< 0.05 was considered statistically
significant. The coefficient of determination (/#2) was tested by regression and correlation
analysis. Extended methods can be found in Supplementary Methods.
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Results

Impaired erythropoiesis in IEX-1 KO mice

We previously reported no significant difference in RBC counts in WT and KO mice under
steady-state physiological conditions [7]. However, blood smears prepared from KO mice
contained more reticulocytes (Fig. 1a, upper right) and polychromasia (Fig. 1a, lower right)
compared to WT mice, suggesting perturbation in RBC production. In accordance with this,
Ter119*CD71" reticulocytes were elevated by 7-fold in KO mice, concomitant with a
reciprocal decrease of Ter119*CD71" erythrocytes in comparison with WT counterparts
(Fig. 1b). Decreases in the number of erythrocytes are known to induce compensatory
erythropoiesis in the bone marrow [17]. Indeed, proportions of Ter119'°¥CD71Migh early
erythroblasts (gate 1) and Ter119*CD71M9" erythroblasts (gate 11) were both increased by
about 70% (Fig. 1c), and Ter119*CD71" (gate IV) cells declined by more than 200% when
compared to WT counterparts (Fig. 1¢). The compensatory erythropoiesis corresponded with
increased transcription of erythropoietin in the kidney in KO mice (Fig. 1d). The defect of
RBC maturation in KO mice may not be noticed under physiological condition because
compensatory erythropoiesis continuously replenished the RBC pool. However, upon PHZ
treatment, which induces acute hemolytic anemia [11], RBC counts, hemoglobin production,
and percentages of hematocrit were significantly lower in the absence compared to the
presence of IEX-1 (Figure S1). These results confirm deficient erythropoiesis in the absence
of IEX-1.

Aberrant CD71*Mito™ reticulocytes in IEX-1 KO mice

We went on to examine mitochondrial mass in RBCs in light of the well-described function
of IEX-1 in regulation of mitochondrial activity [5, 7, 8]. A significant proportion of KO
reticulocytes were found to express CD71 but contain few mitochondria (Fig. 2a, red box),
whereas these CD71*Mito~ reticulocytes were scarce in WT mice (13 vs 0.4%, p< 0.001).
Likewise, confocal microscopy showed that most of KO CD71* reticulocytes displayed little
or weak MitoTracker staining (Fig. 2b, right), in marked contrast to the strong MitoTracker
signals in WT counterparts (Fig. 2b, left). The results were also confirmed by transmission
electron microscopy showing that most WT reticulocytes contained mitochondria (Fig. 2c,
left), whereas KO CD71* reticulocytes had few intact mitochondria, concomitant with a
notable increase of autophagosomes (Fig. 2c, right).

CD71*Mito™ reticulocytes might result from premature clearance of mitochondria or
delayed removal of CD71 during KO reticulocyte maturation, since CD71 transcription was
not elevated in the absence of IEX-1 (Figure S2a). To determine which process is
responsible, we treated mice with PHZ to induce a high number of young reticulocytes
released into the circulation [11]. Young reticulocytes were sorted on the basis of
Ter119*CD71M9h (Figure S2b) [18] on day 3 after PHZ injection and matured ex vivo as
previously described [11]. There were no differences in mitochondrial content and CD71
level between WT and KO young reticulocytes when they were freshly isolated (Fig. 2d, day
0). During 2 days of ex vivo differentiation, WT reticulocytes gradually eliminated
mitochondria by 26% on day 1 and 47% on day 2, concomitant with a similar proportion of
cells devoid of CD71 (Fig. 2d, Figure S2c and S2d). The coordinated elimination of CD71
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and mitochondria was disrupted in the absence of IEX-1. IEX-1 deficient reticulocytes
expulsed mitochondria almost twice as fast as those in WT reticulocytes (Fig. 2d), but CD71
shedding from cell surface was severely retarded, generating only 3% CD71" cells on day 1
and 5% on day 2 (Fig. 2d). Despite premature removal of mitochondria and delayed
shedding of CD71, KO reticulocytes underwent enucleation and loss of reticular staining
similarly to WT reticulocytes (Fig. 2d, right). The results suggest that although all cell
organelles and obsolete proteins are eliminated by autophagosomes and exocytosis,
respectively, CD71 shedding appears to be specifically coordinated with mitochondrial
clearance.

Increased vulnerability to autophagy of mitochondria in reticulocytes

We next measured mitochondrial mass and Ay, in Ter119*CD71* bone marrow
erythroblasts and peripheral reticulocytes, in an attempt to explore the mechanism behind
the premature mitochondrial loss in IEX-1 deficient reticulocytes. We observed no
difference in mitochondrial content between WT and KO erythroblasts (Fig. 3a, upper left),
in spite of a slight decrease of Ay, in KO erythroblasts (Fig. 3a, lower left). A severe loss
of mitochondria and Ay, was observed in KO reticulocytes compared to WT controls (Fig.
3a, p<0.001). Moreover, a reduced amount of mitochondrial complex IV (COX 1V) and
heightened autophagy in KO young reticulocytes were also corroborated by immunostaining
of COX IV and microtubule-associated protein light chain 3(LC3), a marker for
autophagesomes (Figure S3). The observations suggest increased vulnerability to mitophagy
in reticulocytes, since IEX-1 deficient mitochondria were not taken up by autophagosomes
in erythroblasts.

Transmission electron microscopy was employed to further analyze reticulocyte maturation
as Fig. 2d. Mitochondria appeared morphologically normal and were mostly located outside
of the autophagic vacuoles in WT young reticulocytes (Fig. 3b, upper left, blue arrows).
Although some mitochondria were also observed similarly in the cytoplasm in KO young
reticulocytes, these cytoplasmic mitochondria were relatively small in number and numerous
mitochondria were observed within autophagic vacuoles (Fig. 3b, upper right, red arrows).
The number of mitochondrion-containing autophagic vacuoles decreased significantly on
day 2 of the culture, probably owing to few mitochondria left in KO cells. The autophagic
vacuoles started to show up on days 1 and 2 in WT reticulocytes, concomitant with the
progressive decline of mitochondria in the cytoplasm (Fig. 3b).

IEX-1 deficiency increases the amount of ATPase Inhibitory Factor 1 (IF1) in mitochondria
because of diminished degradation of the inhibitor [5], which lowers Ay, [19, 20]. O-
phenanthroline, an inhibitor of ATP-dependent proteases, prevents IF1 degradation,
mimicking the effect of IEX-1 deficiency [5]. Incubation of WT young reticulocytes with O-
phenanthroline not only reduced Ay, by 33% (Figure S4a), but also accelerated
mitochondrial removal during ex vivo maturation (Figure S4b and S4c). Apparently,
premature clearance of mitochondria in reticulocytes can be triggered by altered functions of
mitochondria, besides null mutation of IEX-1.

To extend this observation to mitochondrial abnormalities caused by other means,
Ter119*CD71M9h reticulocytes were treated with FCCP, an uncoupling agent that abolishes
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mitochondrial inner membrane potential [21]. As can be seen in Fig. 3c, upper and Figure
S5, 47% of non-treated WT controls lost mitochondria, which increased to 73% following
FCCP treatment, confirming a linkage of mitochondrial abnormality with their vulnerability
to clearance in reticulocytes. As expected, the increased mitochondrial clearance was
associated with decreased CD71 shedding to 18%, from 46% in WT reticulocytes (Fig. 3c,
middle and Figure S5). FCCP also exaggerated mitophagy and further delayed CD17
shedding in KO reticulocytes. On the contrary, wortmannin, an inhibitor of
phosphatidylinositol 3-kinase (P13K) that blocks autophagy at an early stage [22], slowed
mitochondrial clearance and reciprocally accelerated CD71 shedding in both WT and KO
reticulocytes with predominant effects on the latter (Fig. 3c, low and Figure S5). The finding
that mitophagy is inversely correlated with CD71 shedding during reticulocyte terminal
maturation supports the concept that CD71 shedding is coupled to mitochondrial clearance.

Premature clearance of mitochondria hinders CD71 shedding via exocytosis

We went on to investigate how mitophagy was coordinated with CD71 shedding. As shown
in Fig. 4a, while young reticulocytes were undergoing ex vivo maturation, WT cells
decreased in size by 15% on day 1 and 28% on day 2, but KO cells decreased in size only by
8% on day 1 and 15% on day 2 (P < 0.01). The observation suggests the possibility of a
deficit in the multivesicular body (MVB)/endosome-exosome pathway in KO reticulocytes,
a major pathway by which reticulocytes shed plasma membrane and shrink cell volumes to
achieve the biconcave shape of mature RBCs [23]. Overall activity of exocytosis can be
quantified by acetylcholinesterase (AChE) activity in exosomes [24]. KO reticulocytes
excreted ~50% fewer exosomes than WT controls during 2 days of the ex vivo culture (Fig.
4b). Immunochemical staining along with intracellular MVB-Ilabeling with NRhPE [16] was
then carried out to determine whether IEX-1 deficiency specifically impaired CD71-
containing MVBs or instead altered overall activity of exocytosis. In comparison with WT
controls, KO reticulocytes had significantly lower levels of CD71-containing vesicles (Fig.
4c, CD71 dots per cell: WT, 9.1 + 1.2; KO, 4.3 + 1.4; £<0.001), as well as total MVBs
(Fig. 4c, NRhPE dots per cell: WT, 11.0 + 1.8; KO, 6.5 + 1.3; £< 0.01). However, the ratio
of CD71-containing MVBs to total MVBs diminished significantly to 66%, from 82% in the
absence compared to the presence of IEX-1. Under similar conditions, excretion of CD29 or
CDA47, both of which are known to be released by the MVB pathway [25], was comparable
in the presence vs. absence of IEX-1 (Figure S6). The results suggest that premature
clearance of mitochondria preferably hampers formation of CD71-containing MVBs.

We thought to determine whether perturbation of CD71 shedding resulted from inadequate
heme synthesis owing to premature clearance of mitochondria. WT reticulocytes were
incubated with succinylacetone, an inhibitor of the enzyme 6-aminolevulinic acid
dehydratase required for heme synthesis [26]. The inhibitor did not slow down CD71
elimination (Figure S7), arguing against a role for heme in the regulation of CD71 shedding.
Considering that the major function of CD71 is to transport transferrin-bound iron, we next
assessed iron content during reticulocyte maturation. FeZ* that is needed for heme synthesis
is the major form of iron in reticulocytes: Fe2 outnumbered Fe3* by a ratio more than 10:1,
irrespective of IEX-1 expression (Fig. 4d). However, Fe2* levels were consistently higher in
KO reticulocytes than in WT ones during 2 days of the ex vivo maturation, while both WT
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and KO young reticulocytes had similarly low amounts of Fe3* (Fig. 4e). An increase of
FeZ*, along with a high level of surface CD71 in KO reticulocytes, challenges the long-held
view that CD71 elimination results from a decreasing demand for iron as hemoglobin
accumulates in reticulocytes [23, 27]. Nevertheless, the increased Fe2* was consistent with a
high level of CD71 on the cells which could continuously transport Fe3* into reticulocytes.

Upon endocytosis, Fe3* is converted into Fe2* by six-transmembrane epithelial antigen of
the prostate 3 (Steap3) [28] in the endosomes prior to its transportation into the cytoplasm
by divalent metal transporter 1 (DMT1) [29]. The conversion of Fe3* to Fe2* is likely to be
facilitated by lower ROS in the cells (Figure S8a). It is thus possible that CD71 shedding is
regulated by excess Fe3* so as to minimize its toxicity. To test this, we treated KO
reticulocytes with GO that catalyzed oxidation of glucose to hydrogen peroxide that could
oxidize Fe?* to Fe3* iron [30]. GO treatment increased ROS production substantially (Figure
S8b, < 0.001) and also reduced FeZ* level in KO reticulocytes, which however did not
concur with a corresponding rise of Fe3* (Fig. 4f). As controls, KO cells were also treated
with anti-oxidant, NAC, a ROS scavenger. The anti-oxidant did not affect Fe2* level,
probably because Fe2*/Fe3* already reached a low threshold in spite of further reducing
ROS production in the cells (Fig. 4f and Figure S8b). Under similar conditions, NAC
elevated Fe2* level slightly in WT reticulocytes, while GO had minimal effects on Fe2* level
in WT reticulocytes (Fig. 49).

We questioned whether a diminished level of Fe2*, concomitant with no corresponding
increase of Fe3*, was ascribed to acceleration of CD71 shedding in IEX-1 KO reticulocytes
after GO treatment. In support of this possibility, GO-treated KO reticulocytes increased
exocytosis of CD71-containing MVBs by 51% compared to controls at 12 h after initial
culture (Fig. 4h; CD71 dots per cell: KO control, 4.3 + 1.4; KO GO, 6.5 + 1.2; p<0.001).
At the end of ex vivo maturation, CD71" reticulocytes were raised to 34%, from 6% in the
absence of IEX-1 following GO treatment, as a result of accelerated removal of CD71 (Fig.
4i, j). Once again, NAC exhibited little influence on CD71 shedding in KO reticulocytes. In
contrast, NAC-treated WT reticulocytes reduced CD71 dots by 40% compared to controls
(Fig. 4h; CD71 dots per cell: WT control, 9.1 + 1.2; WT NAC, 6.5 £ 1.0; £<0.001),
concomitant with reduced CD71 elimination to 27%, from 45% (Fig. 4i,j, £<0.001).
Interestingly, neither NAC nor GO affected mitochondrial content significantly in
reticulocytes regardless of IEX-1 expression (Figure S8c). On the contrary, the overall
exocytosis was augmented by GO in IEX-1 deficient reticulocytes, whereas a decrease in
exocytosis was seen in WT reticulocytes treated with NAC (Figure S9), underscoring an
importance of adequate ROS in the late stage of reticulocyte differentiation.

Finally, if part of the function of CD71 shedding was to eliminate Fe3* as we proposed,
exosomes released from reticulocytes in response to Fe3*-mediated stress should contain a
relatively higher amount of Fe3* than Fe2*. We subsequently corroborated this by
examination of iron content of the exosomes released by reticulocytes; we observed a 2:1
ratio of Fe3* to Fe2" in WT exosomes and a 1:1 ratio in KO exosomes (Fig. 4k). Because
Fe3* levels were 11-fold lower than Fe2* in WT reticulocytes and 18-fold lower in KO cells
(Fig. 4d), it meant the efficiency of Fe3* exocytosis was at least 22-fold or 18-fold higher
than that of Fe2* in WT and KO reticulocytes, respectively. Hence, in addition to control of
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intracellular ROS via mitochondrial clearance, CD71 shedding acts as another safeguard to
minimize iron toxicity during reticulocyte maturation by reducing Fe3* entrance as well as
removing excess Fe3* from the cells via exocytosis.

CD71*Mito™ reticulocytes in MDS patients are proportionate to decreased Ay,

To determine a clinical significance of these observations, we collected peripheral blood
samples from 23 MDS patients (Table 1) and 10 healthy donors, and isolated RNA from
mononuclear cells for IEX-1 quantification. Among the 23 MDS patients, five of them had
ring sideroblasts and 13 of them showed cytogenetic abnormalities. The MDS patients were
divided into two groups on the basis of IEX-1 levels: 5 MDS patients with at least 2-fold less
IEX-1 expression than healthy controls were assigned to MDS with low IEX-1; 18 MDS
patients with normal or increased IEX-1 levels were assigned to other MDS (Fig. 5a).
Anemia appeared more severe in patients with low IEX-1 compared to other MDS,
concomitant with reduced hemoglobin (Figure S10a and S10b), although low IEX-1 did not
significantly affect white blood cells or platelets in the patients (Figure S10c and S10d).
Almost all of MDS patients showed defective erythropoiesis characterized by a significantly
increased amount of CD235a*CD71* reticulocytes regardless of IEX-1 levels (Fig. 5b), in
agreement with multiple factors contributing to the defective erythropoiesis in the patients.
Strikingly, about 70% or 25% of CD235a*CD71* reticulocytes were devoid of mitochondria
in MDS patients with low IEX-1 or other MDS, respectively, both of which were
significantly higher than those in healthy controls (5%, p < 0.001, Fig. 5¢), indicating direct
involvement of IEX-1 in severe anemia in MDS. Apparently, the high percentages of
CD71*Mito™ reticulocytes were not related with ring sideroblasts or any specific cytogenetic
abnormalities in these MDS patients tested. The ring sideroblasts appear to begin to develop
in the early stage of erythroid precursors in the bone marrow [31, 32], whereas CD71*Mito™
reticulocytes are generated in the periphery during the final differentiation stage of RBCs.
Although both of them are associated with iron metabolism alterations and mitochondria, no
correlation between ring sideroblasts and CD71*Mito™ reticulocytes underscores specific
molecular mechanisms involved in distinct differentiation stages during erythroid
maturation.

In addition to IEX-1, other factors causing mitochondrial dysfunction can also trigger
premature clearance of mitochondria in reticulocytes. Consistent with this and prior
observations in MDS cohorts, MDS patients consistently exhibited a decline in Ay, with
the most severe decline in MDS patients expressing the lowest levels of IEX-1 (Fig. 5d) and
concomitant decreases in ROS production (Figure S10e). The decreased Ay, was highly
correlated with a rising number of CD71*Mito™ reticulocytes, with coefficient of
determination A2 = 0.8845 in all healthy and MDS samples regardless of IEX-1 expression
(Fig. 5e). The finding, along with uncoupling of CD71 shedding with mitochondrial
clearance demonstrated in IEX-1 KO reticulocytes, suggests that abnormal mitochondria
may trigger their premature clearance in MDS patients, disrupt CD71 shedding, and thus
impede RBC maturation, contributing to the pathobiology of anemia in MDS.
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Discussion

The present study unravels an unappreciated link between CD71 shedding and
mitochondrial removal. Uncoupling of these two events hampers RBC maturation and
results in an aberrant subset of CD71*Mito™ reticulocytes in some MDS patients, the
generation of which correlates with decreased Ay, irrespective of IEX-1 expression. Based
on the current observations and previously published data, a model of CD71 shedding in
couple of mitochondrial clearance is depicted in Fig. 5f. Upon endocytosis, Fe3* is released
from the CD71/Tf-Fe3*complex and then converted to Fe?* via Steap3 [28]. A rise of Fe3*
in the endosomes as a result of increased ROS may trigger their fusion with MVBs followed
by excretion, leading to relatively high levels of Fe3* excretion in association with CD71
shedding. Too much ROS would also trigger mitophagy to limit their production. Altogether,
a couple of CD71 shedding with mitochondrial clearance can effectively keep Fe3* and ROS
under check during reticulocyte maturation.

The coordinated removal of CD71 and mitochondria can be manipulated physiologically or
pharmacologically. In this regard, induction of mitophagy by FCCP hindered CD71
shedding in WT reticulocytes, whereas inhibition of mitophagy by wortmannin restored
CD71 clearance in KO reticulocytes. Moreover, induction of ROS normalized CD71
shedding in KO reticulocytes. Premature clearance of mitochondria hampering CD71
elimination was induced by antioxidant not only in cultured WT reticulocytes but also in
WT mice fed with NAC, as evidenced by an increased proportion of CD71*Mito~ cells
(Figure S11). The investigation demonstrates an importance of ROS in regulation of CD71
shedding.

Alterations of mitochondrial function have been shown to play a pathological role in a
variety of hematopoietic disorders, especially those affecting erythroid lineage [33]. Delayed
mitophagy and resulting anemia have been well documented in mice lacking the Bcl-2
family member Nix [11, 34] or autophagy-related protein Atg7 [35], and in mice with
mitochondrial DNA mutations [36]. In those scenarios, mitochondrial retention can render
the cells to apoptosis, triggering their clearance by macrophages [11, 35, 36]. Structurally
abnormal mitochondria [37], decreased Ay, [38, 39], or caspase overactivation [40] have
been widely reported in MDS patients and may contribute to ineffective hematopoiesis
characteristic of the disease via multiple mechanisms. In addition to excessive apoptosis, the
abnormal mitochondria may also trigger their premature clearance, which is consistent with
the observation of CD71*Mito™ reticulocytes in a significant portion of MDS patients tested.
A previous study of erythroid precursors from lower-risk MDS patients demonstrated that
mitophagy was more pronounced and occurred earlier in the differentiation program than in
controls [41]. Moreover, an increasing number of CD71*Mito~ cells were seen in both WT
and IEX-1 KO mice as they aged or after irradiation (Figure S12).

Mitochondrial dysfunction and impaired erythroid maturation are important characteristics
of early stage/lower-risk MDS [41]. Uncoupling of mitochondrial clearance with CD71
shedding is likely to be one of the mechanisms by which mitochondrial abnormalities cause
insufficient erythropoiesis, contributing to MDS-associated anemia, because CD71*Mito~
reticulocytes were detected in MDS patients in direct proportion to decreased Ay, The
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abnormal reticulocytes can potentially serve as another biomarker for MDS, although further
study with a large sample size would be needed to determine the clinical utility. The finding
of coordinated regulation of mitochondrial and CD71 clearance sheds novel light onto the
pathogenesis of MDS in a subgroup of patients with defective mitochondria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

In?paired erythropoiesis in IEX-1 KO mice.

a, b Reticulocytosis in IEX-1 KO mice. Shown in a are representative images of increased
reticulocytes marked by Methylene blue (black arrows) and polychromasia stained by
Wright-Giemsa (blue arrows) in blood smears from at least 9 mice per group. Scale bar, 20
um. Peripheral blood cells were stained with Ter119 vs. CD71 and subjected to cell counts
by flow cytometry (upper) and statistical analysis of the data (lower) (b).
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¢, d Compensatory expansion of erythroid precursors in KO mice. Bone marrow cells were
stained with Ter119 vs. CD71 and the gates | to IV depict erythroid cell populations with an
increasing degree of maturation (c).

Distributions of cells within individual gates, as defined in the upper, were presented as
percentages of cells over total bone marrow cells (lower). Erythropoietin (EPO) was
quantified by qRT-PCR in mouse kidneys (d). Data are shown as mean + SEM for all
relevant panels. n=9, *P< 0.05, **P< 0.01, and ***P < 0.001 compared between WT and
KO groups
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Fig. 2.

Lc?ss of mitochondria in IEX-1 KO reticulocytes while retaining CD71 on the cells. a—c
IEX-1 KO CD71* reticulocytes were absent of mitochondria. Peripheral blood cells of WT
and KO mice were stained with Ter119, CD71, and MitoTracker, counted by flow cytometry
(upper) and statistically analyzed (lower) (a). IEX-1 KO mice had an abnormal population
of CD71*Mito™ cells highlighted in red, within Ter119* RBCs. Data were presented as mean
+ SEM (n=12), **P<0.01 and ***P < 0.001 compared between WT and KO cells.
Ter119*CD71" reticulocytes were sorted from WT and KO peripheral blood cells for
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analyzing mitochondrial content by confocal microscopy (b; scale bar, 5 um) or transmission
electron microscopy (c; mitochondria, blue arrows; scale bar, 500 nm). d Accelerated
mitochondrial clearance and delayed CD71 shedding in KO reticulocytes during maturation.
Ter119* CD71M9h reticulocytes were sorted from WT and KO mice 3 days after PHZ
treatment and cultured for 2 days. MitoTracker, anti-CD71 antibody, and Methylene blue
were then used to stain mitochondria, CD71, and residual RNA, respectively. Scale bar, 20
um.
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Fig. 3.
Premature clearance of mitochondria and impaired CD71 shedding only in KO reticulocytes,

not erythroblasts. a Reduced mitochondrial membrane potential in the bone marrow
erythroblasts and peripheral reticulocytes of IEX-1 KO mice. Ter119*CD71" cells in the
bone marrow (erythroblasts, left panels) or peripheral blood (reticulocytes, right panels)
were stained with MitoTracker and JC1 to detect mitochondrial content and membrane
potential, respectively. The mean fluorescence intensity (MFI) of MitoTracker and JC1 (red
J-aggregate) was analyzed by flow cytometry and presented as mean + SEM. ns no
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significance. *P< 0.05 and *** < 0.001 compared with WT group. b Enhanced clearance
of mitochondria by autophagy in KO reticulocytes. Young reticulocytes were matured ex
vivo as in Fig. 2d and analyzed by transmission electron microscopy at indicated days: intact
mitochondria, blue arrows; mitochondria phagocytosed by autophagosomes, red arrows;
scale bar, 1 um. ¢ Effects of FCCP and wortmannin on mitochondrial clearance and CD71
shedding in WT and KO reticulocytes. Ter119*CD71h9h reticulocytes were cultured in the
presence of 10 uM FCCP or 100 nM wortmannin, followed by flow cytometric analysis of
mitochondria and CD71 at indicated days. Data were representative for at least 12 samples
per group in all relevant panels
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Fig. 4.

C|g71 shedding is coupled with mitochondrial clearance in a ROS-dependent manner. a—c
Exosome release is impaired in IEX-1 KO reticulocytes. Ter119*CD71Mdh reticulocytes
were sorted from PHZ-treated mice as above and cultured for 2 days. The size of
reticulocytes was analyzed daily by flow cytometry on the basis of forward scatter (a).
Exosomes released from 1 x 107 reticulocytes were assessed by the activity of AChE (b).
After culturing for 12 h, cells were stained with FITC-anti-CD71 and N-Rh-PE that labeled
MVBs to demonstrate their co-localization (c). Scale bar, 5 um. Images were representative
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for at least 9 samples per group. d—g Changes of cellular iron concentrations during
reticulocyte maturation. Concentrations of total iron, Fe2*, and Fe3* were measured in
reticulocytes before culturing (d) and daily during ex vivo maturation (). f-i Modulation of
ROS regulates CD71 shedding via exosome release. Ter119*CD71M9" reticulocytes as in a
were cultured in the presence of 5 pM antioxidant NAC or 5 mU/mL glucose oxidase (GO),
followed by daily measurement of cellular iron concentrations (f, g). Also shown are anti-
CD71 staining for visualizing MVBs at 12 h after initial culture (h; scale bar, 5 pm), Ter119
and CD71 expression profiles by flow cytometry (i) with statistical analysis (j) on day 2, and
concentrations of indicated irons and ratios of Fe?* to Fe3* measured in exosomes released
from WT and KO reticulocytes 2 days after ex vivo maturation (k). Data represent as mean *
SEM (n=12), *P<0.05, **£<0.01 and ***£< 0.001 compared between WT and KO cells
or between indicated groups
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Fig. 5.

CD71*Mito™ reticulocytes are presented in a majority of MDS patients. a Relative levels of
IEX-1 mRNA in human peripheral blood cells in patients and healthy donors. MDS patients
with at least a twofold decrease of IEX-1 mRNA compared with the median of healthy
controls were defined as MDS patients with low IEX-1. b Reticulocytosis in MDS patients.
Peripheral blood cells of healthy donors and MDS patients were stained with CD235a and
CD71, followed by flow cytometric analysis. MDS patients exhibited a significantly
increased proportion of CD235a*CD71* reticulocytes compared to healthy controls
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independent of IEX-1. ¢ Increased CD71*Mito™ reticulocytes in MDS patients with a
highest level in MDS patients with low IEX-1. d, e Reduced mitochondrial membrane
potential Ay, in reticulocytes of MDS patients. Mitochondrial membrane potential Ay, of
CD235a*CD71" reticulocytes was analyzed by flow cytometry using JC1 as Fig. 3a (d).
Inverse correlations between mitochondrial membrane potential Ay, and the percentages of
CD71*Mito™ reticulocytes are analyzed in all healthy donors and MDS patients by
coefficient of determination (e). Data represent mean + SEM, *P< 0.05, **P< 0.01, and
*** P < 0.001 compared between indicated groups. (f) A model for CD71 shedding in couple
with mitochondrial clearance. Fe3* released from the CD71/Tf complex by a low pH in the
endosomes after endocytosis of CD71/Tf-bounded Fe3* is converted to Fe?* by a
metalloreductase Steap3 before transported to the cytoplasm by DMT1. An increasing ROS
modulates Steap3 activity resulting in a shift of the reductive reaction toward Fe3*. A rise of
ROS/Fe3* would trigger fusion of the endosomes with MVBs followed by exosome
excretion. An increase of ROS would also trigger mitophagy to limit ROS production.
Altogether, a couple of CD71 shedding with mitochondrial clearance can effectively
minimize the toxicity of Fe3* and ROS during reticulocyte maturation
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