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Loss of autophagy in erythroid cells leads to defective
removal of mitochondria and severe anemia in vivo
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Timely elimination of damaged mitochondria is essential to protect
cells from the potential harm of disordered mitochondrial metabo-
lism and release of proapoptotic proteins. In mammalian red blood
cells, the expulsion of the nucleus followed by the removal of other
organelles, such as mitochondria, are necessary differentiation steps.
Mitochondrial sequestration by autophagosomes, followed by deliv-
ery to the lysosomal compartment for degradation (mitophagy), is a
major mechanism of mitochondrial turnover. Here we show that mice
lacking the essential autophagy gene Atg7 in the hematopoietic sys-
tem develop severe anemia. Atg7 "~ erythrocytes accumulate dam-
aged mitochondria with altered membrane potential leading to cell
death. We find that mitochondrial loss is initiated in the bone marrow
at the Ter119*/CD71""9" stage. Proteomic analysis of erythrocyte
ghosts suggests that in the absence of autophagy other cellular deg-
radation mechanisms are induced. Importantly, neither the removal
of endoplasmic reticulum nor ribosomes is affected by the lack of
Atg7. Atg7 deficiency also led to severe lymphopenia as a result of
mitochondrial damage followed by apoptosis in mature T lympho-
cytes. Ex vivo short-lived hematopoietic cells such as monocytes and
dendritic cells were not affected by the loss of Atg7. In summary, we
show that the selective removal of mitochondria by autophagy, but
not other organelles, during erythropoeisis is essential and that this is
a necessary developmental step in erythroid cells.

Atg7 | mitophagy | lymphopenia | cell death | reactive oxygen species

Autophagy is responsible for the continuous turnover of cyto-
plasmic constituents, from long-lived proteins to organelles,
such as mitochondria (1), peroxisomes (2), endoplasmic reticulum
(ER) (3), and even select areas of the nucleus (4). It was originally
described as an alternative cell death pathway, where complete
digestion of the cells would be achieved from within (5). This role is
now controversial, and evidence is accumulating to suggest that
autophagy is also a cell survival mechanism (6).

The mitochondrion is the site of aerobic energy production in
eukaryotic cells, of which reactive oxygen species (ROS) are an
inevitable by-product. ROS can lead to mitochondrial DNA muta-
tions, dysfunction, and therefore apoptosis (7). Mitochondrial quality
control is exerted through an intraorganelle proteolytic system and
fission and fusion steps and, last, severely damaged mitochondria are
removed by mitophagy (8). In this role, autophagy could indeed be
perceived as a cytoprotective mechanism preventing cell death.

During definitive mammalian erythropoiesis, late-stage eryth-
roblasts enucleate and change from larger motile irregular-
shaped cells to small uniform biconcave cells by degrading
organelles and proteins. The nucleus is known to be expelled
from developing erythrocytes (9). On the other hand, the accu-
mulation of autophagosomes observed in early electron micro-
graphs of erythroblasts suggested that organelles may be
removed through autophagy (10, 11). Furthermore, two recent
studies have implicated mitophagy in red blood cell (RBC)
maturation. The Bcl-2 family member Nix, which is up-regulated
during terminal erythroid differentiation, was found to target
mitochondria to autophagosome-like structures, and its absence
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in mice caused a mild, nonlethal anemia (12). Moreover, a mild
anemia was also found in the absence of the Atgl-related serine-
threonine kinase Ulk1 (13) caused by a delay in the removal of
mitochondria and ribosomes in erythroid cells. However, as
neither UlkI nor Nix are essential autophagy genes, the role of
autophagy in this process remains to be confirmed in vivo.

The autophagy pathway involves the engulfment of cytoplasmic
material by a double-membraned vesicle, the autophagosome,
which then fuses with lysosomes for degradation of its cargo. Two
ubiquitin-like conjugation systems are required for the elongation
phase of autophagosome formation, and A7g7 encodes the E1-like
enzyme required in both of these conjugation systems (14, 15).
Because autophagy-gene knockout mice display either embryonic
(16) or neonatal lethality (17, 18), we generated a mouse knocked
out for A7g7 in the hematopoietic system only. This model allowed
us to investigate the role of this essential autophagy gene in
erythroid as well as other hematopoietic cells.

Results

A Conditional Autophagy Knockout in the Hematopoietic System.
Atg7""Fex mice (18) were crossed to Vav-iCre mice (19), expressing
the codon-improved Cre recombinase (iCre) in hematopoietic stem
cells and fetal and adult hematopoietic lineages (19, 20), resulting in
a hematological A1g7 knockout, hereafter called Vav-Atg7 .

The iCre recombinase efficiently excised the loxP-flanked region at
the genomic level at both alleles, resulting in any A7 allele be-
coming Atg7"“" (Fig. S14). The Atg7 protein was absent in Vav-
Atg77"~ hematopoietic cells (splenocytes and bone marrow-derived
dendritic cells) yet still present in the nonhematopoietic kidney cells
(Fig. S1B). The absence of autophagy has previously been demon-
strated in Asg7"V“""N“! cells (18, 21). Here we found by electron mi-
croscopy (EM) that, whereas wild-type (WT) bone marrow (BM)
cells show some autophagic vacuoles, in A7g7~~ BM these were rare,
mostly immature, and open (Fig. S1C). In addition, using endogenous
staining of LC3, we determined the constitutive levels of autophagy by
immunofluorescence. Whereas all WT BM cells had some punctate
staining, very few Atg7~'~ cells had any puncta at all (Fig. S1D).

The Absence of Atg7 in the Hematopoietic System Is Lethal and Leads
to Severe Anemia. Vav-Atg7’/ ~ mice were born healthy, fertile,
and to Mendelian frequencies, with the Afg7 genotypes in iCre-
expressing tissues being 47% Flox/Flox; 24% Flox/Null; 29%
Null/Null. Blood smears and counts revealed that Vav-Atg7~/~
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mice developed a progressively worsening anemia (Fig. 1 4, C,
and D). All Vav-Atg7~'~ mice died between the age of 8 and 14
weeks (Fig. 1B). Approximately 1 week before death, mice be-
came symptomatic: weight loss, withdrawal from the group, and
lethar%'y became apparent. Nine-week-old asymptomatic Vav-
Atg7™'~ mice displayed significant splenomegaly (Fig. 1E) that
disappeared as the anemia progressed. The structural organ-
ization of the Vav-Atg7~'~ spleen into white (purple) and red
(pink) pulps had disappeared (Fig. 1F). The splenomegaly is a
typical sign of stress erythropoiesis observed during anemia.

The Distribution of Erythroid Developmental Stages Is Altered in Vav-
Atg7~'~ Mice. The ability of BM progenitor cells to give rise to
erythroid colonies was investigated by performing a colony-
forming cell assay. This revealed that Vav-Atg7 '~ and WT BM
cells gave rise to similar numbers of erythroid colonies (BFU-E),
suggesting that the anemia is not caused by a defect at the stage
of production of erythroid progenitors (Fig. S2).

Stages of erythroid development were then analyzed further.
Using the surface markers CD71 (transferrin receptor) and Ter119
(glycophorin A), which distinguish four nucleated erythroid devel-
opmental stages, Ter1197/CD71"&" (proerythroblasts), Ter119*/
CD71Mie" (basophilic erythroblasts), Ter119*/CD71M% (chroma-
tophilic erythroblasts), and Ter119*/CD71~ (orthochromatophilic
erythroblasts) (22), we found significantly increased numbers of
immature erythroid stages in the spleen, BM, and blood of Vav-
Atg7”~ mice (Fig. 2). Blood erythroid cells, though enucleated, still
express Ter119, and only reticulocytes retain CD71 expression. The
ability of Afg7”~ RBCs to enucleate was normal, as shown by
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Fig. 1. The absence of Atg7 in the hematopoietic system leads to lethal

anemia. (A) Representative blood smears from anemic 11-week-old mice. (B)
Survival curves. (C) Hemoglobin levels. (D) Red blood cell counts. (E) Spleen
weight in mg (*P = 0.0159). (F) Upper: H&E-stained paraffin-embedded
spleen sections. Lower: representative spleen size, 10-week-old mice.
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Fig. 2. Altered erythroid developmental stages in Vav-Atg7 "~ mice. Distribution
of erythroid developmental stages in (A) the spleen of 6-week-old mice (n = 4), (B)
the BM of 6-week-old mice (n =4), and (C) the blood of 9-week-old mice (n = 4). ns:
P> 0.05; *P < 0.05. Stages as gated on dot plots, and individual stage frequencies
are plotted in bar graphs. One of three representative experiments is shown.

the blood smears and confirmed by flow cytometry using the cell-
permeant nucleic acid dye LDS751 (Fig. S3).

Interestingly, up-regulation of the transferrin receptor was observed
in Vav-Atg7”~ BM Ter119*/CD71™" cells. Such up-regulation of
the transferrin receptor may reflect increased erythropoietic activity to
compensate for defective red blood cell development.

Autophagy Genes Are Transcriptionally Regulated in Wild-Type Bone
Marrow Erythroid Developmental Stages. The expression of autoph-
agy genes was investigated in WT nucleated erythroid developmental
stages purified from the BM by flow sorting based on their CD71 and
Ter119 expression as in Fig. 2B. Gene expression was normalized to
GAPDH, and the most mature stage (Ter119*/CD717), with the
lowest overall transcription levels, was used as reference. All genes
tested were expressed in BM erythroid cells (Fig. 34). The relative
abundance of autophagy gene transcripts was highest at the pro-
erythroblast and basophilic stages, stages found to accumulate in the
spleen and BM of Vav-Atg7~~ mice (Fig. 2.4 and B).

Atg7~'~ Erythroid Cells Have a Decreased Lifespan and a Significantly
Increased Susceptibility to Cell Death in Blood and Spleen. Next, as
the absence of Atg7 in Vav-Atg7 "~ mice is not restricted to the
erythroid lineage, we investigated whether the anemic phenotype
might be caused by lack of autophagy in other hematopoietic lin-
eages. For that, we injected equal numbers of carboxyfluorescein
succinimidyl ester (CFSE)-labeled Atg7~~ or WT RBCs into WT
hosts. The CFSE-labeled cells were tracked after 24 h and then
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Fig. 3. Atg7" erythroid cells have a decreased lifespan and a significantly
increased susceptibility to cell death in both blood and spleen. (4) gPCR ampli-
fication of Beclin1, Atg5, and Atg7 ¢cDNA in the indicated BM erythroid devel-
opmental stages from 8-week-old WT mice. (B) Survival of CFSE-labeled WT and
Vav—Atg7”’ red blood cells in WT hosts (*P < 0.05). This experiment was re-
peated three times with similar results. (C) Annexin V levels in peripheral red
blood cells ex vivo, after 6 and 24 h of culture. The percentage of Annexin V* cells
was determined by gating on live cells and is shown in the left panel. Bar heights
indicate total percentage of Annexin V* cells (interaction: *P < 0.05, two-way
ANOVA, n=3). (D) Representative histograms of active caspase 3 levels on spleen
erythroid stages from 9-week-old mice, gated as in Fig. 2A (*P=0.0159, n = 4).

weekly in peripheral blood. Within the first 24 h, we observed a
substantial drop in Atg7 '~ CFSE™ cell number, and subsequently
the overall RBC disappearance rate was comparable between
knockout and WT (Fig. 3B). This finding led us to investigate
whether increased cell death was responsible for the accelerated
disappearance of Atg7~"~ RBCs. Experiments were systematically
performed using Annexin V and intracellular staining of active
caspase 3, except on mature blood RBCs, which lyse during per-
meabilization. Atg7'~ peripheral blood erythroid cells showed
significantly higher levels of Annexin V staining ex vivo and after
culture in a nutrient-rich and Epo-containing medium (Fig. 3C).
The percentage of Annexin V* among Ag7 '~ cells correlated with
the percent loss of Azg7~'~ CFSE* RBCs in vivo (Fig. 3B). Inter-
estingly, in Vav-Atg7/~, CD71% cells had the highest levels of
Annexin V staining, whereas in WT cells it was the mature CD71~
erythrocytes. Higher levels of Annexin V were also found on spleen
and BM Atg7~'~ erythroid cells exvivo. In the spleen, levels of active
caspase 3 were highest in Ter119*/CD71™° cells from Vav-Atg7~/
~ (Fig. 3D). Taken together, these results suggest that the absence
of Atg7 causes an erythroid-intrinsic defect leading to cell death in
both nucleated and enucleated stages of development.

ErGFP-Atg7~'~ Mice Develop Anemia and Their RBCs Show Increased
Levels of Death. To formally exclude that the observed anemia
was due to a defect in other hematopoietic cells, we generated
conditional erythroid Atg7 knockout mice (ErGFP-Atg77/7).
This was achieved by breeding Azg7""*"** mice to ErxGFP-Cre
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mice, which express GFP and iCre under the control of their
endogenous erythropoietin receptor (EpoR).

We found that ErGFP-Atg7~~ mice develop a mild anemia,
characterized by significantly increased absolute numbers of
Ter1197/CD71Me? cells in peripheral blood at 7 weeks of age
(Fig. S44). The distribution of spleen erythroid developmental
stages was also significantly altered in ErGFP-Atg7~'~ mice (Fig.
S4B). Similar to Vav-Atg7~~, ErGFP-Cre mice had splenome-
galy (Fig. S4C). In addition, a significantly higher number of
peripheral blood RBCs from ErGFP-Atg7 ™~ showed signs of
cell death (Fig. S4D). Finally, as expected, no other hema-
topoietic lineage was affected in ErGFP-Atg7~'~ mice.

Overall, analysis of this erythroid-specific conditional Azg7
knockout model shows that the absence of A#g7 in erythroid cells
is sufficient to reproduce the anemic phenotype of Vav-Atg7 ™/~
mice; however, it is not as severe.

To understand this difference in severity, we tested whether this
could be due to lower excision levels in this model. In the original
study it was demonstrated that the ErGFP-Cre-mediated recom-
bination efficiency among Ter119* cells in adult spleen and bone
marrow was only 61.7% and 76.3%, respectively (23). To compare
this with Vav-iCre-driven excision, we performed a qPCR analysis
of Atg7 mRNA levels in sorted Ter119™ cells from fetal liver and
adult bone marrow from both mouse models. The relative Atg7
transcript abundance was dramatically decreased in Ter119% cells
from both models when compared to wild-type fetal Ter119* cells
(100%). Whereas Atg7 transcript levels from ErGFP-Atg7 ™~ fetal
and adult Ter119* cells were decreased to 15% and 25%, re-
spectively, thereby confirming findings in ref. 23, the decrease was
significantly higher in Vav-Atg7~~ cells, with remaining levels of
only 5% in fetal and 1% in adult Ter119™ cells (Fig. S4E).

Atg7~"~ Erythroid Cells Accumulate Selectively Damaged Mitochondria.
As autophagy has been implicated in the removal of mitochondria in
erythroid development (12, 13), we investigated the ability of Ag7 '~
cells to lose their mitochondria. We found a significantly higher
number of mitochondria but no other organelles in A%g7 7~ BM er-
ythroblasts by EM (Fig. 44). Autophagosomal structures were only
rarely observed in WT cells, but on the rare occasion these carried
mitochondria. On the other hand, in Atg7_/ ~ cells, mitochondria
were associated with isolation membrane-like structures (Fig. 44,
insets). Enucleated RBCs are usually devoid of organelles; however,
in Vav-Atg7~~ mice, a significant proportion of peripheral blood
cells contained mitochondrial remnants, only very rarely observed in
WT cells (Fig. 4B). There were also more mitochondria per cell in
Vav-Atg7~~ (Fig. 4C). Strikingly, when mitochondrial remnants
were found in WT peripheral blood cells, these were often within
autophagosomes, whereas those seen in Vav-Atg7 ™/~ blood cells
were in the proximity of isolation vesicle-like structures (Fig. 4C).

We excluded that these results were due to increased numbers
of reticulocytes in the blood of Vav-Atg7~'~ mice (Fig. S34) by
sorting blood cells based on staining for the RNA-specific dye
thiazole orange (TO) to distinguish reticulocytes from mature
RBCs (Fig. S6). We thus confirmed that Atg7~'~ reticulocytes are
defective in clearing their mitochondria, leading to a significant
number of mature RBCs with remaining mitochondria.

Depolarization of the mitochondrial membrane measured by
tetramethylrhodamine (TMRM) is a very early marker of apoptosis
and possibly precedes their autophagic engulfment in erythroid cells
(12). If damaged mitochondria are not disposed of in time, it results
in oxidation of the cardiolipins in the inner mitochondrial mem-
brane, detected by N-nonyl-acridine orange (NaO) (24, 25). Mi-
tochondrial superoxides (detected by MitoSOX) generated during
normal oxygen phosphorylation constitute the major ROS in mi-
tochondria and are responsible for cardiolipin oxidation (25). This is
followed by cell death due to leakage of apoptotic factors from
the mitochondrial intermembranal space.

Mortensen et al.
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Mitochondrial damage was therefore next investigated by flow
cytometry. First, we observed that the levels of intact cardiolipins as
well as mitochondrial mass (MitoTracker Green) decreased over
erythroid development in WT BM and that mitochondrial mem-
brane potential went from highly polarized, then depolarized, to
again repolarized, and finally completely hypopolarized (Fig. S7),
possibly thereby triggering mitochondrial degradation during these
stages. In Vav-Atg7~'~ BM cells, on the other hand, an accumu-
lation of mitochondrial superoxide was found in Ter119*/CD71"
(Fig. 4D). Using TMRM, a proportion of BM Atg7 '~ erythroblasts
were found to contain mitochondria with altered membrane po-
tential, hyperpolarizing first then depolarizing (Fig. 4D). Atg7 "~
BM Ter119*/CD71M<d cells were also found to have lower levels of
intact cardiolipins than their WT counterparts.

To investigate whether autophagy may be involved in the
removal of other organelles, ribosomes were stained with TO in
RBCs. Interestingly, not only were Vav-Atg7~~ RBCs devoid of
RNA at the Ter1197/CD71~ stage like WT cells but Ter119™/
CD71™*¢ cells had lower levels of RNA than their WT coun-
terparts (Fig. S5B), suggesting that Atg7-deficient RBCs were
able to degrade their ribosomes. Finally, we found that the
degradation of ER during erythroid development was not af-
fected by the loss of A#g7 (Fig. S5C).

Mortensen et al.

and membranes per cell. Right: representa-
tive EM. (Scale bars, 100 nm.) In WT, arrows
point at autophagosome; in Atg7 -, arrows
point at mitochondria. (D) Overlays of three
WT and three Vav-Atg7~~ BM erythroid
developmental stages stained with MitoSOX
Red, TMRM, and NaO (gated on the in-
dicated erythroid stages as shown in Fig. 2B)
(***P < 0.0001).

Mitochondrial Proteins Were Preferentially Detected in Atg7 '~ RBC
Membrane Preparations by Mass Spectrometry. A quantitative mass
spectrometry approach was used to compare the relative abundance of
proteins contained by Azg7 '~ and WT RBCs. Membrane preparations
were used to eliminate the most abundant cytoplasmic proteins in
RBCs, hemoglobins, which would otherwise make the identification of
other less abundant proteins impossible. Among the proteins detected
preferentially in.Atg7 '~ samples were the transferrin receptor (CD71)
and its precursor (serotransferrin precursor) (Table 1; Table S1). This
finding is consistent with the accumulation of CD71-expressing cells as
measured by flow cytometry (see Fig. 2C). An increase in a number of
proteins of the endomembrane system was also identified in the ab-
sence of A#g7, such as clathrin heavy chain (26), two lysosomal proteins,
and Atgl2, an autophagy-related protein which when conjugated to
Atg5 by Atg7 forms an integral part of autophagosomal membranes
(27). Most importantly, this analysis revealed that mitochondrial
proteins were consistently and preferentially detected in Arg7~~
samples only, further confirming that in the absence of autophagy,
peripheral blood cells have impaired removal of mitochondria.

Lymphocytes but Not Myeloid Cells Are Affected by the Loss of Atg7.
Absolute numbers of T and B lymphocytes in peripheral blood were
significantly reduced in Vav-Atg7~'~ mice (Fig. S8 4 and B). This
lymphopenia was observed in mice as young as 3 weeks old and, unlike
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Table 1. Unique proteins identified in Atg7-/- RBC membrane
preparations by mass spec.

Swiss-Prot
Accession
Biological Function Protein Name No.
RBC developmental Transferrin receptor protein 1 Q62351
receptors Serotransferrin precursor Q92111
Endo-lysosomal and Clathrin heavy chain 1 Q68FD5
autophagosomal Lysosomal o glucosidase P70699
proteins precursor
Lysosomal associated Q60961
transmembrane protein 4A
Autophagy related protein 12 Q9CQY1
Mitochondrial 60 kDa heat-shock protein P63038
proteins mitochondrial precursor
ATP synthase subunit o Q03265
mitochondrial precursor
Acylglycerol kinase Q9ESW4
mitochondrial precursor
Malate dehydrogenase P08249
mitochondrial precursor
Coproporphyrinogen IlI P36552
oxidase mitochondrial
precursor

the anemia, did not progress. Significantly more ex vivo active caspase
3 levels were detected in both CD4* and CD8* Iymphocytes in the
absence of Atg7. More apoptosis was also observed after in vitro
culture (Fig. S8C). Staining with MitoSOX and MTG revealed that
CD4" and CD8" cells from Vav-Atg7 ™ mice had higher levels of
mitochondrial superoxide, increased mitochondrial mass (Fig. S94),
and a higher number of mitochondria as counted by EM (Fig. S9B).

The myeloid lineage, in contrast, was not affected by the absence
of Atg7. Ex vivo absolute numbers of myeloid (CD11b*) and
dendritic cells (CD11¢* DCs) were found unaltered in the blood
and spleen of Vav-Atg7~'~ mice.

Discussion

Autophagy was initially described to function as an alternative cell
death mechanism. In contrast, most in vivo studies of autophagy,
including the present one, support its role as a survival mechanism
(28): the ablation of A1g5 (29) or A#g7 (21) caused cell death in
neurons, and Azg5~~ BM chimeras showed increased susceptibility
to death in T cells (30). Although direct crosstalk between au-
tophagy and apoptosis is likely to occur at the molecular level (31),
here we show evidence of an indirect link between autophagy and
death. Our results indicate that the role of autophagy is in mi-
tochondrial clearance preventing cell death in hematopoietic cells.

The absence of Atg7-mediated mitophagy in erythroid cells leads
to an accumulation of mitochondria from the erythroblast stage in the
bone marrow to the reticulocyte stage in peripheral blood, resulting in
cell death. As the presence of mitochondria in reticulocytes is not, per
se, toxic, considering that wild-type reticulocytes contain mitochon-
dria, the presence of mitochondria as seen in Atg7~'~ leading to their
death may seem puzzling. The presence of mitochondria being toxic
in Atg7~"~ cells could mean that damage to mitochondria is induced
to signal for their clearance at the basophilic erythroblast stage.
Whereas in wild-type cells these are soon cleared, in Atg77/~ cells
damaged mitochondria remain and the pathways downstream of
mitochondrial damage are allowed to continue, leading to apoptosis.
A recent study using Nix”~ mice supports this, as it shows that mi-
tochondria are targeted for autophagosomal degradation by a Nix-
dependent loss of mitochondrial membrane potential (12).

The accumulation of mitochondria in Atg7 '~ erythroid cells was
evident already in the BM and autophagy genes were transcription-
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ally regulated in WT BM, altogether suggesting an active role for
autophagy in BM erythroid cells. Increased death in both nucleated
(spleen) and enucleated (blood) erythroid cells was also observed.
We therefore propose that mitophagy starts in nucleated erythro-
blasts and is ongoing until the mature erythrocyte stage is reached.

Some redundancy for mitochondrial removal may exist as, similar
to UlkI-deficient RBCs (13), a limited percentage of Azg7~'~ RBCs
were found to contain mitochondria by EM. The fact that mem-
branous structures remain in autophagy-deficient RBCs might be
due to the defective removal of other organelles; however, this
seems unlikely, as we show that both ribosomes and ER are effi-
ciently cleared from Atg7”~ erythrocytes. An alternative ex-
planation for these remaining membranous structures is that these
might represent an alternative organelle digestion vesicular pathway
which accumulates only in the absence of autophagy. On the other
hand, Atgl2 was found preferentially in the knockout samples by
proteomics analysis of RBC membrane preparations. As the Atg12/
Atg5 conjugate was recently reported to have an E3-like activity
enhancing Atg8 lipidation in yeast (32), it can therefore be specu-
lated that its up-regulation in the absence of Atg7 might be a way to
attempt autophagosome formation and may result in an increase in
the formation of isolation membranes accumulating in Atg7 '~ er-
ythrocytes. Interestingly, a recent paper shows that there is indeed
an Atg7-independent pathway of mitochondrial removal using
degradative vacuoles that form in the absence of autophagy (33).

In particular, regarding the removal of ribosomes from devel-
oping erythroid cells, these were found increased in UlkI™~ retic-
ulocytes by EM, and inhibition of autophagy in WT cells resulted in
accumulation of RNA bound to ribosomes. This suggested that
autophagy is involved in the removal of ribosomes from retic-
ulocytes (13). This was not confirmed in Afg7~'~ RBCs. On the
contrary, Ter119%/CD71™Y cells have a lower RNA content than
WT (Fig. S5B), despite Vav-Atg7~~ mice having an increased
number of reticulocytes (Fig. SSB). Our results also clearly indicate
that ER is degraded normally in the absence of Atg7.

The anemia was reproduced in another in vivo model lacking
Atg7 in the erythroid compartment only (ErGFP-Atg7~'~ mice);
however, the phenotype in these was much milder and the ane-
mia was not progressing in severity as seen in Vav-Atg7 ",

The significantly higher excision rate of Atg7 in both fetal and adult
erythroid cells in VavCre-Atg7~~ as compared to ErGFP-Atg7 /"~
mice could explain this difference, with more Atg7" erythroid cells
surviving in the latter, giving rise to a mature pool of healthy RBCs.
Interestingly, we found that the excision rate during erythropoiesis is
comparatively efficient before and after birth in both models, ex-
cluding the possibility that the progressive anemia in Vav-Atg7~/~
mice is due to better excision in adult cells than in fetal cells. The most
likely explanation for the progression of the disease in Vav-Atg7 ™ is
therefore the fact that vav is active much earlier (20) than the EpoR in
hematopoiesis, which may lead to a cumulative problem in the
hematopoietic stem cell compartment, therefore affecting the overall
levels of erythropoiesis. However, the colony-forming cell assay
showed that erythroid progenitors are produced to equal numbers in
Vav-Atg7~~ and wild-type mice. As this assay is not informative
about their functional capacity, more stringent functional assays of
erythroid and other progenitors from Vav-Atg7~~ are needed to
exclude that a more severe and progressive anemia in Vav-Atg7 ™ is
due to a role for autophagy in hematopoietic progenitor cells.

Not all hematopoietic lineages were equally affected by the
loss of Atg7, as absolute numbers of myeloid cells were normal in
Vav-Atg7~'~ mice. We therefore hypothesize that the removal of
damaged mitochondria may play a more important role in long-
lived cells. The lifespan of some lymphocytes, particularly T cells,
can be years, whereas myeloid cells live only hours to weeks.

Overall, these results may shed light on human anemia of
unknown etiology. Two possible diseases would resemble the
symptoms found in this mouse model most. First, congenital
dyserythropoietic anemia type II (CDAII) is a rare anemia, in
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which double membranes are found in a large proportion of red
cell precursors (34). However, as the molecular basis of CDAIIL
has just been elucidated (35, 36), an important role for au-
tophagy in the pathogenesis of this disease is now unlikely.
Second, myelodysplastic syndrome (MDS) comprises a group of
anemic disorders characterized by abnormal cell morphology in
the bone marrow accompanied by cytopenias in peripheral
blood. The hallmark of MDS is ineffective hematopoiesis with
anemia, neutropenia, thrombocytopenia, splenomegaly, and
leukopenia. Apoptosis is observed in erythroid progenitors as in
other bone marrow-derived cells (37). It is associated with mi-
tochondrial release of cytochrome ¢ with subsequent activation
of caspase 3 and 9 (38). Whether certain subsets of MDS have
defects in autophagy is a question that merits investigation.

In conclusion, we have in the present study demonstrated that
the core autophagy gene Arg7 is a key molecular player in mi-
tochondrial autophagy in mammalian hematopoietic cells.

Materials and Methods

Animals. Mice were bred and housed in Biomedical Services, Oxford in individually
ventilated cages. Atg7™*F'°* were crossed to Vav-iCre*~ mice (from Dimitris Ki-
oussis, London) to obtain Vav-iCre*"; Atg7">/F°* Genotyping was performed on
ear genomic DNA as described before in refs. 18 and 19. Male and female mice
were used equally in all experiments and littermates were always used as controls.

Flow Cytometry. Flow cytometry experimentswere performed withaDAKO CyAn

instrument unless otherwise stated, and FACS data were analyzed with FlowJo

8.7.3 for Mac (Treestar). S| Materials and Methods provide more staining details.
See further details in S/ Materials and Methods.

Real-Time PCR. RNA from sorted cells was extracted using MicroRNeasy col-
umns (Qiagen), reverse-transcribed (High Capacity RNA-to-cDNA kit), and
amplified using gene-specific TagMan gene expression assays and gene
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expression master mix (all from Applied Biosystems, Foster City, CA) and run
on an ABI 7500 instrument. Samples were run in duplicate.

Red Blood Cell Lifespan. RBCs, counted on a hemocytometer, were stained
with 10 uM CFSE in PBS at 37°C for 15 min and washed twice. RBCs (2 x 10°)
in PBS were injected into the tail vein of C57BL/6 females [representing
about 12% of total blood, and shown as 100% (Fig. 3B)].

Electron Microscopy. Tissue for routine EM was processed as described pre-
viously (39).

Bone Marrow-Derived Dendritic Cells. Hind limb bones were obtained from
9-week-oldmice. BM cellswere plated in RPMI1640with 10% FBS (Sigma, St Louis,
Missouri), glutamine, penicillin, and streptomycin. Recombinant murine GM-CSF
andIL-4 (PeproTech EC, London) were added ondays0and 3at20ng/mLeach.On
day 5, 10 ng/mL of LPS (Sigma) was added overnight for maturation.

Mass Spectrometry. For RBC membrane preparation, see S/ Materials and
Methods. Sample analysis by tandem mass spectrometry and assessment of the
relative quantitation of identified proteins were performed as described
previously in ref. 40.

Statistics. Statistical analyses were performed using Prism 4 for Mac
(GraphPad Software). Error bars represent SEM and P values calculated with a
two-tailed Mann-Whitney test unless stated otherwise.
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