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(Bacl(ground: Autophagy is required in hematopoiesis and protects against leukemogenesis.
Results: When ATG7-dependent canonical autophagy is impaired, ATG7-independent alternative autophagy engages in mye-

Conclusion: The integrity of hematopoietic stem cells is jeopardized by a lack of alternative autophagy.
Significance: Learning autophagy organization in hematopoietic system is crucial for understanding hematopoietic stem cell
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Autophagy is integral to hematopoiesis and protects against
leukemogenesis. However, the fundamentals of the required
molecular machinery have yet to be fully explored. Using condi-
tional mouse models to create strategic defects in the hemato-
poietic hierarchy, we have shown that recovery capacities in
stem cells and somatic cells differ if autophagy is impaired or
flawed. An in vivo Atg7 deletion in hematopoietic stem cells
completely ablates the autophagic response, leading to irrevers-
ible and ultimately lethal hematopoiesis. However, while no
adverse phenotype is manifested in vivo by Atg7-deficient mye-
loid cells, they maintain active autophagy that is sensitive to
brefeldin A, an inhibitor targeting Golgi-derived membranes
destined for autophagosome formation in alternative auto-
phagy. Removing Rab9, a key regulatory protein, in alternative
autophagy, disables autophagy altogether in Atg7-deficient
macrophages. Functional analysis indicates that ATG7-depen-
dent canonical autophagy is physiologically active in both hema-
topoietic stem cells and in terminally differentiated hematopoi-
etic cells; however, only terminally differentiated cells such as
macrophages are rescued by alternative autophagy if canonical
autophagy is ineffective. Thus, it appears that hematopoietic
stem cells rely solely on ATG7-dependent canonical autophagy,
whereas terminally differentiated or somatic cells are capable of
alternative autophagy in the event that ATG7-mediated
autophagy is dysfunctional. These findings offer new insight
into the transformational trajectory of hematopoietic stem cells,
which in our view renders the autophagic machinery in stem
cells more vulnerable to disruption.
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Hematopoietic stem cells (HSC),> armed with the capacity to
self-renew and generate somatic/differentiated progenies, are
essential for normal hematopoiesis and are largely compelled
to transform by imbalances in hematopoietic homeostasis.
Autophagy is a conserved catabolic mechanism that protects
cells by delivering potentially toxic macromolecular aggregates
(e.g. proteins, lipids, and glycans) and damaged or superfluous
organelles to lysosomes for degradation (1-6). Various stimuli,
such as starvation, endoplasmic reticular stress, DNA damage,
and reactive oxygen species, may trigger autophagy. Although
studied extensively in somatic cells, our understanding of
autophagy in stem cells is very limited. Deletion of the
autophagy gene Beclinl leads to early embryonic lethality (7).
Recent research has implicated autophagy in hemostatic con-
trol and maintenance of the capacity for self-renewal in stem
cells. Autophagy is up-regulated during early differentiation of
mouse and human embryonic stem cells (8, 9); is known to
regulate maintenance, self-renewal, and differentiation of
human mesenchymal stem cells (10, 11); and participates in
somatic reprogramming (12, 13) and regulating stem-cell status
as well (14). In short, autophagy is required for maintenance of
HSCs (15-17). Deletion of essential autophagy genes Atg7 or
Fip200 in mouse HSCs leads to defective self-renewal and dys-
regulated myeloproliferation (15, 17). In addition, recent stud-
ies of ours have shown that ATG7-dependent autophagy regu-
lates cell cycles of HSCs and progenitor cells (18), promotes
megakaryopoiesis, megakaryocyte differentiation, and throm-
bopoiesis (19), and regulates hematopoiesis largely via direct
targeting Notch (20).

ATG7-dependent autophagy, or canonical autophagy, is
characterized by lipidation and processing of microtubule-as-
sociated protein light chain 3 (LC3) to form LC3-II, an essential
step in autophagosme structuring (2). Previous investigations
have documented an ATG5/ATG7-independent alternative
autophagic mechanism in mouse embryonic fibroblasts, regu-

2 The abbreviations used are: HSC, hematopoietic stem cells; MACS, magnet-
ic-activated cell sorting; LC, light chain; ROS, reactive oxygen species; plpC,
polyinosine-polycytosine; BFA, brefeldin A; HSPC, hematopoietic stem and
progenitor cells.
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lated by proteins such as RAB9, Unc-51-like kinase 1 (ULK1),
and Beclinl. Unlike canonical autophagy, autophagosomes are
generated in a RAB9-dependent manner by the fusion of isola-
tion membranes with vesicles of trans-Golgi and late endo-
somal derivation (20, 21). ATG3-independent autophagy,
which resembles the ATG7-deletion phenotype, has also been
described (21, 22). Although canonical autophagy has been
amply and intensively studied, and non-canonical or alternative
autophagy similarly has been well documented, the particulars
of these mechanisms in differing mammalian systems and the
biological significance of their functional heterogeneity remain
open to question.

HSCs reside in niche locations and behave differently than
differentiated blood cells that are actively exposed to a variety of
intra- and extracellular stimuli. Despite a rapidly growing inter-
est in autophagy, the potential divergence in the autophagic
profiles of stem cells and somatic/differentiated cells is still fun-
damentally unknown in mammalian systems. Through the use
of conditional mouse models harboring autophagy-essential
gene deletions in the hematopoietic hierarchy, we show that
two distinct mechanisms of autophagy are operant. HSCs rely
solely on canonical autophagy, which is ATG7-dependent and
non-recoverable if impaired, whereas disruption of canonical
autophagy in myeloid cells triggers an alternative compensa-
tory pathway, thereby maintaining cellular viability and
function.

Experimental Procedures

Animals—Atg7"  mice (kindly from Dr. Komatsu, Japan) (23)
were crossed to Vav-Cre mice (Jackson Lab) to obtain Atg7"%
Vav-Cre and Atg”";Vav-Cre mice. Atg7”" mice was crossed to
Lyz-Cre mice (Jackson Lab) to obtain Atg7”5;Lyz-Cre. Atg7"",
Lyz-Cre mice was further crossed to GFP-LC3 transgenic mice
(Jackson Lab) to obtain Atg7"%;Lyz-Cre;GFP-LC3 mice. Atg7"*
mice was crossed to Mx1-Cre mice ((Jackson Lab) to obtain
Atg7"5Mx1-Cre mice. Genotyping was performed on tail
genomic DNA. Male and female mice were used equally in all
experiments, and littermates were always used as controls. Each
group contains at least 6 mice. All experiments with animals are
complied with the institutional protocols on animal welfares
and approved by the Ethics Committee of Soochow University.

Reagents and Antibodies—CD11b-APC(553312), Ly-6G and
Ly-6C-APC, Ter119-FITC, CD71-PE were from BD Biosci-
ences; F4/80-PE(12-4801) was from eBioscience; Ly-6C-FITC
was from Biolegend; AnnexinV-FITC PI Apoptosis Kit was
from Biouniquer; M-CSF was from Sigma; Anti-Atg7, anti-Be-
clinl, anti-PI3 Kinase Class III, and anti-GAPDH were from
Cell Signaling Technology; anti-LC3 was from Medical & Bio-
logical Laboratories.

Flow Cytometry—Flow cytometry experiments were per-
formed with BD fluorescence-activated cell sorting (FACS)
Calibur or BD FACS Aria III, followed by magnetic-activated
cell sorting (MACS).

Real-time PCR—Total RNA was extracted with TRIzol re-
agent according to the manufacturer’s guidelines (Invitrogen),
and reverse transcription was performed with Thermo Scien-
tific Revert Aid First Strand cDNA Synthesis Kit on an ABI 7500
instrument. Samples were run in triplets.
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Blood Routine Examination—20 ul of mouse peripheral
blood was added into 500 ul CPK-303A (37 °C). Blood routine
examination was performed using sysmex KX-21N.

Forced in Vivo or ex Vivo Monocyte-Macrophage Differ-
entiation—For forced in vivo monocyte-macrophage differen-
tiation, mice were treated with thioglycolate. Basically, the thio-
glycolate-activated macrophages were isolated from Atg7"%
Lyz-Cre mice or wild-type mice by peritoneal lavage 1-4 days
after intraperitoneal injection of 1 ml of 3% sterile thiogly-
colate medium. The cells from thioglycolate-induced perito-
nitis were costained with anti-CD11b and anti-F4/80, and
F4/80"CD11b™ populations were sorted by FACS. The thiogly-
colate-induced macrophages were then incubated, respec-
tively, with Baf-Al (10 nm), BFA (0.1 ng/ml), and cells were
cultured in RPMI 1640 with 10% FBS or RPMI 1640 without
amino acids and serum for 1.5 h (for starvation). Myeloid cells
were finally measured with flow cytometry using specific bio-
markers. For forced ex vivo monocyte-macrophage differentia-
tion, monocytes were first isolated from mice by FACS or
MACS (Mouse Monocyte Enrichment Kit, Stem Cell), and then
cultured in 10% FBS RPMI 1640 with or without M-CSF (25
ng/ml) for 72 h. BFA (0.1 ng/ml) or Baf-A1 (10 nm) was added
into culture medium after cultured for 48 h. Differentiation was
accessed using flow antibodies indicated.

Confocal Microscopy Analysis of GFP-LC3 Fluorescence
Puncta—Macrophages grown on coverslips were incubated
with CD11b antibody after removing uncombined antibody
using PBS. Cells were fixed in 4% formaldehyde for 30 min at
room temperature prior to cell permeabilization with 0.1% Tri-
ton X-100 (4 °C, 10 min). The cells were washed in PBS three
times for 5 min, incubated on 0.1 ug DAPI for 9 min, and then
rinsed with PBS. Fluorescence signals were analyzed using con-
focal microscope.

Transmission Electron Microscopy of Autophagy in Mac-
rophages—Macrophages were isolated from mice (each treat-
ment sample requires 20 mice of each animal model) and the
cell pellets from the macrophage pool were fixed in 3% glutar-
aldehyde solution in 0.1 M phosphate buffer at 4 °C. After 2 h of
fixation in osmium tetroxide (3%), the macrophages were then
dehydrated in graded acetone, and embedded in Araldite
(Fluka, Buchs, Switzerland). Ultrathin sections were prepared
using a diamond knife, collected on copper grids (G 300 Cu),
contrasted using both lead citrate and uranyl acetate, and then
examined with a transmission electron microscope (JEM-
1010, JEOL, Japan).

AnnexinV/PI Apoptosis Assays—Cells were costained with
FITC-annexin V and propidium iodide (PI) according to the
manufacturer’s protocol and analyzed with a flow analyzer.

Mouse Primary Monocytes Isolation from Bone Marrow—
Bone marrow cells were isolated by removing leg bones from
muscles. Cells were detected by flow analysis. In addition, pure
mouse primary monocytes were sorted against anti-Ly6C and
anti-F4/80.

Western Blotting Analysis—Cells were cultured and lysed in
lysis buffer (Cell Signaling) containing protease inhibitor mix-
ture and PhosSTOP phosphatase inhibitor mixture (Roche) on
ice for 30 min. Crude lysates were obtained by centrifugation
centrifuged at 13,000 X g for 20 min and heated at 95 °C for 5
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min at 4 °C. The protein was detected by immunoblotting.
Equal amounts of protein were loaded on a 12% SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to poly-
vinylidene difluoride membrane (Millipore). Anti-Atg7, anti-
LC3 polyclonal antibodies were revealed using an appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody
(Cell Signaling) and detected by an enhanced chemilumines-
cence kit (Pierce). In conjunction, blots were probed with anti-
GAPDH antibody (Cell Signaling) to confirm equal loading of
protein.

In Vitro Phagocytosis Assay—Bone marrow CD11b™ cells
were combined with reconstituted Escherichia coli that
expressed EGFP and incubated at a ratio of 10:1 (E. coli:macro-
phages) at 37 °C. After 2 and 4 h, macrophage phagocytosis was
analyzed by flow cytometry.

Blood Smear—Blood smears are made by placing a drop of
blood on one end of a slide, and using a spreader slide to dis-
perse the blood over the slide’s length. The slide is left to air dry,
after which the blood is fixed to the slide by immersing it briefly
in methanol and performed on blood smears stained with
Giemsa stain. After staining, the monolayer is viewed under a
microscope using magnification up to 400X. Individual cells
are examined, and their morphology is characterized and
recorded.

Measurement of Reactive Oxygen Species—DCFH-DA dis-
solved in serum-free medium was added at 10 um (final con-
centration). Cells were resuspended in serum-free medium
containing DCFH-DA and incubated at 37 °C 15 min, then ana-
lyzed by FACS-Calibur Determination of ROS production.
Cells were incubated with CM-H 2DCFDA (Molecular Probes)
in the dark for 15 min at 37 °C. After washing, cells were ana-
lyzed by flow cytometry using a FACS Calibur (BD Biosciences).
Data were analyzed by using the CellQuest program (BD
Biosciences).

Lentivirus-mediated RNA Interference—Lentiviral vectors to
silence Rab9 together with negative control vector (shRNA-
NC) were purchased from GenePharma Co, Ltd (Shanghai,
China). The sequences to silence Rab9 were shRNA: 5'-GGA-
GGCAGTTCGAAGAATTCTT-3'. Virus was produced by
co-transfection of 293T cells with shRab9 or shRNA-NC and
packaging plasmids. For viral infection, viral supernatant were
filtered, collected and used to infect macrophages. Monocytes
were cultured in M-CSF medium for 48 h, and lentivirus was
then added into culture medium. After 48 h, GFP™ macroph-
ages were sorted for further Q-PCR and indicated treatment.
The Q-PCR primers used were mouse Rab9, the forward primer
was 5'-TACCGGGGTTCTGACTGTTG-3’, and the reverse
primer was 3'-GGCTCTTTCACATCTGCGTAATA-5'.

Stem Cell Autophagy Is More Vulnerable

Statistical Analysis—The significance of differences was
determined by Student’s ¢ test or one-way ANOVA followed by
Tukey test. p < 0.05 was considered statistically significant.

Results

Atg7-gene Deletion Confers Differing Phenotypes in HSCs and
Terminally Differentiated Hematopoietic Cells—Autophagy in
HSCs and in differentiated hematopoietic cells was assessed
through conditional mouse models by deleting a critical gene
(Atg?) in the hematopoietic hierarchy (Fig. 14). The Atg7 gene
encodes an E1-like enzyme that functions in the two ubiquitin-
like conjugation systems essential for autophagosome forma-
tion (24). Whole-body homozygous Atg7 knock-out is lethal in
mice neonates (23). In our mouse model, Atg7 deletion was
selective, limited to the hematopoietic system, and was con-
firmed by semi-quantitative real-time polymerase chain reac-
tion (RT-PCR). The Vav gene encodes a guanine nucleotide
exchange factor in HSCs (25, 26), and its promoter effectively
directs exogenous gene expression in HSCs. In Atg7"5;Vav-Cre
mice, Atg7 deletion by Vav promoter-directed Cre expression
occurs at stem-cell level. This leads to complete floxing of Atg7
throughout the hematopoietic system (Fig. 1B), given that all
descendant hematopoietic cells originate from HSCs (27). In
contrast, lysozyme M (Lyz) expression gradually increases dur-
ing myeloid differentiation, peaking in mature granulocytes
and macrophages (28, 29). In Atg7”%Lyz-Cre mice, Atg7 dele-
tion is limited to myeloid-cell lineage, including granulocytes,
monocytes, and mature macrophages, whereas early hemato-
poietic cells, including stem cells and progenitors, retain intact
Atg7 alleles (Fig. 1C) (30, 31).

Phenotypic analysis revealed that the Atg7”%Vav-Cre mice
developed progressive anemia and splenomegaly, survived for a
mean of only 12 weeks, and were sterile (data not shown), con-
sistent with previous reports (16, 17). However, survival rates of
wild-type and Atg7"%:Lyz-Cre mice did not differ under nutri-
ent-rich or starvation conditions (Fig. 1D), suggesting that
autophagy in macrophages of Atg7"%;Lyz-Cre mice remain
functional and respond to starvation. As shown by blood
smears and cell counts, Atg7"”5;Vav-Cre mice developed wors-
ening anemia, whereas Atg7";Lyz-Cre mice did not differ from
wild-type in this regard (Fig. 1E).

We also observed that autophagic defects in HSCs of the
Atg7"5;Vav-Cre mouse model culminated in irreversible failure
of hematopoiesis, again in agreement with previous findings
(16, 17), whereas the ATG7-mediated autophagy defects in
Atg7"%;Lyz-Cre mice did not result in peripheral blood changes
relative to wild-type mice (data not shown). To validate these
peripheral blood findings, bone marrow samples were analyzed

FIGURE 1. Differential deletion of Atg7 in stem cells and terminally differentiated cells of hematopoietic system reveals different phenotypes. A,
scheme for deferential deletion of atg7 in mouse hematopoietic hierarchy. B, identification of Atg7”f;Vav-Cre mice. Atg7 gene is deleted in bone marrow LSK
hematopoietic stem and progenitor cells. C, identification of Atg7”;Lyz-Cre mice. Atg7 gene is deleted in the myeloid cells including granulocytes, monocytes,
and macrophages, but their upstream cells (bone marrow lineage negative and positive cells) maintain atg7 transcript. The designated types of cells from the
mouse models were directly sorted from bone marrow cells by FACS, and the presence of Atg7 transcript was determined by RT-PCR. D, Atg7 deletion in
hematopoietic stem cells, not myeloid cells, caused mouse death, but atg7 deletion in myeloid cells did not affect mouse death under nutrient-rich or
starvation conditions. For starvation, mice were provided with water but without feed. E, blood routine examination of Atg7f/f;Vav-Cre mice and Atg7f’f;Lyz-Cre
mice. F, flow cytometric analysis of the percentage of bone marrow myeloid cells (CD11b*) and granulocyte (Ly-6G* and Ly-6C*) in Atg7”";Vav-Cre and
wild-type mice. G, flow cytometric analysis of bone marrow and peripheral blood myeloid cells (CD11b*) and granulocyte (Ly-6G* and Ly-6C*) in Atg7”Lyz-
Cre and wild-type mice. H, apoptosis of myeloid cells from the mouse models was assessed using Annexin V/PI staining on flow cytometer. /, flow cytometric
analysis of ROS levels in Lin~ cells of Atg7”;Vav-Cre mice or myeloid cells of Atg7”f;Lyz-Cre mice. Data are representative or statistical results of three
experiments.n = 6.*, p < 0.05; **, p < 0.01.
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by flow cytometry for specific markers, namely CD11b (mono-
cytes/macrophages) or Ly6G/C (granulocytes). Subsequently,
Atg7":Vav-Cre mice displayed marked myeloproliferation
(Fig. 1F), but there were no signs of altered differentiation in
Atg7"5Lyz-Cre mice (Fig. 1G). The genetic and phenotypic
data imply that Atg7 deletion in HSCs induces irreversible
impairment in hematopoiesis and eventual animal death; how-

A

WT Atg7'/f;Lyz-Cre

ever, this outcome does not occur in myeloid cells with this
deletion.

We have reported that autophagy is required for terminal
differentiation of myeloid cells in vitro (31, 32) and for mega-
karyocytic differentiation in vivo (19) Another recent study
involving exposure to an inducer of monocytic differentiation
has demonstrated that induction of autophagy is necessary for
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ex vivo monocyte-macrophage differentiation (33). Not unex-
pectedly, loss of autophagy in myeloid cells of the Atg7"%Lyz-
Cre mouse model would thus have profound consequences
in terms of in vivo terminal differentiation. To explain why in
vivo Atg7 deletion in myeloid cells did not culminate in dys-
functional terminal differentiation, we examined the poten-
tial influence of this deletion on intrinsic myeloid cell func-
tion in Atg7f/f;Lyz—Cre mice. To this end, we compared
myeloid-cell apoptotic response in Atg7”5;Vav-Cre and
Atg7"%;Lyz-Cre strains, using wild-type mice as controls.
Bone marrow and peripheral blood cells collected from each
subset were stained, using anti-CD11b antibody and PI/An-
nexin V. Although the ratio of apoptotic CD11b-positive
cells (monocytes/macrophages) in wild-type and Atg7"%
Lyz-Cre mice did not differ (data not shown), Atg7 deletion
in HSCs of Atg7”%;Vav-Cre mice clearly boosted apoptosis
(Fig. 1H). Previous studies have shown that the absence of
autophagy leads to mitochondrial accumulation of reactive
oxygen species (ROS) (34, 35). We thus measured ROS level
in the CD11b-positive cells of wild-type and Atg7-deficient
mice. Again, Atg7”%;Lyz-Cre and wild-type mice did not dif-
fer in ROS clearance (data not shown), suggesting that the
capacity for ROS clearance in myeloid cells is not under-
mined by an ATG7-dependent autophagic defect. In con-
trast, Atg7 deletion in HSCs from Atg7";Vav-Cre mice
ablated ROS clearance, as evident by accumulation of ROS
(Fig. 11).

Given the above outcomes, we then examined myeloid cells
in Atg7";Lyz-Cre mice, checking their responsiveness to extra-
cellular stimuli. Phagocytic activity in bone marrow or perito-
neal macrophages of Atg7”5;Lyz-Cre and wild-type mice was
investigated by ex vivo addition of GFP-expressing E. coli to
macrophage cultures. Uptake of GFP-expressing E. coli by mye-
loid cells was comparable for both strains (data not shown).
This supported our prior observation that survival of Atg7"%
Lyz-Cre mice harboring an Atg7 deletion in myeloid cells is not
compromised under starvation conditions (Fig. 1D).

ATG7-dependent Autophagic Defect in Myeloid Cells
Cripples Artificial but Not Physiologic Induction of Mono-
cyte-Macrophage Differentiation—Focusing on canonical
autophagy in myeloid cells, the effect of an ATG7-dependent
autophagic defect on terminal differentiation of monocytes was
examined. Fluorescence-activated cell sorting at monocyte-
macrophage stage of differentiation (Ly6C*F4/80") in bone

Stem Cell Autophagy Is More Vulnerable

marrow reached at least 95% of respective myeloid-cell totals
for both Atg7”%:Lyz-Cre and wild-type mice (Fig. 24), with
near-complete floxing of the A#g7 gene in these cells (Fig. 2B).
To determine if any lingering ATG7 protein in macrophages of
Atg7"5Lyz-Cre mice was capable of sustaining canonical
autophagy, or if biallelic deletion of the Azg7 gene in macro-
phages of Atg7”;Lyz-Cre mice was sufficient to disrupt this
process, comparative analysis of monoallelic Azg7 deletion in
HSCs of another conditional Atg7 knock-out mouse model
(Atg7”";Vav-Cre) was performed. Although >50% of ATG7
protein remained in bone marrow lineage-negative cells of
Atg7"*;Vav-Cre mice (Fig. 2C), monoallelic Azg7 deletion in
this mouse model resulted in hematopoietic stem-cell exhaus-
tion, signaled by higher percentages of LSKCD34 ™ cells and LK
cells and subsequent reduction in colony-forming ability (Fig.
2D). Hence, HSCs of heterozygous Atg7";Vav-Cre mice
proved relatively sensitive to disrupted ATG7-dependent
autophagy, even with partial loss of ATG7 protein.

By all accounts, biallelic Atg7 deletion in myeloid cells of
Atg7";Lyz-Cre mice should disrupt ATG7-dependent
autophagy, having lost the vast majority of ATG7 protein (Fig.
2B). To our surprise, flow cytometry revealed that percent-
ages of monocytes (Ly6C*F4/807), mature macrophages
(Ly6C~F4/80™), and progenitors at monocyte-macrophage
stage of differentiation (LypC*"F4/80") in bone marrow of
Atg7"Lyz-Cre and wild-type mice (Fig. 2E) did not differ.
Thus, an ATG7-dependent autophagic defect in Atg7";Lyz-
Cre mice did not compromise iz vivo physiologic monocyte-
macrophage differentiation.

To determine if ATG7-dependent autophagy is actually
functional during physiologic monocyte-macrophage differen-
tiation, a forced in vivo differentiation assay was done by treat-
ing wild-type and Atg7"%;Lyz-Cre mice with thioglycolate, an
inducer of monocytic differentiation (34). Mice were sacrificed
on Days 1 and 3 post-treatment, and thioglycolate-exposed
peritoneal cells were collected for flow analysis. In wild-type
mice, the percentage of Ly6C ™~ F4/80" macrophages increased
from Day 1 to Day 3, whereas the percentage of Ly6C*F4/80~
monocytes decreased, reflecting in vivo physiologic monocyte-
macrophage differentiation in response to the induction agent.
In Atg7”5Lyz-Cre mice, the percentage of Ly6C F4/80™
macrophages or Ly6C "F4/80~ monocytes surprisingly showed
no obvious change (Fig. 2F), clearly representing a failure of
artificial induction in this setting and underscoring the in vivo

FIGURE 2. Atg7 deletion in myeloid cells cripples the artificial but not physiological induction of monocyte-macrophage differentiation. A, sorting for
myeloid cells at the monocyte-macrophage differentiation stage (Ly6C *F4/80"). Bone marrow cells from Atg7”f;Lyz-Cre mice and wild-type mice were sorted
against the markers with FACS, shown by representative sorting plots (left). The purity of the sorted cells from these two mouse models is shown (right). B,
examination of the efficiency for atg7 gene floxing in macrophages of the mouse models as indicated, and the majority of atg7 protein is absent due to the
floxing of atg7 gene. To obtain sufficient macrophages for analysis, macrophages were sorted with FACS after M-CSF induction of mononuclear cells isolated
with MACS from bone marrow cells. Shown is a representative Western blotting result (left) and quantified data (right). C, examination of the efficiency for atg7
gene floxing in HSPCs of Atg7f”;Vav-Cre mice and Atg7f’+;Vav-Cre mice by Western analysis (left), and their protein levels were quantified (right). Monoallelic
deletion of atg7 only partially reduced atg7 protein level but biallelic deletion caused complete absence of atg7 protein in HSPCs. D, monoallelic deletion of the
atg7 gene in Atg7”";Vav-Cre mice caused hematopoietic stem cell exhaustion. Percentage of LSKCD34~ and LK cells were measured by flow cytometry (left
and middle panels). Colony-forming ability of LSK cells from wild-type mice and Atg7”*;Vav-Cre mice were determined, and the result was quantified (right
panel).E, flow cytometric analysis of the percentage of monocytes (Ly-6C * F4/80 ) and macrophages (Ly-6C~F4/80™") from bone marrow cells of Atg7”f;Lyz-Cre
mice and wild-type mice. F, examination of artificial induced monocyte-macrophage differentiation by thioglycolate in Atg7”%;Lyz-Cre mice and wild-type
mice. Differentiation was measured by flow cytometry on days 1 and 3 after induction. G, morphological changes associated with or without M-CSF (25
ng/ml)-induced monocyte-macrophage differentiation. H-J, analysis of differentiation and apoptosis of the atg7-deleted monocytes. Primary monocytes from
Atg7"fLyz-Cre and wild type mice were sorted against the indicated markers and incubated with or without M-CSF (25 ng/ml) for 72 h, the differentiation and
apoptosis levels of monocytes were measured by flow cytometry. Data are representatives or statistical results of three experiments.n = 6. *, p < 0.05; **,p <
0.01.
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physiologic role of ATG7-dependent autophagy in myeloid
cells. In turn, this indicated that Azg7 deletion in myeloid cells
of Atg7"%;Lyz-Cre mice had the intended effect. Although per-
centages of monocytes and macrophages in Atg7"5Lyz-Cre and
wild-type mice did not differ under physiologic conditions, ter-
minal differentiation patterns were not identical with artificial
stimulation. Subsequent to thioglycolate treatment, mice with
defective ATG7-dependent autophagy had much lower mono-
cyte counts (Ly6C*F4/807) and much larger macrophage pop-
ulations (Ly6C ™~ F4/80™") than wild-type mice on Day 1 of treat-
ment; and because these levels held steady through Day 3 (Fig.
2F), itis likely that autophagy was sustained though an alternate
pathway, ensuring homeostasis despite the terminal differenti-
ation failure imposed by Azg7 deletion.

To further test for sustained differentiation of monocytes
with ATG7-dependent autophagic defects, we performed an ex
vivo monocyte-macrophage differentiation assay. Ly6C*F4/
80~ monocytes in bone marrow cellular isolates mice were
enriched by flow sorting and then selectively treated with
macrophage colony-stimulating factor (M-CSF) to induce
monocyte-macrophage differentiation. Morphology of cells in
Atg7";Lyz-Cre and wild-type mice did not differ. Untreated
monocytes from both wild-type and Atg7-deficient mice were
rounded and gradually died, whereas monocytes cultured with
M-CSF differentiated into clusters of macrophages (Fig. 2G). As
evident by the percentage of Ly6C~F4/80™ cells, differentiation
in Atg7-deficient myeloid cells, was partially crippled, with or
without M-CSF treatment (Fig. 2H). In response, Atg7 deletion
in myeloid cells blocked monocyte-macrophage differentia-
tion, resulting in diminished expression of the CD11b (mono-
cyte/macrophage) marker (Fig. 2]) and a higher percentage of
apoptotic cells (Fig. 2]). These findings are consistent with
those of an earlier study, reporting apoptotic cell death in cir-
culating monocytes that fail to differentiate (34). Likewise, they
confirm that ATG7-dependent autophagy is essential for ex
vivo induction of monocyte-macrophage differentiation and
again illustrate the ATG7-dependent autophagic defect in mye-
loid cells of Atg7"”5;Lyz-Cre mice.

Collectively, above results provide substantial evidence that
an Atg7 deletion in HSCs readily inflicts a functional abnormity.
On the other hand, knock-out of Azg7 in myeloid cells does
not compromise cell function, although ATG7-dependent

Stem Cell Autophagy Is More Vulnerable

autophagy is needed for artificial induction of monocyte-
macrophage differentiation in vivo and ex vivo.

Autophagy Is Maintained in Myeloid Cells Not HSCs Despite
Impaired or Dysfunctional ATG7-dependent Mechanism—
Biallelic Atg7 deletion in HSCs of Atg7"%;Vav-Cre homologous
mice resulted in loss of Azg7 in all descendant cells of the hema-
topoietic hierarchy (Figs. 1B and 2C), leading to a complete lack
of LC3 lipidation, total absence of LC3-II (Fig. 34), general fail-
ure of hematopoiesis, and animal demise (Fig. 1, D and C).
However, HSCs of Atg7”";Vav-Cre heterozygous mice with
monoallelic Atg7 deletion are still capable of active LC3 lipida-
tion (Fig. 3A4), despite an overriding functional ablation (Fig.
2D. Thus, even subtotal Azg7 gene deletions impair HSC func-
tion. Similarly, macrophages of Atg7"*;Vav-Cre heterozygous
mice with monoallelic Atg7 deletion displayed severely
impaired canonical autophagic flux in response to starvation or
inhibition by bafilomycin A1l (Baf-A1l), which targets the deg-
radation stage of ATG7-dependent autophagy (Fig. 3B). Nota-
bly, constitutive conversion of LC3-II from LC3-I was sustained
at high levels in Atg7"/~ macrophages of the heterozygous
mouse model, even without activation of autophagy via starva-
tion (Fig. 3B). Consequently, LC3 conversion is a reasonable
index of ATG7-dependent (canonical) autophagy, rather than
a bona fide index of ATG7-independent (noncanonical)
autophagy. Similarly, crippled canonical autophagic flux was
evident in macrophages of Atg7"Lyz-Cre homologous mice
with biallelic Atg7 gene deletions; and Atg7 floxing was fairly
efficient in these mice, as indicated by Western blot analysis
(Fig. 30).

For visual examination of in vivo autophagic response in
Atg7-deficient myeloid cells, we created an Atg7”%Lyz-Cre;
GFP-LC3 mouse model from Atg7";Lyz-Cre conditional mice
and GFP-LC3 transgenic mice. Driven by CAG, a ubiquitous
promoter, the latter express GFP-LC3 in a host of cell types,
including myeloid cells (36). Confocal microscopic results
showed punctate dispersion of GFP-LC3 in Atg7 """ wild-type
macrophages of GFP-LC3 transgenic mice, which was not pres-
ent in Atg7 ’~ macrophages of Atg7"%;Lyz-Cre;GFP-LC3 mice
under starvation conditions. The puncta observed in wild-type
macrophages were due to inhibition of autophagosome-lyso-
some fusion, with Baf-Al accumulating in autophagosomes.
However, Baf-Al did not accumulate in GFP-LC3 puncta of

FIGURE 3. Macrophages but not hematopoietic stem and progenitor cells maintain autophagic response when atg7 is deleted. A, effect of monoallelic
or biallelic deletion of atg7 gene in stem and progenitor cells on autophagy response. Western analysis on HSPCs from homogenous Atg7”";Vav-Cre mice,
Atg7"*;Vav-Cre heterozygous mice and wild-type mice show that biallelic deletion of agt7 gene in HSPCs caused complete loss of LC3-ll conversion from LC3-,
but monoallelic deletion of atg7 gene maintained the LC3 lipidation and processing. B, effect of monoallelic deletion of atg7 gene directed by Vav promoter
in macrophages on autophagy response. Western analysis on macrophages from heterozygous Atg7”*;Vav-Cre mice shows that monoallelic deletion of agt7
gene caused loss of canonical autophagic flux response, albeit constitutive LC3-Il conversion from LC3-I maintained. For starvation, serum was deprived for 90
min. For inhibition on atg7-dependent canonical autophagy, bafilomycin A1 of 10 nm was used. The upper panel is a representative Western blotting result, and
the lower panel is quantified results from three independent experiments. C, effect of biallelic deletion of atg7 gene directed by Lyz promoter in macrophages
on autophagy response. The primary macrophages were lysed after being plated in the culture plate for 2 h under starvation or with/without Baf-A1 (10 nm)
treatment and were then immunoblotted with antibodies against Atg7 and LC3 (upper panel). Autophagic flux was quantified (lower panel). Shown is a
representative result of three independent experiments. GAPDH served as a loading control in experiments A, B, and C. D, confocal microscopic analysis of
GFP-LC3 localization in the macrophages of Atg7"f;Lyz-Cre;GFP-LC3 mice and GFP-LC3 transgenic mice. The GFP-LC3 transgenic mice served as a control.
Representative images are shown for non-starvation (left panel) and for starvation 1.5 h (middle panel) with or without 10 nm of Baf-A1 (right panel). The nucleus
was stained with DAPI (blue), CD11b (red) is a marker for macrophages. GFP-LC3 (green) is expressed in all tissue cells including macrophages of the GFP-LC3
transgenic mice. £, macrophages acid phosphatase activity (AcPA) in wild-type and Atg7"%;Lyz-Cre mice was measured by spectrophotometry. F, transmission
electron microscopic analysis of macrophage autophagy in response to starvation treated with or without bafilomycin A1 (Baf, 10 nm), a specific inhibitor on
atg7-dependent canonical autophagy. Macrophages were isolated from wild-type mice or Atg7”;Lyz-Cre mice and followed by starvation for 3 h. Autopha-
gosomes and autolysosomes are indicated with arrows. Data are representatives or statistical results of three experiments. n=6. *, p < 0.05; **, p < 0.01.
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Atg7-deficient macrophages (Fig. 3D). These confocal data fur-
ther confirm that Azg7 deletion in myeloid cells impairs the
ATG7-dependent canonical autophagic machinery.

To evaluate whether autophagy is dispensable in macro-
phages, or if a compensatory autophagic pathway is activated
once ATG7-dependent canonical autophagy is impaired in
myeloid cells in vivo, we first examined the functional status of
lysosomes in Atg7-deficient myeloid cells. Intact lysosomes are
essential for cellular degradation of any autophagic cargo. Spe-
cifically, the activity of acid phosphatase (a lysosomal marker
enzyme) was screened, disclosing that Atg7 "~ and wild-type
macrophages did not differ significantly. It was therefore appar-
ent that defective ATG7-dependent autophagy had no impact
on the lysosomal system in myeloid cells (Fig. 3E). These data
provide evidence that a compensatory pathway for autophagy,
relying instead on lysosomal degradation, may be activated in
Atg7-deficient macrophages.

Finally, transmission electron microscopy (TEM) was
engaged to further determine if an autophagic response actually
occurs in Atg7-deficient macrophages. We subsequently found
that Baf-A1 (a selective inhibitor of canonical autophagy) could
suppress formation of autolysosomes induced by starvation in
wild-type macrophages. However, Atg7-deficient macrophages
did not respond similarly. Baf-A1 failed to suppress starvation-
induced autolysosome formation in these cells (Fig. 3F). This
TEM data again imply that a compensatory pathway of
autophagy may be prompted by dysfunctional ATG7-depen-
dent autophagy in macrophages.

Atg7 Deletion in Macrophages Raises Levels of Key Proteins
Regulating Alternative Autophagy—A previous study has dem-
onstrated that in mouse embryonic fibroblast cells, ULK1,
Beclinl, VPS34, and RAB9 proteins are involved in an alterna-
tive autophagic response that is independent of ATG5/ATG7
(21). Embryonic fibroblasts are differentiated somatic cells that
retain limited capacity for further differentiation. To ascertain
whether a similar compensatory autophagic mechanism exists
in Atg7-deficient myeloid cells, we examined above gene
expression levels by real-time PCR, revealing that Vps34, Ulkl,
and Beclinl were transcriptionally up-regulated in Azg7-defi-
cient macrophages of Atg7"%;Lyz-Cre mice (Fig. 44, left panel);
but this up-regulation was not observed in HSCs and progeni-
tors (LSK and LK cells) of Atg7"%;Lyz-Cre mice (Fig. 4A, middle
and right panels). Given the Lyz promoter specificity, restrict-
ing Cre floxing of Atg7 to myeloid lineage (Fig. 1C), Atg7 genes
are intact in these upstream cells. Furthermore, in the Atg7"%
Vav-Cre mouse model, where Atg7 deletion starts at HSC level
(Fig. 1A),all Atg7 "~ LSK, Atg7 /~ LK, and Atg7 "~ Lin ™ cells
failed to upregulate above autophagic regulatory genes, and
Ulk1 expression was in fact down-regulated (Fig. 4B). However,
these genes were up-regulated in splenic cells of Atg7"%;Vav-

Stem Cell Autophagy Is More Vulnerable

Cre mice bearing monoallelic (rather than biallelic) Atg7 dele-
tion (Fig. 4C), indicating differing capacities for compensatory
autophagy in somatic cell types.

To further assess autophagic regulatory genes in other Atg7-
deficient somatic/differentiated cells, we examined their
expression levels in a Mx1 promoter-directed Azg7 conditional
knock-out mouse model (Atg7f/ £Mx1-Cre). At 4 weeks of age,
these mice were treated with polyinosine-polycytosine (pIpC)
three times every other day to induce deletion of Azg7 alleles. In
hepatic cells, such treatment did result in up-regulation of Ulk1,
Beclinl, and Vps34 genes (Fig. 4D). Consistent with the above
transcriptional data, protein levels of PI3KC3, Beclinl, and
ULK1 in Atg7-deficient macrophages of Atg7”%Lyz-Cre mice
were all significantly up-regulated (Fig. 4E). The Rab9 gene, a
critical positive regulator of alternative autophagy, appeared to
be up-regulated upon starvation in Atg7-deficient macrophages
of Atg7"%;Lyz-Cre mice (Fig. 4F).

A brieflook at altered expression of several proteins essential
for canonical autophagy was done in the context of Atg7 dele-
tion. In myeloid cells, Atg7 deletion resulted in significant
reductions of key proteins (ATG4A, ATG4B, ATG4C, ATGS5,
and LC3) in canonical autophagy, but in Atg7-deficient lineage-
negative cells, expression of these proteins was largely
unchanged (Fig. 4, G and H). Atg7-deficient macrophages may
augment expression of proteins for alternative autophagy by
reducing levels of proteins specific for canonical autophagy. In
doing so, the metabolic burden of an Azg7-deficient functional
cell is lowered, encouraging its survival under stress.

Collectively, above data suggest that somatic/differentiated
cells, including myeloid cells, splenic cells, and hepatic cells, but
excluding HSCs, are capable of up-regulating the proteins
needed to drive alternative autophagy, in the event that ATG7-
dependent canonical autophagy is impaired.

Brefeldin A Treatment or Rab9 Knockdown Specifically
Inhibits Alternative Autophagic Response in Atg7-deficient
Myeloid Cells—To confirm that a compensatory mechanism of
autophagy is operant in Azg7-deficient macrophages, we exam-
ined the autophagic response to starvation in mice exposed to
selective inhibitors of canonical or alternative autophagic path-
ways. Baf-A1l alters autophagic flux in wild-type macrophages
under starvation, whereas brefeldin A (BFA), an inhibitor tar-
geting an alternative autophagic process (21), has little effect
on the dynamics of LC3-II accumulation in macrophages of
wild-type mice (Fig. 54, left panel). Thus, BFA does not
inhibit the canonical autophagy pathway in wild-type mye-
loid cells. However, even in monoallelic Azg7-deficient
macrophages of Atg7”*;Vav-Cre mice, Baf-Al no longer
altered the canonical autophagic flux, nor did BFA (Fig. 54,
middle panel). Examination of peripheral mononuclear cells
(PMNCs), as differentiated blood cells in Atg7"Lyz-Cre

FIGURE 4. Atg7 deletion leads to an elevated level of key regulatory proteins for alternative autophagy. A-D, RT-PCR determination of transcriptional
expression of Vps34, ULKT and Beclin1 genes in peripheral macrophages (A, left), bone marrow LSK cells (A, middle), and bone marrow LK cells ofAtg7f’f;Lyz—Cre
mice (A, right); bone marrow LSK cells (B, left), bone marrow LK cells (B, middle), and bone marrow Lin~ cells of Atg7”";Vav-Cre mice (B, right); spleen cells of
Atg7f/f;Vav-Cre mice (C); liver cells of plpCinduced Atg7f’f;Mx-Cre mice (D). Wild-type mice were used as a control. E, Western blotting of PI3KC3, Beclin1, and
ULK1 of macrophages from wild-type and Atg7”%;Lyz-Cre mice. Shown is a representative result. F, Western analysis of Rab9 of the macrophages from
Atg7”%;Lyz-Cre mice and wild-type mice. Representative Western blotting result (left) and quantified data (right) were shown. GAPDH served as a loading
control. Gand H, quantatative PCR was used to measure the expression of Atg4A, Atg4B, Atg4C, Atg5, and LC3 in myeloid cells (CD11b ™) or hematopoietic Lin
negative cells from Atg7”;Vav-Cre mice. Relative expression level is normalized to GAPDH. Data are representative or statistical results of three experiments.

n=6.%p<0.05*,p<001.
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mice, disclosed severely abnormal autophagic flux; and LC3-1I
accumulation in these cells was unchanged by BFA treatment
(Fig. 5A, right panel). Hence, non-inhibition of canonical
autophagy by BFA was confirmed, and unlike wild-type coun-
terparts, BFA, not Baf-Al, noticeably downregulated RAB9
protein, a key regulator of alternative autophagy, in starved
Atg7-deficient macrophages of Atg7”5;Lyz-Cre mice (Fig. 5B).
These data further suggest that Atg7-deficient macrophages
possess an alternative autophagic mechanism.

Autophagy is essential for ex vivo monocyte-macrophage dif-
ferentiation (33). To demonstrate that macrophages use two
autophagic processes, relying on the alternative autophagic
response if the canonical pathway is impaired, we examined
M-CSF-induced monocyte-macrophage differentiation in the
presence of selective inhibitors targeting either canonical or
alternative autophagy. Monocytes of Atg7"%;Lyz-Cre and wild-
type mice were sorted and cultured with M-CSF to induce dif-
ferentiation. After 48 h of culture, Baf-A1 was first added, and
the cells were harvested at 72 h for microscopic assessment and
flow cytometry. M-CSF effectively induced macrophage differ-
entiation ex vivo in wild-type monocytes but was inhibited by
Baf-Al, a canonical autophagy inhibitor. Interestingly, M-CSE-
induced differentiation of Atg7-deleted monocytes only
reached the same level to M-CSF-induced wild-type monocyte
differentiation when its canonical autophagy was inhibited with
Baf-A1 (Fig. 5C), again indicating A#g7 deletion in myeloid cells
of the Atg7”%;Lyz-Cre mice impairs canonical autophagy. In
contrast, BFA did not inhibit M-CSF-induced monocyte-
macrophage differentiation in wild-type monocytes, but in
Atg7-deficient monocytes, M-CSF-induced monocyte-macro-
phage differentiation showed significant inhibition (Fig. 5D).
Once more, the alternative autophagic response that is pre-
dominant in Azg7-deleted monocytes was thus illustrated.

Atg7 deletion in monocytes of Atg7"%;Lyz-Cre mice increases
apoptosis. Consequently, ATG7-dependent autophagy is
needed for apoptotic balance in macrophages, as well as for
normal progression of cellular differentiation. Forced differen-
tiation with M-CSF inhibited apoptosis in both wild-type and
Agt7-deficient monocytes. However, BFA treatment increased
apoptosis only in Atg7-deficient monocytes (Fig. 5E), reinforc-
ing our contention that compensatory autophagy is primarily
operant in Atg7-deficient monocytes, equating with previously
described alternative autophagy (21, 37).

In a further attempt to reconcile compensatory and alterna-
tive autophagy (21), transmission electron microscopy was
used to examine the autophagic response to BFA in Atg7-defi-
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cient macrophages. As anticipated, BFA did not inhibit starva-
tion-induced autolysosome formation in wild-type macro-
phages, where ATG7-dependent canonical autophagy is
functional. However, BFA effectively suppressed the starva-
tion-induced autophagic response in Atg7-deficient macro-
phages of Atg7”%Lyz-Cre mice (Fig. 5F). It is therefore quite
apparent that Atzg7-deficient macrophages use an alternative
mechanism of autophagy if ATG7-dependent canonical
autophagy is impaired or dysfunctional.

RAB9 is a critical regulatory protein and a specific require-
ment in ATG7-independent alternative autophagy, as opposed
to ATG7-dependent canonical autophagy (21). Failure of alter-
native autophagy is then expected with depletion of RAB9.
Indeed, knockdown of Rab9 by lentiviral infection of a DNA
construct targeting Rab9 crippled the autophagic response, sig-
naled by loss of autolysosomes and accrual of swollen mito-
chondria in Atg7-deficient macrophages (Fig. 5G). This was not
manifested in wild-type macrophages and confirms that alter-
native autophagy is triggered if canonical autophagy in macro-
phages is damaged.

Discussion

ATG7 mediates ubiquitin-like protein systems where ATG8
and ATG12 are conjugated with phosphatidylethanolamine
and ATG5, respectively, and ATG16 interacts with ATG5.%”
ATG?7 is thus considered critical for autophagic machinery (23,
24). However, other research has indicated that autophagy in
mouse embryonic fibroblasts functions independently of
ATG5/ATG7 (21). Our data here suggest that biallelic Atg7
deletion leads to irreversible loss of autophagy in HSCs that rely
solely on ATG7-dependent canonical autophagy, whereas the
same Atg7 deletion in myeloid cells triggers an alternative
autophagic pathway.

Theoretically, Atg7 '~ myeloid cells of Atg7”5;Vav-Cre ho-
mologous mice would be optimal for studying ATG7 depen-
dence in differentiated hematopoietic cells. The floxing of Atg7
in HSCs is truly complete, so all descendant cells, including
myeloid lines, should lack Atg7 alleles. Unfortunately, multilin-
eage differentiation in such HSCs is simply not feasible, so
Atg7 /" myeloid cells cannot be generated for analysis, West-
ern blotting in particular.

Examining the monoallelic Azg7"~ macrophages of Atg
Vav-Cre mice shows that constitutive conversion of LC3-II
from LC3-I remains at high levels in the heterozygous mouse
model, even without starvation-induced autophagy (Fig. 3B).
This suggests that LC3 conversion is not a bona fide indicator of

+
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FIGURE 5. Brefeldin A treatment or knockdown of Rab9 inhibits alternative autophagic response in atg7-deleted macrophages. Examination of
canonical autophagic flux in response to starvation (1.5 h) with/without bafilomycin A1 (Baf-A1) or brefeldin A (BFA, 0.1 ng/ml, a specific inhibitor on
atg7-independent autophagy) in macrophages of wild-type mice (left), Atg7”*;Vav-Cre heterozygous mice (middle), and in peripheral mononuclear cells
(PMNCs) of Atg7™f;Lyz-Cre homozygous mice (right) by Western analysis. Representative Western blotting results (upper panels) and statistical data of three
independent experiments (lower panels) are shown. B, BFA but not Baf-A1 downregulated Rab9 level of macrophages from Atg7"f;Lyz-Cre mice in response to
autophagy stimuli (starvation 1.5 h). Macrophages from wild-type mice served as a control. A representative Western blotting result (left) and quantative data
(right) are shown. C, atg7-deleted macrophages of Atg7"f;Lyz-Cre mice showed an inhibition on M-CSF induced monocyte-macrophage differentiation to the
same degree as Baf-A1 inhibition on the M-CSF induced monocyte—macropha‘ge differentiation of wild-type mice. D, BFA but not Baf-A1 inhibits M-CSF induced
monocyte-macrophage differentiation in atg7-deleted myeloid cells of Atg7”;Lyz-Cre mice. Representative colony-forming results (right) and statistical data
(left) are shown. £, BFA inhibition on monocyte differentiation increases apoptosis of atg7-deleted monocytes of Atg7”f;Lyz-Cre mice. F, transmission electron
microscopic analysis of macrophage autophagy in response to starvation treated with or without Brefeldin A (0.1 ng/ml). Macrophages were isolated from
wild-type mice or Atg7”f;Lyz-Cre mice and followed by starvation for 90 min. Autophagosomes and autolysosomes are shown in the representative TEM
images. G, knockdown of Rab9 crippled autophagy response in atg7-deleted, but not wild-type macrophages. Red arrows: autophagosmes or autolysosomes;
black arrows: damaged mitochondria. Data are representative or statistical results of three experiments. n = 6. *, p < 0.05; **, p < 0.01.
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functional autophagy in instances of Azg7 mutation or deletion.
In our hands, partial loss (50%) of ATG7 protein through
monoallelic Azg7 deletion produced dysfunctional autophagic
flux, given that LC3-1I did not accumulate in Atg7""~ macro-
phages of Atg7"”*;Vav-Cre mice upon exposure to Baf-A1 (Fig.
3B). This suggests that ATG7-dependent autophagy in Atg7 "~
macrophages of Atg7"%;Lyz-Cre mice should be disabled if a
majority of ATG7 protein is absent.

Although autophagosome accumulation corresponds with
LC3 lipidation, autophagic degradation is not guaranteed,
unless LC3-1II further accrues upon inhibiting autophagic deg-
radation. Therefore, autophagy may still be defective, even if
LC3 lipidation is maintained (39, 40). In this study, autophagic
flux analysis suggested that residual ATG7 protein and LC3
lipidation/processing in Atg7 "/~ macrophages of Atg7" *;Vav-
Cre mice are insufficient to maintain a functional AT G7-depen-
dent autophagic response. In other words, a major reduction in
the AGT7 protein within myeloid cells of Atg7”%;Lyz-Cre ho-
mologous mice should suffice to impair ATG7-dependent
autophagy in these differentiated cells.

Because ATG7-dependent autophagy impairment in mye-
loid cells scarcely displaced functional defect, nor lost
autophagy response, one might think that functional somatic/
differentiated cells may compensate in some way, resuming
obligatory ATG7-dependent canonical autophagy. Surpris-
ingly, M-CSE-induced differentiation in A#g7-deficient mono-
cytes of Atg7”5Lyz-Cre mice only reached the same level as
wild-type monocytic counterparts when canonical autophagy
was inhibited by Baf-A1 (Fig. 5C), thus supporting our con-
tention that Azg7 deletion in myeloid cells impairs canonical
autophagy. Unlike Baf-Al, which inhibits endoplasmic re-
ticulum-derived autophagosomes essential for canonical
autophagy (38), BFA inhibits Golgi-derived membranes, lead-
ing to inhibition of alternative autophagy (21). BFA inhibited
differentiation in M-CSF-stimulated Azg7-deficient monocytes
of Atg7"%;Lyz-Cre mice, but comparably treated monocytes of
wild-type mice were unaffected (Fig. 5D), reinforcing the con-
cept that an alternative autophagic pathway is operant in Atg7-
deficient myeloid cells of Atg7"%;Lyz-Cre mice to compensate
for functional loss of canonical autophagy.

Our transmission electron microscopy data indicate that
Baf-Al, a selective inhibitor on ATG7-dependent canonical
autophagy, did not prevent autolysosome formation in starved
macrophages of Atg7”%Lyz-Cre mice (Fig. 3F, right panel) but
did so in starved wild-type macrophages (Fig. 3F, left panel),
where ATG7-dependent canonical autophagy functions.
Moreover, the selective inhibitor of alternative autophagy, BAF
(21), inhibited autolysosome formation in starved Atg7-defi-
cient macrophages of Atg7”%;Lyz-Cre mice (Fig. 5F, lower left
panel). The specificity of BEA was supported by its inability
to inhibit autolysosome formation in starved macrophages
of wild-type mice, retaining ATG7-dependent canonical
autophagy (Fig. 5F, upper left panel).

Knockdown of Rab9, removing a key regulatory protein
required in alternative autophagy, disrupted alternative
autophagy in Atg7-deficient macrophages but not in wild-type
macrophages (Fig. 5G), attesting to our impression that alter-
native autophagy in macrophages is active only if canonical
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autophagy becomes dysfunctional. Nevertheless, it should be
noted that starvation-induced autophagy in Atg7-deficient
macrophages of Atg7";Lyz-Cre mice is not as robust as that
seen in wild-type macrophages. Hence, canonical autophagy
is likely the mainstay, whereas alternative autophagy is
complementary.

Collectively, the experiments conducted here indicate that
the Atg7”%;Lyz-Cre mouse model is valid for assessing biomo-
lecular dynamics in response to loss of ATG7-dependent
canonical autophagy in macrophages. A recent study with the
same Atg7”5Lyz-Cre mouse model has shown that when
infected with Mycobacterium tuberculosis or M. tuberculosis
var. bovis, macrophages lacking Afg7 may accumulate p62,
thereby inducing expression of Nrf2 target genes that encode
scavenger receptors, MARCO and MSRI, for an increase in
phagocytosis (41). Our observations and those of others indi-
cate that macrophages lacking Azg7 actually mount a varied
response to differing infectious pathogens. While indispensable
in HSCs, macrophages are capable of instigating a com-
pensatory autophagic mechanism when ATG7-dependent
autophagy is impaired.

Our results further demonstrate that in myeloid cells, splenic
cells, and hepatic cells, albeit not stem cells, Atg7 deletion
results in up-regulation of PI3K, Beclinl, Ulkl, and Rab9 (Fig.
4), and BFA down-regulates Rab9 (Fig. 5B), all of which are
required for alternative autophagy (21, 37). Such divergence
within the hematopoietic system may be applicable to all types
of cellular hierarchies in mammalian tissues.

Hence, unlike stem cells that rely solely on AGT7-dependent
canonical autophagy, somatic/differentiated/functional cells
have at least two autophagic options. Stem cells are largely
dominant figures with low rates of metabolism, generating the
least intracellular stress and residing where extracellular stress
is minimized (42). Thus, only one autophagic pathway may suf-
fice in this context. In the absence of autophagy, mitochondrial
ROS accumulate (34, 43), ultimately leading to malignant trans-
formation from cumulative DNA damage. Somatic/differenti-
ated cells are exposed to various extracellular and environmen-
tal stresses through their respective functions and thus require
more innate protection. Such divergence of autophagy within
the hematopoietic hierarchy enables functional blood cells to
deal with stress more efficiently and effectively. Our findings
indicate that autophagy is more vulnerable in stem and progen-
itor cells, and if damaged, is only recoverable in somatic/differ-
entiated cells. These revelations expand our understanding of
malignant transformation, which is more apt to involve cells of
lesser differentiation.
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