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ARTICLE INFO ABSTRACT

Editor: Mohandas Narla Autophagy is primarily considered as an important survival mechanism for both normal cells and cancer cells in
response to metabolic stress or chemotherapy; but the role of autophagy in leukemogenesis is not fully under-
stood. The aim of this study is to explore the role of intrinsic autophagy in the leukemogenesis of B-cell acute
lymphoblastic leukemia (B-ALL). In this study, conditional knockout mice Atg7"%;Ubc-Cre, in which an autop-
hagy-essential gene Atg7 is universally deleted, were used as recipients, B-ALL cell line 697 was used as donor
cells to generate leukemia mouse model. Compared to wild-type mice, Atg7 knockout mice were more sus-
ceptible to engrafted leukemogenesis, shown by increase in white blood cells, lymphocytes, and platelets, de-
crease in HSPC number and its colony-forming unit (CFU). The liver and spleen displayed hepatosplenomegaly
and inflammatory cell infiltration. Furthermore, second competitive transplantation revealed dysfunction of the
HSPC in Atg7-knockout leukemia mice represented by destructive self-renew ability (CFU) and reconstitution
ability including decreased B220, Ter 119 cells, and increased Gr-1 cell percentage. In summary, Mice with
universal deletion of Atg7 are more inclined to the occurrence of engrafted human leukemia, which is largely
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attributed to the deterioration of the function of HSPC in autophagy deficient mice.

1. Introduction

Autophagy is a well-defined cellular process involved in many
physiological and pathological processes. It is induced under many
different conditions such as cellular stress and organelle turnover, being
responsible for the maintenance of the cellular homeostasis, caloric
balance and development. However, several other functions of autop-
hagy have been demonstrated in numerous pathological processes such
as infectious diseases, cardiomyopathy, neurodegenerative diseases,
diabetes, diseases associated to aging and cancer. Regarding the latter,
autophagy has a dual function, acting as a cell survival mechanism
(favoring the growth of established tumors) and as a tumor suppressor
(preventing the accumulation of damaged proteins and organelles) [1].
Autophagy is known to be implicated in cancer as both a tumor pro-
moter and a tumor suppressor [2]. Moreover, several studies have
shown that autophagy plays an important role as a cellular mechanism
mediating sensitization to cancer therapy in cancer cell lines, being a
useful strategy for the treatment of drug resistant tumors [3-7].

In hematologic malignancies, autophagy either acts as a

chemoresistance mechanism or has tumor suppressive functions, de-
pending on the context [8]. B-ALL accounts for the most cancer in-
cidences in children. We've recently found that autophagy is down-
regulated in childhood B-ALL [9], suggesting a possible link between
autophagy failure and pediatric B-ALL leukemogenesis. We also found
that activation of autophagy by rapamycin inhibits in vitro pre-B ALL
cells in part through down-regulating DNA and RNA polymerases [10].
Using a B-ALL xenograft mouse model bearing human B-ALL 697 cells,
we found that pharmacologically induced autophagy collaborates with
ubiquitination in the degradation of oncoprotein E2A/Pbx1, thereby
inhibiting the B-ALL cells [9]. It has become increasingly important to
specifically determine whether intrinsic autophagy has an important
role in counteracting B-ALL. Therefore, we sought to dissect the role of
intrinsic autophagy through the in vivo homozygous deletion of Atg7 in
human B-ALL 697 cell-driven murine leukemia model.
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2. Materials and methods
2.1. Cell lines and mice

Acute lymphoblastic leukemia cell line 697 was used for generation
of leukemia mouse model. The cells were grown in RPMI1640 medium
(Hyclone, South Logan, UT) with 10% fetal bovine serum (Gibco, Grand
Island, NY) in 37 °C, 5% CO,, incubator.

Atg7"%;Ubc-Cre and CD45.1 mice were used in this study. All mice
were bred and housed in the specific pathogen free (SPF) animal fa-
cilities of Soochow University. Atg7"”" mice kindly provided by Dr.
Komatsu [11] were crossed to Ubc-Cre mice (Jackson Laboratory, Sa-
cramento, CA) to obtain Atg7"”%Ubc-Cre mice. Genotyping was per-
formed on tail genomic DNA. Male and female mice were used equally
in all experiments, and littermates were always used as controls.
CD45.1 mice were from Jackson Laboratory. All experiments with an-
imals were approved by Soochow University Institutional Animal Care
and Use Committee.

2.2. Genotyping and western blot

Atg7"5Ubc-Cre genotyping was performed on tailgenomic DNA.
Atg7 gene of the mice was deleted by injecting Tamoxifen (Sigma-
Aldrich, St. Louis, MO) i.p. at a dose of 0.5mg per day for one week
when the mice were three weeks old. After induction by tamoxifen for
one week or four weeks, different tissues of wild type (Atg7 "/ ™), het-
erozygote (Atg7 ¥/~ )and homozygote (Atg7 ~/~)mice including blood,
bone marrow, heart, lung, kidney, liver and spleen were collected, the
DNA and protein were extracted. Genotyping and protein expression
(ATG7 and LC3) of different tissues were detected by PCR and western
blot.

For PCR amplification of Atg7 and Ubc-Cre, the primers and band
sizes are listed in Table 1.

For western blot, cellular proteins were extracted by lysing cells in
extraction buffer (RIPA lysate from CST plus protease inhibitor from
Roche). The protein concentration was determined by BCA assay
(Perice, thermo fisher, Rockford, IL). Equal amounts of protein (50 pg)
were fractionated by electrophoresis in SDS-polyacrylamide gel. The
proteins were subsequently transferred to PVDF membranes. Antibodies
against ATG7 (Cell Signaling Technology, Danvers, MA), LC3 (Novus
Biologicals, Littleton, CO) and GAPDH (Cell Signaling Technology)
were applied to probe the membranes, respectively. The secondary
antibodies (anti-rabbit or anti-mouse) (Cell Signaling Technology)
conjugated to horseradish peroxidase were used. Signals were detected
using the ECL system (Biological Industry, Kibbutz Beit Haemek, Israel).

2.3. Generation of mouse leukemia model
Wild-type (WT, Atg7 "/ ") and Atg7 knockout (KO, Atg7 ~/~) mice

were used in the leukemia model establishment experiment. There were
at least 6 mice per group with male and female equally unless indicated

Table 1
Primers used in this study.
Primer Primer Primer sequence Band size
target name
Atg7 Atg7-F CATCTTGTAGCACCTGCTGACCTGG ~ WT: 653 bp
Atg7-R CCACTGGCCCATCAGTGAGCATG Flox-p:
Floxp-R GCGGATCCTCGTATAATGTATGC 426 bp
TATACGAAGTTAT
Ubc-Cre Ubc-Cre-F GCGGTCTGGCAGTAAAAACTATC 900 bp
Ubc-Cre-R GTGAAACAGCATTGCTGTCACTT
KO KO-F TGGCTGCTACTTCTGCAATGATGT Flox-p:
KO-R AAGCCAAAGGAAACCAAGGGAGTG 2000 bp
WT: 1641 bp
KO: 600 bp
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in the experiments. To receive 697 human leukemia cells, mice were
exposed to 3 Gy v ray radiation to destroy the immune system. 5 x 10°
697 cells were injected by i.v. to each mouse for leukemia genesis.
Control mice received PBS instead of 697 cells. 10 to 12 weeks after 697
cell injection, the mice were sacrificed for detection of leukemia and
hematopoiesis. Peripheral blood was obtained from tail vein of mice,
20 ul blood was diluted and counted with blood cell counter Sysmex
KX21N (Sysmex, Kobe, Japan) for white blood cell (WBC), lymphocyte
(LYM), red blood cell (RBC), hemoglobin (HGB) and platelet (PLT)
analysis. The mice module was selected to measure the mice blood cells.

Liver and spleen were obtained. The weights were recorded and
liver/spleen coefficients were calculated as weights of liver/spleen to
weights of body. Parts of them (3 cm?® for liver and 1 cm® for spleen)
were fixed in 4% paraformaldehyde for pathological observation with
Hematoxylin and eosin (HE) stain, and part of liver (100 mg) was lysed
for protein extraction. RIPA lysate from CST plus protease inhibitor
(Roche, Basel, Switzerland) were used for protein extraction. ATG7 and
LC3 of liver protein were measured by western blot.

2.4. Detection of hematopoietic cell number and function

After mice sacrifice, bone marrow (BM) cells were flushed by a 25-
gauge needle from the long bones (tibias and femurs) with HBSS
without calcium or magnesium (Invitrogen, Life Technology, Grand
Island, NY, USA). BM monocytes were isolated with Ficoll density
gradient centrifugation (BM suspension was added to Ficoll solution at
1:1 ratio and centrifuged at 400g for 30 min, the middle white layer was
extracted as BM monocytes). For HSC analysis, lineage negative cells
were enriched with magnetic-activated cell sorting (MACS) lineage kit
(MiltenyiBiotec, Bergisch Gladbach, Germany) according to the manu-
facture's protocol, and stained with Sca-1 PE, c-Kit APC. LSK (Lin~ Sca-
1*c-Kit") cells were defined as hematopoietic stem and progenitor
cells. All the antibodies were obtained from BD (BD Pharmingen, San
Diego, CA); and analyzed by flow cytometry (BD Calibur or BD FACS
Aria IIT). HSC function of clonogenic progenitors was determined with
colony forming unit assay (CFU) in methylcellulose medium (Stem Cell
Technologies, Vancouver, BC, Canada) using 1 X 10* bone marrow
mononuclear cells per dish (35mm) and incubated in a humidified
atmosphere with 5% CO, at 37 °C for 7 days. The number of colonies
containing more than 50 cells was determined.

2.5. Second competitive transplantation

To further determine the function of HSC in the leukemia mouse
model, second competitive transplantation was explored. BM cells from
different leukemia groups (CD45.2 mice) plus normal CD45.1 mice
were used as donors. Lethally irradiated CD45.1 mice were used as
recipients. The CD45.2 donor mice were divided into four groups of
WT, WT + 697, Atg7 KO control and Atg7 KO + 697 with 3 to 4 mice
per group and 10 to 12 weeks after 697 leukemia cell injection, the
mice were sacrificed and bone marrow cells were extracted and pooled
in each group, bone marrow cells of normal CD45.1 mice were obtained
simultaneously. 1 X 10° CD45.2 cells and 1 x 10° CD45.1 cells were
mixed and injected into 8.5 Gy irradiated CD45.1 mice by i.v. with 5
mice per group. Four weeks after the transplantation, the CD45.1 re-
cipient mice were sacrificed and the function of HSC was analyzed,
including the percentage of CD45.2 and CD45.1 in BM cells, percentage
of LSK cells, CFU ability of BM cells, and HSC differentiation ability
detected by percentage of B220, Gr-1, Ter119 cells by flow cytometry.

3. Results
3.1. Universal deletion of Atg7 gene in mice

Ubc-Cre directed universal deletion of Atg7 gene was attempted.
Mice of Atg”f, Atg”"t;Ubc-Cre and Atg7”%;Ubc-Cre were injected for
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Fig. 1. Universal deletion of Atg7 gene in mice. Mice of Atg7"", Atg7"*;Ubc-Cre and Atg7"%;Ubc-Cre were injected for tamoxifen everyday for one week to induce
the knockout of Atg7 gene. (A) PCR results of blood and bone marrow. (B) PCR results of heart, lung, kidney, liver and spleen. Only one KO band was showed in all of
the tissues of the Atg7f/ f;ch-Cre mice, indicating that Atg7 gene was deleted in the mice. (C) Western blot of ATG7 and LC3 protein in different tissues, ATG7 protein
was down-regulated in most tissues, especially in 4 weeks after induction. LC3-II was decreased in blood, bone marrow, liver, spleen, kidney, and lung, but not
obviously in heart.

Tamoxifen daily for one week to induce the knockout (KO) of Atg7 especially in four weeks after induction. LC3-II was barely accumulated
gene. One week after induction, DNA of different tissues including in blood, bone marrow, liver, spleen, kidney, and lung, but not ob-
blood, bone marrow, heart, lung, kidney, liver and spleen were ex- viously in heart, probably due to its tolerance. These results indicate
tracted for DNA genotyping. For PCR detection of Atg7 and Ubc-Cre, as that injection of tamoxifen efficiently induced autophagy defect in most
shown in Fig. 1A and B, there is only one KO band in all the tissues of tissues, in particular in hematopoietic system of Atg7”%;Ubc-Cre mice.
the Atg7"%;Ubc-Cre mice, indicating that Atg7 gene was deleted in the
mice.

As for ATG7 and LC3 protein expression, protein of bone marrow 3.2. Mice with Atg7 deletion acquired an increased risk of engrafted
and blood cells were extracted at four weeks after tamoxifen injection, leukemogenesis
proteins of liver/spleen/heart/lung/kidney were extracted at one week
and four weeks after tamoxifen injection. Western blot results (Fig. 1C) Atg7 knockout mice (Atg7 KO, Atg7 ~/~) were used as experimental
showed that ATG7 protein was down-regulated in most tissues, group, Wild-type mice (WT, Atg7*/*) were used as control group. B-

ALL 697 cells were injected by i.v. to generate mouse leukemia model.
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Fig. 2. Mice with Atg7 deletion acquired an increased risk of the occurrence of engrafted human leukemia. (A) The method of leukemia model establishment. (B)
ATG7 and LC3 protein expression in different groups, as can be seen that ATG7 was depleted in Atg7 KO mice, as well as LC3-II. The 697 leukemia cells were used as
control. (C) Peripheral blood cell count in different groups. WBC, LYM, PLT were increased significantly in the Atg7 KO 697 leukemia group compared to Atg7 KO
control group and WT 697 leukemia group. (D) HSC and CFU assay. HSC-enriched LSK cell number decreased significantly in the Atg7 KO 697 leukemia group
compared to Atg7 KO control group. CFU decreased significantly in the Atg7 KO 697 leukemia group compared to Atg7 KO control group and WT 697 leukemia
group. (E) Liver and spleen coefficient in different groups. Liver and spleen coefficient increased significantly in the Atg7 KO 697 leukemia group compared to Atg7
KO control group and WT 697 leukemia group.

*1p < 0.05, **: p < 0.01, ***: p < 0.001.
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PBS was injected as their individual inner control group. Fig. 2A illu-
strated the procedure for generating leukemia animal model.

10 to 12 weeks after cell injection, whereas ATG7 and LC3 protein
expression were shown in different groups, ATG7 protein was depleted
in Atg7 KO mice, along with the blocked conversion of LC3-II from LC3-
I. The 697 cells were used as positive control for western blot (Fig. 2B).
Peripheral blood cell count results showed that the number of WBC,
LYM and PLT in Atg7 KO leukemia mouse model group increased sig-
nificantly compared to Atg7 KO control and WT 697 groups (Fig. 2C).
There was no difference between WT 697 group and WT control group.

As compared with Atg7 KO control, the Atg7 KO 697 mice displayed
a significant reduction in the percentage of HSC-enriched LSK
(Lin~Sca-1"c-Kit*) population over lineage negative bone marrow
cells, whereas no significant difference was found between WT control
and WT 697 mice (Fig. 2D, left). Furthermore, in vitro repopulation
capacity using colony forming unit assay in Atg7 KO 697 mice sig-
nificantly decreased as compared with Atg7 KO control, but no change
was detected between WT control and WT 697 mice (Fig. 2D, right).
The data suggest that autophagy defect deteriorates the maintenance of
HSC-enriched LSK population and their repopulation capacity in the
engrafted leukemia mouse model.

The liver and spleen coefficient showed that liver and spleen in Atg7
KO 697 model group increased significantly compared to other groups
(Fig. 2E), indicating hepatosplenomegaly in Atg7 KO leukemia model.
The histology section of liver and spleen (Fig. 3) showed that there was
no pathological difference between WT control and WT 697 groups, but
adipose degeneration and liver cell necrosis aroused in liver 8 weeks
after 697 cell injection; the normal structure of liver disappeared in the
Atg7 KO 697 leukemia model mice, and it became severer in 12-week
mice. The spleen histology showed abnormal structure in 12weeks after
697 cell injection.

The diagnosis of lymphocytic leukemia includes an increase in WBC,
LYM, and appearance of naivelymphocytes in peripheral blood, hepa-
tosplenomegaly and inflammatory cell infiltration, as well as dysfunc-
tion of hematopoietic stem cells [12,13]. Our results are mostly ac-
cordance with the symptoms of lymphocytic leukemia and indicate that
the Atg7 KO mice were more sensitive to acquire leukemia compared to
WT mice by injecting leukemia 697 cells.

A )
Liver
KO Ctrl
WT Ctrl
KO 697
WT 697 12 weeks
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3.3. Autophagy deficiency deteriorates the function of HSPC in the
engrafted human leukemia mouse model

The cell number and function of HSPC, represented by LSK markers
and CFU (colony formation unit), decreased significantly in Atg7 KO
697 model group compared to Atg7 KO control and WT 697 groups,
indicating the dysfunction of the HSPC in the Atg7 depleted leukemia
mice.

To further investigate the HSPC function of the mice in different
groups, second competitive transplantation of BM cells was explored.
BM cells of WT and Atg7 KO mice (CD45.2 mice) injected w/o leukemia
697 cells were used as donors, BM cells of CD45.1 mice were used as
helper cells, and lethally irradiated CD45.1 mice were used as recipients
(Fig. 4A). Flow cytometry results showed that CD45.2 cells decreased
and CD45.1 cells increased significantly in Atg7 KO 697 leukemia group
compared to other groups (Fig. 4B), indicating that the repopulated
bone marrow cells in the lethally irradiated recipient mice were largely
from the CD45.1 helper mice, and the CD45.2 donor cells from this
group were destroyed. The repopulated HSPC function represented by
LSK markers and CFU (Fig. 4C) also decreased in Atg7 KO 697 leukemia
mouse group compared to other groups. The differentiation ability of
HSPC represented by B220 (B cells), Ter119 (Red blood cells) and Gr-1
(Granulocytes) cell percentage in bone marrow cells showed that B220
and Ter119 decreased but Gr-1 increased in Atg7 KO leukemia group
compared to WT control and Atg7 KO control, but only B220 cells in
WT 697 leukemia group decreased compared to WT control. These
results indicate that in Atg7 KO mice, the HSPC number and function
was more susceptible to ectogenic leukemia cells compared to WT mice,
and leukemia arises more easily from the engrafts in the autophagy-
deficient mice.

4. Discussion

Autophagy is a catabolic pathway that involves lysosomal de-
gradation and recycling of proteins and organelles [14], and is therefore
considered an important survival mechanism for both normal cells and
cancer cells in response to metabolic stress or chemotherapy. As the role
of autophagy in cancer, to be tumor promoter or tumor suppressor, is
dependent on the context and the stage of tumor [15]. In established
tumors, autophagy acts as a cell survival mechanism [16], but in
normal cells, autophagy may prevent the accumulation of damaged

B

Spleen
WT KO Ctrl
WT Ctrl | KO 697
8 weeks
7 | KO 697
WT 697 12 weeks

Fig. 3. HE section of liver and spleen in different groups. (A) Liver pathological change in different groups. (B) Spleen pathological change in different groups. There
was no pathological difference between WT control and WT 697 leukemia groups, but adipose degeneration and liver cell necrosis increased in liver 8 weeks after the
697 leukemia cell injection, and the normal structure of liver disappeared in the Atg7 KO leukemia mice, and it became severer in 12-week mice. The spleen histology

showed abnormal structure in 12 weeks after the 697 leukemia cell injection.
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Fig. 4. Autophagy deficiency deteriorates the function of HSPCs in the engrafted human leukemia mouse model. (A) The illustration figure of competitive trans-
plantation. BM cells of WT and Atg7 KO mice (CD45.2 mice) injected w/o leukemia 697 cells were used as donors, BM cells of CD45.1 mice were used as helper cells,
and lethally irradiated CD45.1 mice were used as recipients. (B) CD45.2 and CD45.1 cell percentage by flow cytometry, CD45.2 cells decreased and CD45.1 cells
increased significantly in Atg7 KO leukemia group compared to other groups, indicating that the repopulated bone marrow cells in the lethally irradiated recipient
mice were most from the CD45.1 helper mice, and the CD45.2 donor cells from this group were destroyed. (C) HSPC function represented by LSK number and CFU.
HSPC function decreased significantly in Atg7 KO leukemia mouse group compared to other groups. (D) The differentiation ability of HSPC represented by B220 (B
cells), TER119 (Red blood cells) and Gr-1 (Granulocytes) cell percentage in bone marrow cells. It showed that B220 and TER119 decreased but Gr-1 increased in Atg7
KO leukemia group compared to WT control and Atg7 KO control, B220 cells in WT 697 leukemia group decreased compared to WT control.

a: compared to WT control, p < 0.05; b: compared to the WT 697 group, p < 0.05; c: compared to Atg7 KO control, p < 0.05.

proteins and organelles, so autophagy acts as a tumor suppressor in
normal cells [17]. Autophagy defect may lead to anemia, long-term
follow-up myelodysplasia or malignant transformation [18-20]. Recent
studies in myeloid leukemia have suggested that in acute myeloid
leukemia the autophagy machinery might be disrupted, resulting in
intracellular accumulation of damaged mitochondria and increased
levels of reactive oxygen species (ROS), with high ROS levels
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potentially promoting leukemic transformation [21-23]. In contrast,
other studies have shown that leukemic cells require functional au-
tophagy during leukemia maintenance [24-28]. In addition, autophagy
can be an escape mechanism utilized by leukemic cells after treatment
with chemotherapeutics such as mTOR and HDAC inhibitors [29-33].

To study the role of autophagy in specific physical or pathological
process, it is necessary to create an autophagy defect animal model. In
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this study we generated a conditional knockout mouse of Atg7”%Ubc-
Cre, in which Atg7 gene was universally deleted in most tissues after
tamoxifen induction which could be seen from the PCR and western
blot results. The 697 leukemia cell transplant results showed that Atg7
KO 697 leukemia mouse group has the most serious symptoms com-
pared to other groups, indicating that the Atg7 deficient mice were
more sensitive to acquire leukemia compared to WT mice by injecting
leukemia 697 cells. It suggests that deficiency of autophagy may result
in malignancy in normal cells and tissues before tumor formation,
which is consistent with the suppressive role of autophagy.

HSCs are the source of all kinds of progeny blood cells, whose
dysfunction will lead to multiple malignant blood disorders [34]. The
genetic ablation of autophagy has been shown to result in severe im-
pairments to HSPC maintenance in mice [35-37]. Autophagy depletion
caused decreased number and function of HSPCs in Atg7 deficient mice,
which may be responsible for the increased sensitivity of autophagy
deficient mice to the engrafted leukemia cells. The competitive trans-
plantation experiment subsequently showed the worst function of
HSPCs in autophagy deficient leukemia mouse model group, both in
self-renewal and in differentiation of HSPCs. Then how the dysfunction
of HSPCs leads to leukemia? Since HSCs exist alongside with several
cell types such as endothelial cells, mesenchymal cells and osteoblasts
in the BM microenvironment which comprise the stem cell niche, these
cells might regulate HSC function and can contribute to leukemogenesis
[38]. Endothelial cells modulate HSC function via Notch and other
signaling pathways such as interleukin-4 to regulate leukemogenesis
[39]. Dysfunction of the MSC stromal cells can induce or alter the
progression of hematologic malignancies or regulate leukemia stem
cells [40]. Other cell types such as osteoblasts, adipocytes, macrophages
and megakaryocytes might also affect HSC function and contribute to
the malignancy [38]. In the study of Hu et al. [41], it showed that in
Notchl-induced mice leukemia model, hematopoietic cells in the leu-
kemic environment are progressively decreased as measured by both
phenotype and function. However, the effects of the leukemic en-
vironment on HSCs and HPCs are distinct in that the repopulation po-
tential of HSCs from the leukemic environment is preserved, whereas
mature blood cells cannot be produced because of the exhaustion of
HPCs. In our study, the phenotype and function of HSPCs which in-
cludes both HSCs and HPCs, were suppressed in Atg7 KO leukemia
mice, which was mostly due to the autophagy deficiencies of the mice,
so it's more vulnerable to leukemia cells. But the detailed mechanisms
and the different functions of HSCs and HPCs and how they are regu-
lated during leukemogenesis need to be further explored.

In summary, in the present study, by using autophagy gene condi-
tional knockout mouse model, we found that mice with Atg7 deletion
are more inclined to the occurrence of engrafted human leukemia,
largely due to deterioration of the function of HSPC in autophagy de-
ficient mice, suggesting that maintenance of autophagy capacity in the
normal HSPCs of leukemia hosts is important to delay or restrain from
the progression of leukemia.
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