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Autophagy collaborates with ubiquitination to downregulate
oncoprotein E2A/Pbx1 in B-cell acute lymphoblastic leukemia

N Yuan', L Song', W Lin, Y Cao, F Xu, S Liu, A Zhang, Z Wang, X Li, Y Fang, H Zhang, W Zhao, S Hu, J Wang and S Zhang

B-cell acute lymphoblastic leukemia (B-ALL) accounts for the most cancer incidences in children. We present here that autophagy is
downregulated in pediatric B-ALL, suggesting a possible link between autophagy failure and pediatric B-ALL leukemogenesis. With
a pediatric t(1;19) B-ALL xenograft mouse model, we show here that activation of autophagy by preventive administration of
rapamycin improved the survival of leukemia animals by partial restoration of hematopoietic stem/progenitor cells, whereas
treatment of the animals with rapamycin caused leukemia bone marrow cell-cycle arrest. Activation of autophagy in vitro or in vivo
by rapamycin or starvation downregulated oncogenic fusion protein E2A/Pbx1. Furthermore, E2A/Pbx1 was found to be colocalized
with autophagy marker LC3 in autolysosomes and with ubiquitin in response to autophagy stimuli, whereas autophagy or
ubiquitination inhibitor blocked these colocalizations. Together, our data suggest a collaborative action between autophagy and
ubiquitination in the degradation of E2A/Pbx1, thereby revealing a novel strategy for targeted preventive or treatment therapy on

the pediatric ALL.
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INTRODUCTION

Autophagy is a catabolic pathway that involves lysosomal
degradation and recycling of proteins and organelles,’ and is
therefore considered as an important survival mechanism for both
normal cells and cancer cells in response to metabolic stress or
chemotherapy. In hematologic malignancies, autophagy either
acts as a chemoresistance mechanism or has tumor suppressive
functions, depending on the context.? Intervening autophagy
pathway is one of the current strategies in the treatment of
leukemia. For instance, imatinib and its improved new compounds
dasatinib and nilotinib are tyrosine kinase inhibitors, and are
currently the frontline treatment for Ph+ acute lymphoblastic
leukemia (Ph+ ALL) and chronic myeloid leukemia that carry the
BCR-ABL1 fusion gene.®> Autophagy is downregulated in BCR-ABL-
expressing leukemia cells.* Activation of autophagy in these
leukemias and chronic lymphoblastic leukemia frequently causes
serious acute and late complications, resistance to chemotherapy
and clinical relapse*'" Therefore, suppression on autophagy
improves the antileukemic effect of tyrosine kinase inhibitor.
However, manipulation of autophagy may have an opposite effect
on certain type of leukemias. In particular, autophagic targeting of
oncogenic fusion proteins that block hematopoietic differentiation
is one of the current strategies in targeted leukemia therapies.'*'?

B-cell acute lymphoblastic leukemia (B-ALL) accounts for the
most cancer incidences in children. The t(1;19) translocation in
pediatric B-ALL fuses the genes, which encode the transcriptional
activator E2A and homeobox pre-B-cell leukemia transcription
factor 1 (Pbx1), resulting in expression of the chimeric transcrip-
tion factor E2A-Pbx1. E2A/Pbx1 has been proved to be an
oncogene and could induce the malignant transformation of
mice."*'® The front line treatment for B-ALL involves an intense

chemotherapy regimen with cure rate up to 80%.'” Nevertheless,
about 20% of remission suffers a relapse with a very poor
prognosis.'”'® We have recently found that activation of
autophagy by rapamycin inhibits in vitro pre-B ALL cells in part
through downregulating DNA and RNA polymerases.'”® But
whether autophagy works alone or collaborates with other
degradation mechanism in vivo in fighting against leukemia
remains unknown. Using a pediatric B-ALL xenograft mouse
model and in vitro pediatric B-ALL 697 cell line model, we show
here that autophagy collaborates with ubiquitination in the
degradation of E2A/Pbx1, thereby inhibiting the B-ALL cells.

MATERIALS AND METHODS

Patients bone marrow sample collection and Q-PCR

B-ALL patient bone marrow (BM) cells were collected from the affiliated
Children’s Hospital of Soochow University. Seven patients confirmed of
B-ALL were enrolled for this study. Normal BM cells from two healthy
donors were used as a control. BM cells were collected and monocytes
were separated by density gradient centrifugation using Ficoll
(GE Healthcare, Pittsburgh, PA, USA). CD34, CD38, CD117, CD45, CD19
and CD10 were stained and analyzed with flow cytometry. CD34+38 — and
CD117+ were used as stem/progenitor cell markers. CD45+, CD19+ and
CD10+ were used as mature B leukemia cell markers. Stem/progenitor cells
(CD34+ CD38 —) were sorted by staining of CD34 PE, CD38 FITC, leukemia
B cells were obtained by staining of CD19 APC through FACS sorting
(BD FACS Aria lll, BD Bioscience, San Jose, CA, USA). The sorted cells were
used for mRNA extraction and autophagy gene detection including
Beclin1, Atg7, Atg5, LC3 and p62. GAPDH was used as an inner control.
The Q-PCR was carried out in an ABI 7500 system (Applied Biosystems,
Grand Island, NY, USA). The primers were as follows in Table 1.
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Table 1. Primers used in this study

Primer name Sequence (5'-3')

E2A/Pbx1 F GCCACGGGGCGCTGGCCTCAGGTTT
E2A/Pbx1 R CCGCATCAGCTGGGGGTCTGTGGGT
Beclin1 F ACCGCAAGATAGTGGCAGAA
Beclin1 R GCGACCCAGCCTGAAGTTAT

Atg7 F GGCCTTTGAGGAATTTTTTGG

Atg7 R ACG TCTCTAGCTCCCTGCATG

Atg5 F GGACAGCTGCACACACTTGG

Atg5 R TGGCTCTATCCCGTGAATCAT

LC3 F ACCATGCCGTCGGAGAAG

LC3 R ATCGTTCTATTATCACCGGGATTTT
p62 F ATCGGAGGATCCGAGTGT

P62 R TGGCTGTGAGCTGCTCTT

GAPDH F GACCTGACCTGCCGTCTA

GAPDH R AGGAGTGGGTGTCGCTGT

Cell lines and drugs

ALL cell lines 697 were used. The cells were grown in RPMI-1640 medium
(Hyclone, Thermo Fisher Scientific, Waltham, MA, USA) with 10% fetal
bovine serum (Gibco, Life Technologies, Grand Island, NY, USA) in 37 °C, 5%
CO, incubator. For mice injection, rapamycin (Merck Calbiochem, Billerica,
MA, USA) was dissolved in absolute ethanol at 10 mg/ml for stock solution
and diluted in 5% Tween-80 and 5% PEG-400. For cell culture, rapamycin
was dissolved in DMSO at 500 pug/ml for stock solution and 100 ng/ml for
work concentration. 3-MA (Sigma-Aldrich, St Louis, MO, USA) was dissolved
in phosphate-buffered saline (PBS) at 100 mm for stock solution and 1 mm
for work concentration. Bafilomycin A1 (Sigma-Aldrich) was dissolved in
DMSO at 10 um for stock solution and 1 nm for work concentration. MG132
(Merck Calbiochem) was dissolved in DMSO at 1 mm for stock solution and
0.2 um for work concentration.

Mice treatment

NOD-SCID male mice weighed 20-25 g were obtained from Shanghai SLAC
laboratory animal company and divided into four groups randomly with 10
each for survival curve and 5 each for other experiments. The four groups
were control (C), preventive group (P), model group (M) and treatment group
(T), respectively. Mice in preventive group received 4 mg/kg rapamycin by
intraperitoneal injection every other day for five times before the B-ALL 697
cell injection. Mice in treatment group received 4 mg/kg rapamycin by
intraperitoneal injection every other day for five times after 1 week of the
697 cell injection. Mice in model group received the 697 cells only by
intravenous injection. Each mouse received 1x 107 pre-B ALL 697 cells for
leukemogenesis. Control mice received PBS instead of the 697 cells.

Survival curve and mice killing

For survival curve, the mice were raised in SPF environment and the death
time was recorded. For other experiments, the mice were killed at 3 weeks
after the 697 cell injection due to the mice death time point. Peripheral
blood, liver, spleen and BM cells were collected for experiments.

Peripheral blood were obtained from eye fundus vein of mice after
anesthesia, 20 ul was counted with Blood cell counter Sysmex KX21N
(Sysmex, Kobe, Japan) for white blood cell, red blood cell and platelet
analysis. Then, the mice were killed.

After the mice being killed, liver and spleen were obtained. The weight
was recorded and liver/spleen coefficients were calculated. Part of them
was used for pathological observation with HE stain, and part was lysised
for protein extraction. RIPA lysate from CST plus protease inhibitor (Roche,
Basel, Switzerland) was used for protein extraction. Beclin1, LC3, GAPDH
and E2A/Pbx1 expression of liver was detected by western blotting.

BM cells were isolated for cell-cycle and hematopoietic stem cell (HSC)
analysis. After the mice being killed, BM cells were flushed by a 25-gauge
needle from the long bones (tibias and femurs) with PBS without calcium
or magnesium (Hyclone). For cell cycle, BM cells were fixed with 70%
ethanol, and stained with Hoechst. For HSC analysis, lineage-negative cells
were enriched with MACS lineage kit (Miltenyi Biotec, Bergisch Gladbach,
Germany), and stained with CD34 FITC, Sca-1 PE and c-Kit APC. The CD34-LSK
phenotype was used for long-term HSCs, and CD34+LSK phenotype was
used for short-term HSCs. All the antibodies were obtained from BD
company and analyzed by flow cytometry (BD Calibur or BD Aria Ill).
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B-ALL 697 cell treatment and flow cytometry

The B-ALL 697 cells were treated with rapamycin (100 ng/ml), HBSS, 3-MA
(1 mm), Baf A1 (1 nm) and MG132 (0.2 uwm) for different time points. E2A/
pbx1 expression in cells was measured by flow cytometry and western
blotting. For flow cytometry, cells were collected and washed with PBS,
fixed and performed with a kit according to the manufacturer’s protocol
(ADG, Nordic Mubio, Susteren, The Netherlands). After fixation for 15 min,
the cells were permeabilized and anti-mouse E2A/Pbx1 antibody (BD
Bioscience) was stained for 30 min. PE anti-mouse second antibody was
stained for 30 min, and after wash with PBS, the cells were measured for
PE-E2A/Pbx1 expression by flow cytometry.

Western blotting

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 (Pierce, Thermo Fisher
Scientific). Equal amounts of protein (30 ug) were fractionated by
electrophoresis in SDS-polyacrylamide gel. The proteins were subsequently
transferred onto PVDF membranes. Antibodies against E2A/Pbx1 (BD
Bioscience), LC3 (Novus, Biologicals, Littleton, CO, USA), Beclin1, ubiquitin
and GAPDH (Cell Signaling Technology, Danvers, MA, USA) were applied to
probe the membranes, respectively. The secondary antibodies (anti-rabbit
or anti-mouse, Cell Signaling Technology) were conjugated to horseradish
peroxidase. Signals were detected using the ECL system (Biological
Industries, Kibbutz Beit-Haemek, Israel).

Confocal microscopy

For confocal microscopy, the GFP-LC3 construct was transfected into the
B-ALL 697 cells to generate a stable GFP-LC3 B-ALL 697 cell line. The GFP-
LC3 697 cells were treated with rapamycin, HBSS or bafilomycin A1. At the
time points indicated, cells were collected and pelleted by centrifugation
for 5min at 1000 r.p.m., washed in PBS, fixed in 4% paraformaldehyde at
RT for 10 min, then aspirated fixative, rinsed three times in PBS for 5 min
each time, and then blocked with 5% goat serum in PBS (with 0.3% Triton
X-100) for 60 min. The cells were incubated with the primary antibody
(E2A/Pbx1, diluted in PBS supplemented with 0.3% Triton X-100 and 1%
bovine serum albumin, overnight in a humid chamber at 4 °C) and then
with PE-conjugated secondary antibodies (diluted 1:1000, for 1 h at 37 °Cin
a humid chamber). Excess of unbound antibody was removed at each step
by three washes with PBS. The nuclear was stained with 20 pg/ml Hoechst
33342 (Invitrogen, Life Technologies) at room temperature for 10 min.
The images were obtained by using an Olympus confocal microscope
(Olympus, Tokyo, Japan, FV1000MPE).

Image flow-cytometric analysis

Image flow cytometry was explored to quantify the co-localization of E2A/
Pbx1 and LC3 or Ubiquitin (Ub). The 697 cells of different treatment groups
were collected at the predicted time point. After fixation and permeabi-
lization using the kit (ADG), cells were stained with primary antibody of
anti-mouse E2A/Pbx1 and anti-rabbit LC3 or Ub for 30 min, and second
antibody of PE anti-mouse and FITC anti-rabbit IgG for 30 min, then cells
were explored to ImageStreamX Mark Il (Amnis, Merck Millipore, Seattle,
WA, USA) for image flow cytometry. Samples were visualized and analyzed
for the expression of markers and proteins with IDEAS 6.0 software
(Amnis, Merck Millipore). Cells were gated for single cells with the area and
aspect ratio features, for focused cells, with the Gradient RMS feature.
These subsets were then plotted for log intensities of channel with LC3
(autophagosome marker), Ub (Ubiquitination marker) and channel with
E2A/Pbx1. Autophagy level was analyzed with LC3 level by spot count
wizard. Co-localization of E2A/Pbx1 and LC3 or Ub was analyzed by the
co-localization wizard.

Statistical analysis

The data were presented as mean valuests.d from three separate
experiments. Statistical analysis was performed using GraphPad Prism
5 Software (downloaded from internet). Error bars represent s.e.m. and
P-values calculated with a two-tailed Mann-Whitney test unless stated
otherwise (ns means no significance, *P < 0.05, **P < 0.01, ***P < 0.001).



RESULTS

Occurrence of pediatric B-ALL is associated with reduced
autophagy in patients

To explore the role of autophagy in clinical B-ALL leukemogenesis,
BM cells from pediatric B-ALL patients and normal healthy donors
were collected. Stem/progenitor cell markers CD34+38—- and
CD117+, and mature B leukemia cell markers CD45, CD19 and
CD10 were stained for the BM cells. Flow-cytometric analysis
showed significantly decreased percentage of CD34+38- and
CD117+ cells, and significantly increased percentage of CD45,
CD19 and CD10 cells in the B-ALL patients compared with the
normal control (Figure 1a). The CD34+CD38 - cells and CD19+
cells from the B-ALL patients were sorted and autophagy-essential
genes of Beclin1, Atg7, Atg5, LC3 and p62 were detected by Q-PCR
collectively representing autophagy level. Both the CD34+CD38 —
stem/progenitor cells and CD19+ leukemia cells from B-ALL
patients showed low level of autophagy gene expression (Figures
1b and c). These data suggest that the occurrence of B-ALL is
clinically associated with reduced autophagy in the BM cells of the
leukemia patients.

Activation of autophagy by rapamycin improves the B-ALL animal
survival and in vivo inhibits the transplanted ALL cells

To examine whether in vivo enhancement of autophagy is capable
of fighting against B-ALL cells, we generated a human leukemia
xenograft mouse model with B-ALL 697 cells. Ten mice each were
used for survival curve in the four groups (control, model,
preventative and treatment) administered with or without
rapamycin as described in the Materials and methods. Western
blotting analysis showed that LC3 lipidation, a typical autophagy
activity indicator,”® was enhanced in the preventive or treatment
groups, suggesting that rapamycin treatment ahead of, or right
after B-ALL cell transplantation, activates or enhances autophagy
response in the mouse models (Figure 2a).
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Figure 1. Occurrence of pediatric B-cell ALL is associated with
reduced autophagy. (@) BM cells of B-ALL patients and normal
healthy control were collected and CD34, CD38, CD117, CD45, CD19
and CD10 were measured. It showed high percentage of hemato-
logical/ progenitor cells in normal control and high B lymphocytic
cells in B-ALL patients. CD34+38 — (b) and CD19+ B cells (c) were
sorted separately and autophagy-essential genes of Beclin1, Atg5,
Atg7, LC3 and p62 were detected by Q-PCR. It showed low
autophagy level in both CD34+38- cells and CD19+ B cells of
B-ALL patients. ***P < 0.001, **P < 0.01, *P < 0.05, n=7.
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The average survival time was 21.2+3.5, 26.7+54 and
30+ 2.8 days in the model group, preventive group and treatment
group, respectively. The mice in the control group all survived.
Mice began to die in 18 days after the B-ALL 697 cell injection in
model group; activation of autophagy by rapamycin prolonged
5-9 days of the survival time compared with the model group,
suggesting that in vivo enhanced autophagy may have a role in
combating against leukemogenesis (Figure 2b).

Five mice were used for further experiments in each group and
the killing time was set to 3 weeks due to the death time.
Peripheral blood cell counting from the animal experiment
showed that the white blood cell increased and the platelet
decreased significantly in the model group, but rapamycin
normalized the white blood cell number and platelet number,
particularly in the treatment group (Figure 2c).

At the time of killing, liver and spleen were collected and
weighed. At the appearance, the liver and spleen in the model
group showed enlargement significantly (Figure 2d, left panel),
but the enlargement was less significant in the preventive and
treatment groups. The coefficient of liver and spleen (ratio of
weight of liver or spleen to that of body weight) also showed that
it was less tumid in the preventive and treatment groups than the
model group (Figure 2d, right panel). The liver in the model group
also showed significant invasion of cells, which was less significant
in the preventive and treatment groups (Figure 2e).

To further confirm the role of autophagy in prevention or
inhibition of B-ALL leukemogenesis, the expression of human
CD45, CD19 and CD10 markers in the BM cells of the B-ALL mice
administrated with or without rapamycin was measured. The
results showed that the B-ALL markers expressed highly in the BM
cells of model group, while reduced significantly in both
rapamycin preventative and treatment groups, further suggesting
that activation of autophagy in both prevention and treatment
with rapamycin slows down or inhibits B-ALL leukemogenesis
(Figure 2f).

Activation of autophagy induces cell-cycle arrest in the treatment
animals and partially restores hematopoietic stem and progenitor
cells in the preventive animals

To understand how activation of autophagy prevents or inhibits
B-ALL leukemogenesis, cell cycle of the total BM cells of the four
animal groups was first examined. The cell cycle in the preventive
group did not show a difference from that in the model group,
however, cell cycle of the treatment group showed that cell
percentage of GO/G1 phase increased and S, G2/M phase
decreased significantly compared with that of the model group
(Figure 3a). This suggests that enhancement of autophagy by
treatment with rapamycin after transplantation of the leukemia
cells causes cell-cycle arrest of the total BM cells.

We purified bone morrow LSK cells from the mice with Ficoll
and MACS lineage kit. CD34 — LSK markers were used as long-term
HSC phenotype, and CD34+LSK markers were used as short-term
HSC phenotype, shown by the representative flow gating for
hematopoietic stem/progenitor cells (Figure 3b). Flow-cytometric
analysis discloses a reduced cellurality of LSK cell population in the
model group. In the preventive group, but not the treatment
group, LSK (including CD34 — LSK, CD34+ LSK) cell percentage
increased significantly compared with that of model group
(Figure 3c), suggesting that enhancement of autophagy by
preventive administration of rapamycin restores, at least in part,
the pool of hematopoietic stem and progenitor cells.

Activation of autophagy downregulates E2A/Pbx1 level in B-ALL
697 cells

To further explore the mechanism by which activation of
autophagy combating against B-ALL, autophagy of the
B-ALL 697 cells was activated with rapamycin or starvation
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Activation of autophagy before or after transplantation of B cell leukemia cells prolonged the survival of xenograft mice. The mice

were divided into four groups: control (C), preventive group (P, rapamycin administrated before human B-ALL cell transplantation), model
group (M, no rapamycin administrated before or after the B-ALL cell transplantation) and treatment group (T, rapamycin administrated 1 week
after B-ALL cell transplantation). The survival curve (b) showed that activation of autophagy by rapamycin in the preventive and treatment
group prolonged 5-9 days of the survival time compared with model group (with 10 mice in each group). The autophagy level (a, Beclin1 and
LC3 expression), peripheral blood cell counting (c), the size and coefficient of liver and spleen (d), the pathological section of liver (e), B-ALL
immune typing of human CD45, CD19 and CD10 expression in mice (f) were showed. It indicated that rapamycin slowed down the malignant
transformation of leukemia cells in NOD-SCID mice. ***P < 0.001, **P < 0.01, *P < 0.05.

(amino-acid depletion with HBSS medium). Autophagy level was
analyzed by the LC3 Spot count wizard through image flow
cytometry, showing representative and statistical accumulated
LC3 puncta upon treatment with rapamycin or starvation
(Figure 4a). Flow-cytometry analysis showed that E2A/Pbx1
protein level downregulated significantly after activation of
autophagy by rapamycin or nutrient depletion by HBSS culture
medium (Figure 4b). Western blotting analysis of total cellular
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protein, cytoplasmic protein and nucleus protein also showed
downregulated E2A/Pbx1 protein level through activation of
autophagy by rapamycin and in particular starvation. The down-
regulation of E2A/Pbx1 not only occurs mostly in the cytoplasm,
nuclear E2A/Pbx1 level was also reduced by activation of
autophagy by rapamycin or starvation, suggesting that autophagy
activation might cause relocalization of the oncogenic nuclear
E2A/Pbx1 to the cytoplasm for degradation (Figure 4c). The
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Manipulating autophagy affected the in vivo cell cycle of BM cells and LSK percentage in the xenograft mice. (a) The cell cycle of BM
cells showed that the cells in GO/G1 phase decreased significantly and the cells in S and G2/M increased in model group, but the cells in G0/G1
phase increased and the cells in S and G2/M phase decreased significantly in rapamycin treatment group, whereas the rapamycin preventative
group did not show a significant change in cell cycle as compared with model group. (b, ¢) The LSK (both CD34-LSK and CD34+LSK)
percentage decreased significantly in model group, but the LSK number (both CD34-LSK and CD34+LSK) restored significantly in the
preventive group, not in the treatment group. **P < 0.01, *P < 0.05.
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Figure 4. Activation of autophagy by rapamycin or nutrient depletion degraded E2A/Pbx1 protein in in vitro B-ALL 697 cells and in vivo NOD-
SCID leukemia mice. Image flow cytometry (a) showed that autophagy was activated by rapamycin or nutrient depletion with HBSS medium
(high LC3 spot count), and E2A/Pbx1 protein decreased in Rap and HBSS groups (b). Western blot (c) of total protein, cytoplasm protein and
nucleus protein also showed that activation of autophagy could degrade E2A/Pbx1 protein and the degradation mostly happen in cytoplasm
protein, which is confirmed by confocal microscopy (d), E2A/Pbx1-PE was merged with GFP-LC3 in HBSS and rapamycin groups in cytoplasm,
indicating that E2A/Pbx1 was degraded by autophagy. E2A/Pbx1 was also degraded in the rapamycin treatment group of leukemia NOD-SCID

mice liver protein (e). ***P < 0.001.
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western blotting results were confirmed by confocal microscopic
analysis, which discloses that E2A/Pbx1-PE was merged with GFP-
LC3 in the HBSS and rapamycin treatment groups in the
cytoplasm, while nuclear E2A/Pbx1 was relocalized to the
cytoplasm upon treatment with HBSS or rapamycin and this
relocalization was blocked by bafilomycin A1, an autophagy
inhibitor (Figure 4d).

Furthermore, western blotting analysis of liver proteins from the
B-ALL xenograft mouse model indicates that preventive admini-
stration with rapamycin partially downregulated E2A/Pbx1 protein
level, whereas treatment with rapamycin significantly minimized
the E2A/Pbx1 protein level (Figure 4e), further suggesting that
E2A/Pbx1 might be degraded at least in part, by autophagy.

Inhibition of autophagy or ubiquitination accumulates E2A/Pbx1

To explore whether other cellular mechanism might be implicated
in the downregulation of the oncogenic E2A/Pbx1 protein, the
B-ALL 697 cells were treated with PI3K inhibitor 3MA to inhibit
autophagy, and ubiquitin-proteasome inhibitor MG132 to inhibit
ubiquitination at different time points. While at basal autophagy
level where autophagy was not manipulated with HBSS or
rapamycin, treatment with these inhibitors did not cause an
obvious change at E2A/Pbx1 level, detected by flow cytometry
(Figure 5a). In contrast, the results by western blotting analysis
showed that similar to the inhibition of basal autophagy with
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Figure 5. Inhibition of either autophagy or ubiquitination fails to

degrade E2A/Pbx1. Flow cytometry (a) showed that inhibition of
autophagy by 3-MA and inhibition of ubiquitination by ubiquitin-
proteasome inhibitor MG132 fails to degrade E2A/Pbx1, and the
oncoprotein accumulated in the combined group in western
botting result (b), indicating that both autophagy and ubiquitina-
tion contribute to the degradation of E2A/Pbx1. Nutrient depletion
with HBSS medium also induced ubiquitination of 697 cells (c), and
MG132 restored the degradation of E2A/Pbx1 induced by nutrient
depletion with HBSS (d).
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3-MA that caused accumulation of E2A/Pbx1 protein, inhibition of
ubiquitination with MG132 alone or in combination with 3-MA
also caused an accumulation of E2A/Pbx1 protein (Figure 5b).

Furthermore, western blotting analysis with pan-ubiquitin
indicates that pan ubiquitination in the B-ALL 697 cells was
increased in HBSS starvation (Figure 5c), suggesting that
autophagy might promote ubiquitinational degradation of the
E2A/Pbx1 protein. While MG132 alone effectively blocks the
degradation of E2A/Pbx1, it also partially blocked the degradation
of the oncogenic protein caused by HBSS starvation (Figure 5d).
Interestingly, Amnis image flow-cytometric analysis showed that
MG132 blocked HBSS-caused E2A/Pbx1 cytoplasmic relocalization
(Figure 6a) and statistically, MG132 blocked HBSS starvation-
caused degradation of E2A/Pbx1 (Figure 6d). These data suggest
that autophagy and ubiquitination might be collaborated to
downregulate E2A/Pbx1 level.

Activation of autophagy causes colocalization of E2A/Pbx1 with
LC3 or Ubiquitin

Experiment with ubiquitination inhibitor indicates that ubiquitina-
tion might be involved in the degradation of E2A/Pbx1 as
autophagy does. One would expect that the oncogenic protein
E2A/Pbx1 and ubiquitin should be colocalized for ubiquitinational
degradation. To this end, Amnis image flow cytometer was used
to visually and statistically examine whether this colocalization
occurs. Similar to the observation that autophagy activation by
amino-acid depletion or rapamycin causes more LC3 or E2A/Pbx1
moving out of the nucleus, and subsequently colocalization in the
cytoplasm (Figure 6a), starvation by amino-acid depletion with
HBSS medium caused colocalization between ubiquitin and E2A/
Pbx1, and treatment with MG132 significantly blocked E2A-Pbx1/
Ub colocalization (Figures 6b and f). These data further suggest
that ubiquitination is also involved in the degradation of the E2A/
Pbx1 protein.

DISCUSSION

Pharmacological manipulation of autophagy has been reported to
enhance the activity of anticancer agents. We previously found
that autophagy is essential for vitamin D3-induced differentiation
of myeloid leukemia cells.'? Other groups also reported that
activation of autophagy causes autophagic cell death in pediatric
AML, chronic myeloid leukemia, ALL and chronic lymphoblastic
leukemia.?'™?® Of particular interest, autophagy was shown to
degrade oncogenic fusion proteins such as PML-RARa in acute
promyelocytic leukemia'®?°2 and in the human T-cell lympho-
cytic leukemia cell line Molt4.3* The downregulation of the PML/
RARa oncoprotein is mainly affected by autophagy since its
degradation in cells treated with arsenic trioxide or all-trans
retinoic acid depends upon and is related to increased autophagic
activity."”® Indeed, the above antileukemic effects were largely
attributable to the activation of autophagy, which either non-
specifically overdigests intracellular components, leading to
cellular demise or specifically digests oncogenic fusion proteins
to promote terminal differentiation of leukemia cells.

Our recent study indicates that autophagy activated by
rapamycin inhibits proliferation and induces cell-cycle arrest in
in vitro childhood pre-B ALL cells by specifically downregulating
DNA pol 61 and RNA pol Il, at both the transcriptional and post-
translational level. The post-translational mechanism possibly
involves autophagic degradation of the polymerases. The down-
regulation of two key polymerases in DNA and RNA synthesis
causes the reduced expression of multiple positive cell-cycle
regulators, ultimately leading to a proliferation blockade and
growth arrest.'” However, whether enhancement of autophagy
can inhibit in vivo pre-B ALL cells and whether autophagy
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Figure 6. Colocalization of E2A/Pbx1 with LC3 or Ub in pediatric B-ALL 697 cells. (a, b) The images of fluorescence intensity of LC3-FITC,
Ubiquitin-FITC, E2A/Pbx1-PE and merged images of E2A/Pbx1 with LC3 or Ub are shown. Simultaneously, autophagy level presented by LC3
spot count (c) and E2A/Pbx1 expression (d) was also analyzed. The colocalization statistical percentage of E2A/Pbx1 with LC3 and E2A/Pbx1
with Ub was showed in (e) and (f), in rapamycin treatment, colocalization of E2A/Pbx1 with LC3 increased significantly, but in HBSS treatment,
both colocalization of E2A/Pbx1 with LC3 and Ub increased, especially with Ub, and MG132 reversed the colocalization of E2A/Pbx1 with Ub in

HBSS treatment ***P<0.001, **P<0.01, *P<0.05.

collaborates with other degradation mechanism to prevent or
cure this B-ALL remains unclear.

In the present study, we show that autophagy is downregulated
in childhood B-ALL (Figure 1), suggesting a possible link between
autophagy failure and pediatric B-ALL leukemogenesis. We thus
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generated a pediatric t(1;19) B-ALL xenograft mouse model and
administrated with rapamycin before or after transplanting the
leukemia cells to mimic a preventive or treatment regimen on the
B-ALL animal model. With this ALL xenograft mouse model,
we show here that activation of autophagy by preventive



administration of rapamycin improves the survival of leukemia
animals by partial restoration of hematopoietic stem/progenitor
cells, whereas treatment of the animal with rapamycin caused
leukemia BM cell-cycle arrest, suggesting that in addition to
treatment of leukemia, enhancement of autophagy might be a
possible strategy to prevent or delay leukemia occurrence. We
observed that activation of autophagy in vitro or in vivo by
administration with rapamycin or starvation with amino-acid
depletion downregulated oncogenic fusion protein E2A/Pbx1.
Furthermore, E2A/Pbx1 was found to be colocalized with
autophagy marker LC3 in autolysosomes, and this oncogenic
protein was also colocalized with ubiquitin in response to
autophagy stimuli, whereas autophagy inhibitor or ubiquitination
inhibitor blocked these colocalizations, supporting our notion that
both autophagy and ubiquitination are involved in the degrada-
tion of E2A/Pbx1. Interestingly, ubiquitination inhibitor MG132
blocked starvation-caused degradation of E2A/Pbx1 (Figure 6d),
confirming that autophagic degradation of E2A/Pbx1 depends on
ubiquitination. Hence, autophagy and ubiquitination could
collaborate with each other to downregulate oncogenic E2A/
Pbx1 level. To our knowledge, this is the first evidence that
autophagy collaborates with ubiquitination to fight against cancer
cells via degrading an oncogenic protein. Our findings thus reveal
a novel strategy for targeted prevention or targeted therapy on
the pediatric B-ALL.
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