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The relationships between autophagy-associated gene expression, clinical characteristics and prognosis in acute myeloid
leukemia (AML) have not been elucidated. Herein, we collected AML patient clinical information, treatment responses
and outcomes and assessed the mRNA expression of Bcl-2, p62, Beclin 1, VPS34, Rubicon, ALFY, UVRAG, ULK1, LC3
and NBRI in 20 AML patients and 10 benign hematological cases by real-time PCR. We determined that Beclin 1, LC3,
UVRAG, Rubicon and NBR1 are down-regulated in AML patients compared to the control group (p<0.05) and that low
ULKI1 expression was associated with high white blood cell counts (p<0.05). Autophagy-associated gene expression did not
correlate with chemotherapy response. Although analysis of patient overall survival established no obvious association with
gene expression, low Beclin 1 and p62 expression in unfavorable outcome patients was associated with worse overall survival
than high-expression. The combined results confirm that autophagy genes are associated with outcome in AML patients and
that they are potential biomarkers and targets in acute myeloid leukemia.
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Acute myeloid leukemia (AML) is a hematological malig-
nancy with high morbidity and great heterogeneity, and the
curative effect of standard AML therapies and its prognosis
remain poor. One of the aims of AML research is to find new
biomarkers that predict therapeutic response and prognosis.
Autophagy is a self-protective process activated by hunger,
hypoxia, drug stimulation and other aberrant conditions,
and it can regulate cell fate by both promoting and inhib-
iting apoptosis [1]. Furthermore, autophagy has been shown
to play important roles in the pathogenesis, differentiation,
relapse and drug resistance of AML [2, 3].

The expression of autophagy-associated genes is thought
to be associated with clinical outcomes in other malignan-
cies, including colorectal, breast and prostate cancers [4-6].
Previous studies reported that Bcl-2-interacting myosin-like
coiled-coil protein (Beclin 1) and microtubule associated
protein 1 light chain 3 alpha (LC3) were downregulated in
AML [7, 8]. Activation and regulation of autophagy cells
form a complicated network, and herein, we examined the
mRNA expression levels of the following 10 autophagy
regulators in AML patients: Beclin 1, LC3, B-cell lymphoma
2 (Bcl-2), p62, vacuolar protein sorting 34 (VPS34), RUN
and cysteine rich domain containing Beclin 1 interacting
protein (Rubicon), autophagy-linked FYVE protein (ALFY),

ultraviolet irradiation resistance-associated gene (UVRAG),
UNC-51-like kinase 1 (ULK1), and ‘Next to BRCA1 gene 1’
(NBR1). We determined the expression level of autophagy-
associated factors, revealed the relationships between
autophagy and AML in clinical cases and identified the need
to find new indicators for AML diagnosis and treatment.

Patients and methods

Patients. Bone marrow samples were collected from 20
newly-diagnosed AML patients (M3 type excluded) in our
center between June 2015 and January 2017. All patients
were diagnosed according to the WHO 2008 criteria for
AML [9]. We also recruited 10 patients with benign hemato-
logical diseases such as anemia and thrombocytosis as the
control group. We used only residual bone marrow samples
remaining after necessary laboratory examinations, informed
consent was obtained from all patients prior to their inclu-
sion and the study was approved by the Ethics Committee in
accordance with the Declaration of Helsinki. The following
clinical information was collected; age, gender, bone marrow
and routine blood results, fusion genes, karyotypes, mutant
genes, chemotherapy response and survival time. Patients
received induction chemotherapy regimens with dauno-
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Table 1. Primers used in this study.

Name Gene ID Forward (5’-3’) Reverse (5°-3’)

Bcl-2 596 TGGGATGCCTTTGTGGAACT GAGACAGCCAGGAGAAATCAA
p62 8878 CGTCTGCCCAGACTAACT GTGTCCGTGTTTCACCTTCC
Beclin 1 8678 TGAGGGATGGAAGGGTCTAA CCTGGGCTGTGGTAAGTAATG
VPS34 5289 ATCCCGTTGCCTTTAGAACC TGCCTCCATCTTCCGTCTTA
Rubicon 9711 GTGATTCGGCACAGCTCTCT ACTGGGAGGAAACGAAGGAT
ALFY 23001 GGTCAGTGACACAGCCAGA GCATGAAGACCAGCTTCAC
UVRAG 7405 CTGGGAGAATTTGAAGAGTTC GTCCTACTGTTGACCTGCTC
ULK1 8408 TCGAGTTCTCCCGCAAGG CGTCTGAGACTTGGCGAGGT
LC3 84557 CTGTTGGTGAACGGACACAG ACAATTTCATCCCGAACGTCT
NBR1 4077 GACATTTGCCTTGCCTGAAG TCCTCCTCCTCCTCATCCTC
GAPDH 2597 TCCACTGGCGTCTTCACC GGCAGAGATGATGACCCTTTT

Table 2. Cytogenetic/molecular genetic risk stratification.

Cytogenetics

Molecular Genetics

Favorable inv(16)(p13q22) or t(16;16)(p13;q22)
t(8;21)(q22;q22)

normal karyotype

£ (9311)(p22:923)

others

Medium

Unfavorable Monosomal karyotype

complex karyotype (=3 types), without t (8;21)(q22;q22), inv(16)

(p13q22) or t(16;16)(p13;q22) or t(15;17)(q22;q12)

-5

-7

5q-

-17 or abn (17p)

11923 chromosome translocation, except t(9;11)
inv (3)(q21q26.2)or t( 3;3)(q21;q26.2)
1(6:9)(p23;q34)

1(9;22)(q34.1;q11.2)

NPMI1 mutation without FLT3-ITD

Biallelic mutated CEBPA

inv(16)(p13q22) or (t 16;16)(p13;q22) with C-Kit mutation
t(8;21)(q22;q22)with C-Kit mutation

TP53 mutation

RUNX1 (AML1) mutation
ASXL1 mutation
FLT3-ITD mutation

rubicin and cytarabine or idarubicin and cytarabine. After
initial induction treatment, we evaluated the curative effects
as complete remission (CR) and non-remission (NR). and
progression-free survival (PFS) was defined as the date from
CR achievement to any disease relapse. Overall survival (OS)
was counted from diagnosis to decease.

Real-time PCR gene expression analysis. Bone marrow
mononuclear cells were isolated using Ficoll density gradient
separation. Total RNA was extracted from 1x10° bone
marrow mononuclear cells with TRIzol (Ambion, Waltham,
MA, USA) using standard protocols. The mRNA expression
levels of relevant genes were measured by LightCycler® 480
Real-Time PCR System (Roche, Basel, Switzerland). The
details were as follows: 95 C, 30s, 1 cycle; 95 C, 5s and 60 C,
20s 40 cycles. The primers used for real-time PCR are shown
in Table 1. The 2722 method calculated mRNA expression
levels with the 274¢T median values as the boundary between
patients in the high-expression (gene-high) and low-expres-
sion (gene-low) groups.

Statistical analysis. All analyses were performed with
SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). Student’s
t test detected differences in measurement data and Fisher’s
exact test counted data. The significance of associations
was determined by Spearman’s correlation test and overall
survival rates (OS) were calculated by Kaplan-Meier curves.
Cox regression then performed OS multivariate analysis.
p-values less than 0.05 achieved statistical significance and
<0.01 was considered highly significant.

Ethics committee approval. The study was conducted
in accordance with the Declaration of Helsinki and was
approved by the Ethics Committee (No. 2015PS120K).

Results

Expression levels of autophagy-associated genes in
AML patients. We first analyzed the expression levels
of autophagy-associated genes, and results confirmed
that Beclin 1, LC3, UVRAG, Rubicon and NBR1 were
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down-regulated in AML patients
compared to the control group
(p<0.05, Figure 1). We then consid-
ered cytogenetic/molecular genetic
risk stratification, with patients
grouped as favorable, medium and
unfavorable according to the Chinese
guide for AML (Table 2) [10]. There
were 7 and 13 patients in the favor-
able and unfavorable groups, respec-
tively. While we found no differ-
ence in autophagy-associated gene
expression between the favorable
and control groups, Beclinl, LC3,
VPS34, Rubicon, ALFY and NBRI1
were down-regulated in the unfavor-
able group compared with controls,
and VPS34 had higher expression
in the favorable group than in the
unfavorable group (1.36+1.11 vs
0.54+0.49, p=0.032, Figure 2). The
relative mRNA expression levels in
descending order were: Bcl-2, ULK1,
p62, ALFY, VPS34, UVRAG, NBR1,
Rubicon, Beclin 1 and LC3. We found
that most autophagy-associated
genes correlated with each other, and
all correlations were positive. Table 3
shows that p62 positively correlated
with all genes except Bcl-2 and that
Beclin 1 positively correlated with all
genes except Bcl-2 and NBRI.
Expression levels of autophagy-
associated genes and baseline
characteristics of AML patients.
The AML patient baseline charac-
teristics in Table 4 show that patient
age ranged from 16 to 67 years old
with 54.5 median, and no differences
were found between autophagy-
associated gene expression and age.
There were 7 male and 13 female
patients, and high Bcl-2 expression
was more common in the males
(76.92% vs 14.29%, p=0.017). In
addition, the low ULKI1 expression
group had higher white blood cell
counts (WBC) than the high ULK1
expression group (92.72+98.14 vs
17.60+28.24, p=0.041). We analyzed
the correlation of immunopheno-
type and autophagy-associated gene
expression with Spearman analysis,
and here CD34 and CD64 showed
some correlation with the investi-
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Figure 1. Gene expression in AML patients and control group. The expression levels of Beclin 1,
LC3, UVRAG, Rubicon and NBR1 were all lower in AML patients than in the control group

(p<0.05). The 272" method was used to calculate mRNA expression levels.

and “**” represent p<0.01.
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represent p<0.05
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Table 3. Correlations between autophagy-associated genes.

Bel-2 p62 Beclinl  VPS34 Rubicon ALFY UVRAG ULKl1 LC3 NBR1

Bcl-2 r 10.000 0.108 0.299 0.307 0.669" 0.039 0.122 0.352 —0.352 0.447
p-value - 0.650 0.200 0.188 0.001 0.870 0.609 0.128 0.128 0.048

p62 r 0.108 10.000  0.690"  0.705™ 0.525" 0.492 0.520 0.743"  0.603™ 0.493"
p-value  0.650 - 0.001 0.001 0.018 0.028 0.019 0.000 0.005 0.027

Beclinl r 0.299 0.690™ 10.000  0.692"  0.624" 0.528" 0.600"  0.814" 0.543" 0.398
p-value  0.200 0.001 - 0.001 0.003 0.017 0.005 0.000 0.013 0.082

VPS34 r 0.307 0.705™  0.692" 10.000 0.547" 0.417 0.406 0.803™ 0.359 0.432
p-value  0.188 0.001 0.001 - 0.012 0.068 0.077 0.000 0.120 0.057

Rubicon r 0.669"™ 0.525 0.624™ 0.547" 10.000 0.412 0.394 0.723™ 0.089 0.615™
p-value  0.001 0.018 0.003 0.012 - 0.071 0.086 0.000 0.710 0.004

ALFY r 0.039 0.492 0.528" 0.417 0.412 10.000 0.535 0.471" 0.783"  0.621"
p-value  0.870 0.028 0.017 0.068 0.071 - 0.015 0.036 0.000 0.003

UVRAG r 0.122 0.520" 0.600™ 0.406 0.394 0.535 10.000 0.412 0.570™ 0.217
p-value  0.609 0.019 0.005 0.077 0.086 0.015 - 0.071 0.009 0.359

ULK1 r 0.352 0.743  0.814"  0.803"  0.723" 0.471 0.412 10.000 0.365 0.465
p-value  0.128 0.000 0.000 0.000 0.000 0.036 0.071 - 0.113 0.039

LC3 r -0.352  0.603" 0.543" 0.359 0.089 0.783"  0.570™ 0.365 10.000 0.305
p-value  0.128 0.005 0.013 0.120 0.710 0.000 0.009 0.113 - 0.191

NBR1 r 0.447" 0.493" 0.398 0.432 0.615™  0.621™ 0.217 0.465" 0.305 10.000

p-value  0.048 0.027 0.082 0.057 0.004 0.003 0.359 0.039 0.191 -

* represents p<0.05, ** represents p<0.01.
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Figure 2. The expression level of VPS34 was higher in the favorable group (p<0.05). The 274“" method was used to calculate mRNA expression levels.
“*” represent p<0.05.
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gated genes. Patients with lower Beclin 1, Rubicon and ULK1  Table 4. Baseline characteristics of acute myeloid leukemia patients.

expression had higher CD64 positive rates (80% vs 20%,
p=0.023) and the high ALFY expression group had a higher

Clinical characteristics of AML patients

CD34 positive rate than the low ALFY expression group — Age

(90% vs 30%, p=0.02). These results are shown in Table 5. Gender (male:female)
Effect of autophagy-associated gene expression on  FAB classification
treatment response and prognosis. After induction chemo- Mo
therapy, 9 patients achieved complete remission and 11 Ml
patients had non-remission. Analysis of the relationship M2
between gene expression and chemotherapy response showed M4
that those genes had no impact on treatment responses; M5
with median OS time of 7.5 months. In addition, no genes M6
had effect on PFS or OS. We then analyzed the relationship WBC (10°/L)
between gene expression and OS in the unfavorable group _
. . . . Neutrophils (10°/L)
and patients with low Beclin 1 or p62 expression had worse Lomoh L
OS than high-expression patients (p=0.029 and p=0.006,  Ymphocytes (107L)
Hemoglobin (g/L)

respectively). Moreover, multivariate analysis confirmed that

neither Beclin 1 nor p62 made any contribution to OS. The  Platelet (10°/L)

survival curves of the unfavorable group are illustrated in ~ Blasts percentage (peripheral blood)

Figure 3. Blasts percentage (bone marrow)
Cytogenetics

Discussion

Molecular genetics
Herein, we showed that many autophagy-associated genes

were down-regulated in AML patients and that their down-

16-67
7:13

— N R O =

55.16+80.15

7.05+18.32

9.50+20.72

76.50+22.49

35.75£39.30

44.31+31.85

68.11£20.87

complex karyotype, -14, -3, -8
t(1511)(p22;q24), +8

AMLI-ETO, FLT3-ITD,
MLL-AF9, CBFB-MYH11

NPM1, DNMT3A, CEBPA, TET2,
JAK2, TP53, C-Kit

regulation was associated with clinical characteristics and

Table 5. Relationships between baseline characteristics and gene expression.

Age Gender WBC CDé64 CD34
(younger:older) (male:female) (negative:positive) (negative:positive)
Bcl-2 low 5:4 3:6* 43.48+65.04 3:6 3:6
high 5:6 10:1 64.72192.73 7:4 5:6
Beclin 1 low 5:5 6:4 75.34+98.12 2:8* 4:6
high 5:5 7:3 34.98+55.06 8:2 4:6
VPS34 low 6:4 7:3 57.00+87.87 4:6 4:6
high 4:6 6:4 53.32+76.38 6:4 4:6
Rubicon low 4:6 5:5 71.34+93.62 2:8* 4:6
high 6:4 8:2 38.98+64.93 8:2 4:6
ALFY low 5:5 9:1 62.09+88.53 4:6 7:3*
high 5:5 4:6 48.23+74.95 6:3 1:9
UVRAG low 5:5 6:4 52.01+89.88 4:6 5:5
high 5:5 7:3 58.31+73.92 6:4 3:07
ULK1 low 6:4 6:4 92.72+98.14# 2:8* 3:07
high 4:6 7:3 17.60+28.24 8:2 5:5
NBR1 low 6:4 6:4 55.06+£90.91 5:5 4:6
high 4:6 7:3 55.26+72.79 5:5 4:6
LC3 low 5:5 7:3 77.19£92.94 3.7 6:4
high 5:5 6:4 33.13+62.02 7:3 2:8
p62 low 5:5 6:4 44.49+64.09 5:5 6:4
high 5:5 7:3 65.83+£95.93 5:5 2:8

*: Fisher's exact test. #: t-test.
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Figure 3. The overall survival of unfavorable patients (OS); Beclin 1 and p62 low expression indicate poor OS

prognosis. Autophagy is a series of protective processes, in
which the cell degrades its own macromolecular substances,
organelles and cytoplasm wunder hypoxia, nutritional
deficiencies or other metabolic pressures. Under normal
conditions, autophagy is inactive because of mTOR activa-
tion, but when the internal cellular environment changes,
the mTOR pathway is inactivated, and autophagy is initiated
by dissociation of the mTOR/ULK1 complex which consists
of ULK1/2, ATG13, ATG101 and FIP200 [11]. The Beclin 1/
VPS34 complex can be activated by UVRAG and inhibited
by Bcl-2 or Rubicon, while active ULK1 complex activates
the Beclin 1/VPS34 complex which is vital to Rubicon and
phagophore expansion [12-14].

Phagophore expansion and autophagosome maturation
rely on two ubiquitin-like conjugation systems and LC3
forms part of one of these. LC3 is cleaved by ATG4 and
transformed to LC3-I and this is then transferred to ATG7
(E1-like enzyme) or ATG3 (E2-like enzyme) and is subse-
quently conjugated to phosphatidyl ethanolamine to form
LC3-II which is an important element of the autophago-
some membrane. In the final stage, autophagosomes and
lysosomes form autolysosomes which degrade autophagic
cargoes by selective degradation [15]. p62 connects ubiqui-
tous proteins and LC3 to achieve selective autophagy([16]
and p62 also interacts with the NBR1 and ALFY adaptors of
selective autophagy [17, 18].

Autophagous processes involve many factors. We there-
fore examined the expression level of several members of
the autophagy network, and results verified that autophagy-
associated genes correlate with each other in AML cells
(Table 1). Herein, AML patients had lower Beclin 1, LC3,
UVRAG, Rubicon and NBRI1 expression than normal
controls, and more autophagy-associated genes were down-
regulated in the unfavorable patient group. This is consistent
with previous studies which found that the autophagy level is
attenuated in AML cells.

Increasing evidence suggests that autophagy is crucial for
the generation, development and treatment of AML cells. It
has been reported that deletion of FIP200 or ATG7 leads to
abnormal differentiation in the hematopoietic system [19]
and that chemotherapy drugs such as As O, cytarabine and
doxorubicin induce autophagy-related cell death in AML
cells [20-22]. Autophagy also promotes the degradation of
fusion onco-proteins, including FLT3-ITD, PML-RARA and
BCR-ABL, and thus provides new strategies for leukemia
treatment [23-25].

Beclin 1 and LC3 are reportedly down-regulated in AML
cells compared to normal cells [26]: with Zare-Abdollahi et
al. [8] verifying that Beclin 1 down-regulation is associated
with the FLT3-ITD fusion in AML patients. In addition, low
ULKI1-expression patients had higher WBC counts than the
high ULK1 group. CD64 is also considered an immuno-
therapy target because it is internalized in AML [27], and
patients with lower Beclin 1, Rubicon and ULK1 expression
had higher positive CD64 rates. Moreover, the low Beclin
1 and p62 expression levels in unfavorable AML patients
indicate shorter OS, and our combined results indicate that
impaired autophagy facilitates malignant transformation in
AML and poor outcomes.

To the best of our knowledge, this is the first research
examining the expression of autophagy network regula-
tors in AML patients. Herein, we established the expres-
sion levels of autophagy regulators in AML patients and
confirmed connections between clinical characteristics and
some autophagy-associated genes. The main limitation to
this study is the low number of available AML patients, and
consequently we had no realistic opportunity to establish the
acute myeloid leukemia regulators’ protein levels. Further
studies are therefore required in this area.

Acknowledgement: This study was funded by the National Natu-
ral Science Foundation of China (N0.81500135).
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