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A B S T R A C T

The aim of this study was to investigate the role and underlying mechanism of circular RNA (circRNA) circPAN3
in mediating drug resistance in acute myeloid leukemia (AML). We first established two doxorubicin (ADM)-
resistant AML cell lines and then utilized high-throughput RNA sequencing (RNA-seq) to compare their circRNA
expression profiles with those of the parental cell lines. With bioinformatic analysis, we identified key circRNA
molecules involved in drug resistance and validated our findings in clinical specimens. The target microRNAs
(miRNAs) and downstream mRNAs were also explored bioinformatically. Using RNA interference technique, the
potential mechanism was further investigated. Twenty-nine circRNAs were identified to be differentially ex-
pressed between ADM-resistant and sensitive cells. We found that circPAN3 is most likely a key mediator in the
development of AML drug resistance, evidenced by the increased expression in ADM-resistant cell lines and BM
samples from relapsed patients. Additionally, downregulation of circPAN3 by small interfering RNA (siRNA)
significantly restored drug sensitivity to ADM in the two ADM-resistant cell lines, but lentivirus-mediated
circPAN3 overexpression had the opposite effect. Subsequent bioinformatic analysis and mechanistic experi-
ments revealed that circPAN3 may facilitate AML drug resistance through regulating autophagy and influencing
expression of apoptosis-related proteins, while AMPK/mTOR signaling plays a key role in the regulation of
circPAN3 on autophagy. These findings may provide new important insights into the role of circRNAs in
mediating AML drug resistance, and suggest that circPAN3 might be a potential target for treatment of drug-
resistance AML, which merits further investigation and validation.

1. Introduction

Acute myeloid leukemia (AML) is a hematologic malignancy char-
acterized by proliferation of malignant precursors of the myeloid
lineage [1]. Despite progress in AML treatment and emerging new
therapies such as autologous/allogeneic hematopoietic stem cell
transplantation, the combinations of cytarabine (Ara-C) and anthracy-
cline antibiotics (idarubicin, daunorubicin, and doxorubicin (ADM))
remain the first-line regimen for the disease, which can achieve around
70% initial complete remission (CR) rate in patients under the age of 60

[2]. However, the projected 5-year survival rate for AML is around 55%
for patients with favorable cytogenetics, but only 24% and 5% for those
with intermediate and poor cytogenetics, respectively [3]. Particularly,
the poor outcome is closely related to a high proportion of cases who
will eventually relapse after an initial response, which is mainly due to
acquired resistance of AML cells to chemotherapeutic drugs.

Macroautophagy (here referred to simply as autophagy) is an evo-
lutionarily-conserved lysosomal pathway, which is characterized by
formation of a closed double-membrane vacuole, autophagosome [4].
Autophagosome matures in a stepwise process involving engulfing
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events and fusion with endolysosomal vesicles [5]; then lysosomal
hydrolases digest the contents of autolysosome to recyclable breakdown
products, generating energy to confer stress tolerance [6]. Recently, an
increasing number of studies show that the imbalance of autophagy is
involved in cancer development and apoptosis [7,8]. Increased autop-
hagic activity has been observed in a variety of drug-resistant tumor
cells [9], while inhibition of autophagy significantly enhances cell
death induced by chemotherapeutic agents in certain cancer cells [10].
These findings indicate that autophagy plays a critical role in drug re-
sistance of cancer. Nevertheless, the underlying molecular mechanisms
are largely unknown and still need to be clarified.

Circular RNAs (circRNAs), a novel type of endogenous non-coding
RNA (ncRNA), have drawn intense interest to researchers in recent
years and been recognized to function in gene regulation and contribute
to pathogenesis of various human cancers [11–13]. They are considered
to act as miRNA sponge to prevent mRNA translation. Additionally,
circRNAs have been found to influence gene expression by regulating
splicing or transcription, and by interacting with RNA-binding proteins
(RBPs) [14]. Interestingly, according to the latest literature, circRNAs
have been implicated in regulating autophagy in some certain diseases
[15]. Given these findings, we hypothesized that circRNAs might be
related to autophagy and drug resistance in AML cells. In this study, we
established two AML cell models with acquired ADM-resistance and
characterized their circRNA expression profile using high-throughput
RNA sequencing (RNA-seq). With bioinformatic analysis, we identified
a key circRNA molecule involved in drug resistance and validated our
findings with the established cell models and clinical specimens from
AML patients.

2. Materials and methods

2.1. Cell lines and reagents

THP-1 and K562 human AML cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). Hieff
Trans™ Liposomal Transfection Kit and the related transfection reagents
were purchased from Yeasen Bio (Shanghai, China). The primary
monoclonal antibodies against microtubule-associated protein 1A/1B-
light chain 3 (LC3)-I, LC3-II, Beclin-l, P62, Bax, Bcl-2, Caspase-3 (Cas-
3), cleaved Cas-3 (CL-Cas-3), Caspase-9 (Cas-9), cleaved Cas-9 (CL-Cas-
9), AMP-activated protein kinase (AMPK), phosphorylated AMPK (p-
AMPK), mTOR, phosphorylated mTOR (p-mTOR), and transforming
growth factor-β (TGF-β)-activated kinase 1 (TAK1) were purchased
from Affinity Biosciences (Cincinnati, OH, USA). Cell Counting Kit-8
(CCK-8) reagent kit was purchased from Dojindo Molecular
Technologies (Kumamoto, Japan). Autophagy inhibitor 3-methylade-
nine (3-MA) and AMPK inhibitor Compound C were purchased from
MedChemExpress (Monmouth Junction, NJ, USA).

2.2. Establishment of ADM-resistant cell lines and collection of human
samples

ADM-resistant cell lines (THP-1/ADM and K562/ADM) were es-
tablished by exposing THP-1 and K562 cells to gradually increasing
concentrations (0.2–2.0 μg/mL) of ADM for six months. The untreated
parental cell lines were used as controls. Bone marrow (BM) samples
were collected from 42 AML patients who were hospitalized at Fujian
Provincial Hospital (Fuzhou, China) between January 2015 and May
2018. The patient population consisted of 25 males and 17 females with
a median age of 28. Of these patients, 22 (52.4%) had newly diagnosed
AML; while the rest (n = 20, 47.6%) had relapse AML. Pathological
diagnosis and confirmation of relapse of AML were defined according to
the published criteria [16]. The study was conducted in accordance
with the Declaration of Helsinki, and the protocol was approved by the
Ethics Committee of Fujian Provincial Hospital. All patients provided
written informed consent before participation.

2.3. Assessment of cell sensitivity to ADM

CCK-8 was used to assess cell sensitivity to ADM. The two ADM-
resistant cell lines (THP-1/ADM and K562/ADM) and their parental cell
lines (THP-1 and K562) were plated in 96-well plates at a density of
1 × 104 cells/mL and then treated with 200 μL of medium containing
various concentrations of ADM (0.01–2.4 μg/mL) for 48 h (h).
Afterwards, 10 μL of CCK-8 reagent was added to cultured cells, and
incubated in a humidified incubator containing 5% CO2 at 37 °C for 2 h.
The absorbance was detected at a wavelength of 490 nm. The half
maximal inhibitory concentration (IC50) and inhibitory ratio values
were calculated from the concentration-response curve generated for
each cell line.

2.4. Expression profile analysis of circRNAs

The expression profile of circRNAs was analyzed using a high-
throughput sequencing technology. Briefly, total RNA was isolated from
cells using a Hipure Total RNA Mini Kit (Magen, Guangzhou, China)
according to the protocol. Afterwards, ribosomal RNA was removed
from total RNA samples, followed by an incubation with 10-unit RNase
R (Epicentre Technologies, Madison, WI, USA) for 30 min at 37 °C to
remove linear RNAs. The resulting total RNA samples were purified
with VAHTS RNA Clean Beads (Vazyme Biotech, Nanjing, China). RNA-
seq library was prepared with approximately 2 μg of total RNA using a
KAPA RNA HyperPrep Kit with RiboErase (HMR) for Illumina (Kapa
Biosystems, Inc., Woburn, MA). Each library was diluted to a final
concentration of 10 nM and pooled equimolar prior to clustering.
Paired-end sequencing (PE150) was performed on all samples with an
Illumina HiSeq X10 system (Illumina Inc. San Diego, CA, USA). The
amount of sequencing data was 10 gigabytes (GB). The differentially
expressed circRNAs were screened by Bioconductor software packages
(https://www.bioconductor.org/). For circRNA expression analysis, the
reads were mapped to the genome using the Spliced Transcripts
Alignment to a Reference (STAR) software (https://github.com/
alexdobin/STAR) [17]. The DCC software (https://github.com/
dieterich-lab/DCC/tree/master/DCC) was used to identify circRNA
candidates and estimate their expression [18]. Differentially expressed
genes were identified using the edgeR program ((https://www.
bioconductor.org/) [19]. Trimmed mean of M-values (TMM) were
used to normalize gene expression. Genes with altered expression
(P < 0.05 and more than 2-fold change) were considered differentially
expressed.

2.5. Autophagy assay using fluorescence microscope

To analyze autophagic flux, we monitored the formation of autop-
hagic vesicles using the monomeric red fluorescent protein (mRFP)-
green fluorescent protein (GFP)-LC3 method, because GFP quenching
occurs in acidic lysosomal environment, which allows distinguishing
autophagosome from autolysosome by detecting the mRFP and GFP
signals [20]. In brief, cells were transfected with mRFP-GFP-LC3-ex-
pressing pLenti6 lentivirus (Nanjing Mergene Life Science, Nanjing,
China). Autophagic flux was determined by detecting punctate signals
of GFP and mRFP (puncta/cell). Fluorescence was analyzed using an
Olympus Cell-imaging Station (Olympus, Shinjuku, Japan) and Cell M
software (Olympus).

2.6. Quantitative real-time PCR

Total RNA was extracted from the tested cell lines and BM tissue
specimens using TRIzol reagent. Particularly, the total RNA samples
from the tested cell lines were aliquoted. With the purpose to examine
circPAN3, one-half of the aliquots were treated with RNase R to remove
linear RNAs before reverse transcription into cDNA. The other half was
directly subjected to reverse transcription for a purpose to detect PAN3
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mRNA and 10 target miRNAs of circPAN3. The reverse transcription
was performed using Hifair™ II First Strand cDNA Synthesis Kit (Yeasen,
Shanghai, China). Quantitative real-time PCR (qRT-PCR) was con-
ducted with a LightCycler 480II RT-PCR system (Roche Applied
Science, Indianapolis, IN, USA) in accordance to the manufacturer’s
instruction. The primer sequences used for qRT-PCR were listed in
Supplementary Table 1. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and U6 served as the internal references. The reaction con-
dition was 45 cycles of denaturation at 95 °C for 15 s (sec), annealing at
60 °C for 30 s. and extension at 72 °C for 10 s. The delta-delta cycle
threshold (ΔΔCt) method was used for quantification [21].

2.7. Small interfering RNA transfection

Small interfering RNAs (siRNAs) targeting the junction region of
circPAN3 sequence (5′-GAGAAAGTGGGGAATGTCGTT-3′) and negative
control siRNA (NC) (sequence: 5′- TTCTCCGAACGTGTCACGT -3′) were
provided by Geneseed Bio-Tech (Guangzhou, China). Before transfec-
tion, THP-1/ADM and K562/ADM cells were cultured in RPMI-1640
medium containing 10% fetal bovine serum (FBS) to a log phase of
growth. Then, cells were plated in 6-well culture plates at a density of
1 × 106 cells/mL (medium containing 1% FBS) and transfected with
5 μL 20 μM siRNAs or NC for 6 h using the Hieff Trans™ Liposomal
Transfection Reagent (Promega, Madison, WI, USA) according to the
manufacturer’s instruction. Afterwards, the transfected cells were cul-
tured in fresh complete medium for additional 48 h. Knock-down of
circPAN3 was confirmed by RT-PCR.

2.8. Lentiviral overexpression of circPAN3

The plasmid pLC5-ciR (Geneseed Bio-Tech) was used to construct a
recombinant lentiviral vector for circPAN3. In brief, the human
circPAN3 (circBase: hsa_circ_0100181) gene were amplified from a
cDNA library. The PCR primers were designed as follows: CGGAATTC
GAATG (forward) and CGGGATCCCCCACTTTCTC (reverse). The am-
plified fragments and plasmid were doubly digested with restriction
endonucleases EcoR I and BamHI (Promega), purified, and ligated using
T4 DNA ligase. The ligation mixture was then transformed into com-
petent cells for generating a lentiviral overexpression vector: pLC5-ciR/
circPAN3. The vectors were harvested and used to transfect target cells
(cell density: 1 × 105 cells/well in 24-well culture plates) in log phase
growth at a multiplicity of infection (MOI) of 300. Transfection was
performed for 24 h at 37 °C; then the transfected cells were cultured in

fresh complete medium for an additional 72 h. Transfection efficiency
was evaluated by monitoring GFP expression with flow cytometry. The
overexpression of circPAN3 was confirmed by RT-PCR.

2.9. Western blot analysis

Protein lysates from cells and BM tissue samples were subjected to
Western blot analysis using the standard protocol as previously de-
scribed [22].

2.10. Statistical analysis

The Wilcoxon signed-rank test was performed to analyze significant
differences in the expression levels of circRNAs and miRNAs between
samples. The Pearson's analysis was applied to determine correlation
coefficients for different variables. Other data are presented as
means ± standard deviations (SD). The Student’s t-test (two-tailed) or
one-way analysis of variance (ANOVA), followed by Tukey’s post hoc
multiple comparison test was performed for data analysis. P< 0.05 was
considered significant.

3. Results

3.1. Characterization of drug resistance in THP-1/ADM and K562/ADM
cells

We first characterized ADM resistance in the two established drug-
resistant AML cell lines. After exposure to increasing concentrations of
ADM for 48 h, the IC50 values were 2.62 ± 0.83 μg/mL and
5.31 ± 1.13 μg/mL for THP-1/ADM cells and K562/ADM cells, re-
spectively, showing a 17.5- and 20.4-fold increase as compared to those
for their parental cell lines (0.15 ± 0.05 μg/mL for THP-1 cells and
0.26 ± 0.06 μg/mL for K562 cells) (Fig. 1A and 1B). These results
verified ADM resistance in the two established cell lines. We also de-
termined their IC50 values to Ara-C and etoposide (VP-16). Both ADM-
resistant cell lines showed resistance to the two cytotoxic drugs com-
pared with THP-1 and K562 cells (data not shown), indicating that
multidrug resistance (MDR) was also developed.

3.2. Differentiation in circRNA expression profile between ADM-sensitive
and -resistant AML cells

Next, the circRNA expression profiles of ADM-sensitive and

Fig. 1. Drug resistance of THP-1/ADM (A) and K562/ADM cells (B) to ADM. THP-1, THP-1/ADM, K562 and K562/ADM cells were exposed to increasing con-
centrations of ADM for 48 h, and cell viability was detected by CCK-8 assay. Data are presented as means ± SD of three independent experiments. *P < 0.05 and
**P < 0.01, compared to the control. ADM: doxorubicin; OD: optical density.
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-resistant AML cells were analyzed using a high-throughput RNA-seq
technology. After normalization, a total of 4573 circRNA targets were
identified in three pairs of THP-1 and THP-1/ADM samples, and three
pairs of K562 and K562/ADM samples. As a result, 49 distinct circRNAs
were differentially expressed between THP-1 and THP-1/ADM cell lines
by a fold change > 2.0 and a P value < 0.05, of which 35 were up-
regulated and 14 were down-regulated. Between K562 and K562/ADM
cells, 55 distinct circRNAs were differentially expressed, of which 39
were up-regulated and 16 were down-regulated. The Venn diagram
revealed an intersection of 29 differentially expressed circRNAs be-
tween the two cell groups, of which 18 were up-regulated and 11 down-
regulated (Fig. 2A). These up- and down-regulated circRNAs were
presented in Fig. 2B (heat map).

3.3. Increased basal autophagy level in drug-resistant AML cells

The relationship between autophagy and drug resistance has been
demonstrated in multiple solid tumors [23], but rarely reported in AML
cells. We evaluated basal autophagy level in the two drug-resistant AML
cells by examining the expression of three autophagy markers, the ratio
of LC3-II/LC3-I, Beclin-1, and P62 [24], with Western blot. It has been
documented that conversion of LC3-I to LC3-II displays autophagy in-
itiation and that greater LC3-II/LC3-I ratio indicates stronger autop-
hagy [25]. Beclin-1 is involved in both the formation and maturation of
autophagosomes, while P62 is a selective substrate for degradation by
autophagy [26,27]. Therefore, increased Beclin-1 expression and de-
creased P62 level are also relevant to enhanced autophagy.

The results showed that the ratio of LC3-II/LC3-I and the expression
of Beclin-1 significantly increased, while the expression of P62 dra-
matically decreased in THP-1/ADM and K562/ADM cells, as compared

with their parental cells (Fig. 3A), indicating that basal autophagic
activity is most likely enhanced in drug-resistant AML cells. Moreover,
treatment with 2 μg/mL ADM for 24 h resulted in more prominent
changes in the expression of these autophagy markers, thereby sug-
gesting a further increased autophagic activity in response to ADM in
THP-1/ADM and K562/ADM cells (Fig. 3B). The images of fluorescence
microscope also confirmed these findings, manifested by enhanced
signals of mRFP-GFP-LC3 in autolysosomes in ADM-treated (2 μg/mL
for 24 h) THP-1/ADM cells (Fig. 3C). BM samples from 20 relapsed
patients showed considerably higher LC3-II/LC3-I ratio and Beclin-1
expression, as well as significantly lower P62 expression than those
with 22 newly diagnosed AML, as shown in Fig. 3D, which revealed an
elevated autophagic activity in BM leukemic cells of the relapsed dis-
ease.

Recent studies have demonstrated that autophagy is an underlying
mechanism for resistance to multiple cytotoxic drugs in a range of solid
tumors [28]. Therefore, we further analyzed the relationship between
autophagic activity and drug resistance in AML cells using 3-methyla-
denine (3-MA), an autophagy inhibitor, at a concentration of 5 mM that
has no cytotoxicity [29]. Our results showed that treatment with 5 mM
3-MA for 24 h significantly restored drug sensitivity in THP-1/ADM and
K562/ADM cells, evidenced by the decrease in IC50 value from
2.62 ± 0.83 μg /mL to 1.02 ± 0.25 μg /mL and from 5.31 ± 1.13 μg/
mL to 1.25 ± 0.23 μg/mL, respectively (Fig. 3E). These results suggest
that inhibition of autophagy can reverse drug resistance of AML cells.

To further explore the underlying mechanism behind drug re-
sistance reversal upon autophagy inhibition, we then investigated the
effect of autophagy inhibition on expression of apoptosis-related pro-
teins, i.e. Cas-3, Cas-9, Bcl-2, and Bax, upon exposure to 2 μg/mL ADM
for 24 h. As shown in Fig. 3F, as compared to negative control, pre-

Fig. 2. Differentiation in circRNA expression profile between ADM-sensitive (THP-1 and K562) and –resistant (THP-1/ADM and K562/ADM) AML cells. (A) The Venn
diagram revealed an intersection of differentially expressed circRNAs between the two cell groups. (B) Heat map of the intersection of 29 differentially expressed
circRNAs between the two cell groups, of which circRNA_100181 refers to circPAN3. Color scale represents values for gene expression fold change, with red color
indicating a high fold change while blue color indicating a low fold change. ADM: doxorubicin. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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treatment with autophagy inhibitor 3-MA (5 mM for 24 h) significantly
increased the ratios of CL-Cas-3/Cas-3 and CL-Cas-9/Cas-9, as well as
the expression of Bax, but dramatically decreased Bcl-2 expression in
both THP-1/ADM and K562/ADM cells, suggesting that inhibition of
autophagy may be associated with increased apoptotic cell death,
which, at least in part, contributes to drug resistance reversal observed
in Fig. 3E.

3.4. The effect of circPAN3 on drug resistance of AML cells is mediated by
autophagy

Among the 18 up-regulated circRNAs, circPAN3 has been found to
be associated with proliferation, apoptosis, and cell cycle of AML cells
[30]. Therefore, we speculate that up-regulation of circPAN3 may be
involved in the development of drug resistance in AML. To validate the

(caption on next page)
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results of RNA-seq analysis, we performed qRT-PCR for circPAN3 and
mRNA of its host gene PAN3 in the two ADM-sensitive and -resistant
AML cell sets. Although there was no significant difference in PAN3
mRNA level and protein expression (by Western blot, data not shown),
the expression of circPAN3 was increased by 36-fold in THP-1/ADM
cells and by 45-fold in K562/ADM cells compared to their parental cell
lines (Supplementary Fig. 2A and 2B). These results were similar to
those of RNA-seq analysis (log2 fold changes are 5.5 and 6.5, respec-
tively).

To confirm the role of circPAN3 in drug resistance of AML, we
knocked down the expression of circPAN3 in THP-1/ADM cells using
siRNA (70% reduction) and found that the ratio of LC3-II/LC3-I and the
expression of Beclin-1 were significantly decreased upon silencing of
circPAN3, but the expression of P62 was dramatically increased
(Fig. 4A). These results suggest a decreased basal autophagy in cir-
cPAN3-silenced THP-1/ADM cells. Next, we treated the cells with
various concentrations of ADM. As depicted in Fig. 4B, silencing cir-
cPAN3 expression did not enhance apoptosis itself, but caused a sig-
nificant increase in apoptosis upon ADM exposure, evidenced by a
considerably higher percentage of apoptotic cells detected by flow cy-
tometry after treatment with 0.5, 1, or 2 μg/mL of ADM for 24 h. Col-
lectively, these findings reveal that circPAN3 may induce ADM re-
sistance in AML cells through enhancing autophagy activity, while
silencing of circPAN3 could potentially reverse such drug-resistance.

For further validation, we used recombinant lentivirus to over-
express circPAN3 in THP-1 cells. The level of the overexpressed
circPAN3 in transfected cells were about 5-fold higher than in non-
transfected cells. With the transfected cells, we found that lentivirus-
mediated overexpression of circPAN3 significantly increased the ratio
of LC3-II/LC3-I (Fig. 4C), and considerably decreased cell apoptosis
induced by ADM (2 μg/mL for 24 h) (Fig. 4D). However, incubation
with autophagy inhibitor 3-MA (5 mM for 24 h) prior to ADM treatment
could attenuate the anti-apoptotic effect of circPAN3 overexpression in
THP-1 cells (Fig. 4D). Furthermore, we examined the relationship be-
tween circPAN3 and the three autophagy markers in BM samples from
42 AML patients. As shown in Figs. 4E to 4 G, the expression of cir-
cPAN3 was positively correlated with the ratio of LC3-II/LC3-I and the
expression of Beclin-1 (Pearson’s r= 0.447, P= 0.003 and Pearson’s
r= 0.411, P= 0.007, respectively), but had a negative correlation
with the expression of P62 (Pearson’s r = -0.395, P= 0.01). Taken
together, these results demonstrate a close relationship between cir-
cPAN3 expression and autophagic activity in AML cells and indicate
that overexpression of circPAN3 may, at least in part, contribute to
development of AML drug resistance via up-regulation of autophagic
activity.

3.5. CircPAN3 regulates autophagy through the AMPK/mTOR pathway in
AML cells

We further explored the underlying molecular mechanism for
circPAN3 to regulate autophagic activity in AML cells. Generally, it is
believed that circRNAs serve as miRNA sponge by sequestering miRNAs
through base pair complementarity, consequently regulating

transcription of the mRNA targets [31]. With TargetScan and miRanda,
we predicted target miRNAs and downstream mRNAs of circPAN3. The
signaling pathways involved in the downstream genes were also ana-
lyzed by Kyoto Encyclopedia of Genes and Genomes (KEGG). The re-
sults showed that the target miRNAs of circPAN3 include miR-153-5p,
miR-183-5p, miR-338-3p, miR-346, miR-545-3p, miR-574-5p, miR-599,
miR-653-5p, miR-766-3p, and miR-767-3p. KEGG analysis showed that
the downstream genes of these miRNAs were involved in several im-
portant signaling pathways associated with cancer development and
progression, such as the TGF-β, mTOR, ErbB, and FoxO signaling
pathways (Fig. 5A). We also applied qRT-PCR to examine the expres-
sion of these 10 target miRNAs in circPAN3-overexpressing THP-1 cells.
We found that most of these miRNAs (8 of 10) showed a significantly
decreased expression level compared to those in negative control cells
(Supplementary Fig. 3), demonstrating the association between cir-
cPAN3 and its target miRNAs.

The AMPK/mTOR pathway has been proved to be involved in the
regulation of autophagy [32]. Therefore, we examined activation of this
pathway in THP-1/ADM cells. As we expected, the ratio of p-AMPK/
AMPK was higher in THP-1/ADM cells than in THP-1 cells, while the
ratio of p-mTOR/mTOR was lower (Fig. 5B), suggesting an activation of
the AMPK/mTOR pathway in this ADM-resistant cell line. When THP-
1/ADM cells were transfected with circPAN3 siRNA, this siRNA-in-
duced downregulation of circPAN3 decreased the ratio of p-AMPK/
AMPK but increased the ratio of p-mTOR/mTOR (Fig. 5C). We further
verified the relationship among circPAN3 expression, AMPK/mTOR
pathway activation, and autophagy activity in transfected THP-1 cells
overexpressing circPAN3. The results showed that lentivirus-mediated
overexpression of circPAN3 significantly enhanced the ratio of p-
AMPK/AMPK but decreased the ratio of p-mTOR/mTOR (Fig. 5D).
Together with the finding shown in Fig. 4A that transfection with cir-
cPAN3 siRNA caused a decrease in the ratio of LC3-II/LC3-I in THP-1/
ADM cells, these results indicate that circPAN3 induces autophagy ac-
tivity of THP-1 cells through activation of the AMPK/mTOR pathway.

For further validation, we pre-incubated circPAN3-overexpressing
THP-1 cells with 10 μM of AMPK inhibitor Compound C for 12 h. We
found that pre-treatment with Compound C could counteract the effects
of circPAN3 overexpression on the ratios of LC3-II/LC3-I, p-AMPK/
AMPK, and p-mTOR/mTOR (Fig. 5E and 5 F), suggesting that circPAN3
overexpression upregulates autophagy through activation of the AMPK/
mTOR pathway. Taken together, these results provide concrete evi-
dence that the impact of circPAN3 on autophagic activity may be
mediated by AMPK/mTOR signaling.

4. Discussion

Impairment of apoptotic signaling is one of the leading mechanisms
for development of drug resistance in tumor cells, while autophagy has
been regarded a "double-edged sword" for tumor apoptosis [33]. Low
level of autophagy can remove abnormal proteins and damaged orga-
nelles, and inhibit apoptosis of tumor cells. However, autophagy with
high intensity inevitably disintegrates cell structure, leading to irre-
versible function loss and even apoptosis [34]. The different roles of

Fig. 3. The levels of autophagy markers in drug-sensitive and -resistant AML cells. (A) Autophagy related proteins LC3-II/LC3-I, Beclin-1, and P62 were detected and
quantified by Western blot in THP-1, THP-1/ADM, K562 and K562/ADM cells. (B) THP-1/ADM and K562/ADM cells were exposed to 2 μg/mL ADM for 24 h.
Autophagy related proteins were detected and quantified by Western blot. (C) THP-1 and THP-1/ADM cells were transfected with mRFP-GFP-LC3-expressing pLenti6
lentivirus. THP-1/ADM cells were exposed to 2 μg/mL ADM for 24 h. Autophagic flux was determined by fluorescence analysis. Green fluorescence represents GFP,
and red fluorescence represents mRFP. White arrows indicate the cells with mRFP-GFP-LC3 signals in autolysosomes. Magnification is 100 × . (D) Relative expression
of autophagy related proteins in AML cells of BM specimens from 22 newly diagnosed and 20 relapsed AML patients. The expression levels were detected and
quantified by Western blot. (E) THP-1/ADM and K562/ADM cells were pre-treated with 5 mM 3-MA for 24 h before exposure to increasing concentrations of ADM for
additional 48 h. Cell viability was examined by CCK-8 assay. (F) THP-1/ADM and K562/ADM cells were pre-incubated with 5 mM 3-MA for 24 h before exposure to
2 μg/mL of ADM for additional 24 h. Apoptosis-related proteins were detected and quantified by Western blot. All data are presented as means ± SD of three
independent experiments. *P < 0.05, **P < 0.01, and ***P< 0.001, compared to parental cell line (THP-1 or K562), negative control, or newly diagnosed
patients. ADM: doxorubicin; GFP, green fluorescent protein; mRFP, monomeric red fluorescent protein; OD: optical density. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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autophagy in cancer seem to depend on tumor type, stage, and genomic
context and setting [4]. Nevertheless, the relationship between autop-
hagy and circRNAs remains largely unknown. In this study, we estab-
lished two AML cell lines with acquired drug resistance and analyzed
differential expression of circRNAs between these two cell lines and
their parental cell lines using RNA-seq. We identified circPAN3 as a key
molecule involved in acquired resistance of AML, and found that this
molecule was highly expressed in drug-resistant AML cells and pro-
moted autophagy through the AMPK/mTOR pathway, consequently
inducing occurrence of drug resistance. These findings widen under-
standing of the relationship between circRNAs and drug resistance in
AML, and raise a new theoretical basis as well as a potential therapeutic
target for clinical treatment of relapsed AML.

The relationship between autophagy and drug resistance has been
confirmed in multiple solid tumor cells [35], but rarely reported in
AML. In this study, one highlight was the establishment of two AML cell
lines with acquired drug resistance by using concentration gradient
exposure method, which served as useful in vitro models to investigate

the underlying mechanisms of drug resistance in AML. We found that
autophagic activity was elevated in the established drug-resistant AML
cells compared with their parent drug-sensitive cells. This finding in-
dicates that augmented autophagy occurs in response to ADM exposure
in AML cells, which might be a self-protective and survival mechanism
against apoptosis under the stress exerted by cytotoxic drugs [36]. On
the other hand, we found that inhibition of autophagy by 3-MA could
reverse drug resistance in our ADM-resistant AML cell lines. This result
was in line with the findings observed in other solid tumor cells
[10,37], suggesting that autophagy may be a potential therapeutic
target for overcoming AML drug resistance. Nevertheless, it should be
noted that the detailed mechanism for reversing drug resistance by
autophagy inhibition is largely unknown. In our study, treatment with
3-MA not only inhibited autophagic activity, but up-regulated the ex-
pression of several pro-apoptotic proteins including CL-Cas-3, CL-Cas-9,
and Bax, and down-regulated the expression of anti-apoptotic protein
Bcl-2. Considering apoptotic inhibition has been regarded one of the
leading causes of drug resistance in tumor cells [38], these results

Fig. 4. CircPAN3 contributes to drug resistance in AML cells through mediating autophagy. (A) THP-1/ADM cells were transfected with circPAN3 siRNA. Expression
of autophagy related proteins were detected and quantified by Western blot. (B) THP-1/ADM cells were transfected with circPAN3 siRNA, followed by exposure to 0,
0.5, 1, and 2 μg/mL ADM for 24 h. The apoptosis rates was examined and analyzed by flow cytometry. (C) THP-1 cells were transfected with lentiviral vector for
overexpression of circPAN3. Autophagy related proteins of LC3-II/LC3-I were detected and quantified by Western blot. (D) THP-1 cells were transfected with
lentiviral vector for overexpression of circPAN3. It should be noted that lentivirus-mediated overexpression of circPAN3 significantly decreased cell apoptosis
induced by ADM (2 μg/mL for 24 h). However, incubation with autophagy inhibitor 3-MA (5 mM for 24 h) prior to ADM treatment could attenuate the anti-apoptotic
effect of circPAN3 overexpression in THP-1 cells. The percentage of apoptotic cells were detected and analyzed by flow cytometry. All histogram data are presented
as means ± SD of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001, compared to negative control. (E, F, and G) The correlation
between circPAN3 and autophagy related protein expression in BM specimens from 22 newly diagnosed and 20 relapsed AML patients was analyzed by Pearson's
correlation analysis. Red line represents the fitted curve; two blue dotted lines represent 95% confidence intervals (CIs). NC: negative control; ADM: doxorubicin; OD:
optical density. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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suggested that autophagy may potentially contribute to AML resistance
through regulation of apoptosis. It is worth noting that in in vitro ex-
periments, the concentration of 3-MA showed no cytotoxicity but did
significantly reverse drug resistance in AML cells. This result was con-
sistent with previous studies [39], these findings suggest the great po-
tential of autophagy inhibitors for clinical application. Therefore, pre-
clinical study is needed to validate the activity of autophagy inhibitors
against relapsed AML.

Another important finding of our study is that we identified
circPAN3 as a key regulator of drug resistance in AML cells, which was
highly expressed in drug-resistant AML cell lines and may induce drug
resistance by enhancing autophagic activity. It is known that the host
gene of circPAN3, PAN3, is located at chromosome 13q12 and its
protein product serves as a regulatory subunit of the PAN2/PAN3
complex [40]. Recently, the PAN2/PAN3 complex has been found to be
responsible for deadenylation process, which removes the poly(A) tail
from RNA; while another study reports that PAN3 rearrangement may
be involved in the transition from MDS to AML, indicating that a po-
tential association may exist between PAN3 gene and AML development
[41]. In this study, however, we find that there was no difference in
PAN3 mRNA and protein expression between ADM-sensitive and -re-
sistant cells, although ADM-resistant cells showed significantly higher
circPAN3 levels. These findings suggest that PAN3 may not directly
contribute to the development of drug resistance, but indirectly through
circPAN3 by an alternative splicing regulation mechanism.

In our siRNA experiments, we found that down-regulation of
circPAN3 by siRNA reduced autophagy activity and augmented ADM-
induced apoptosis in THP-1/ADM cells. One possible explanation is that
silencing circPAN3 expression by siRNA could inhibit basal autophagy.
Although inhibition of basal autophagy may not directly induce apop-
tosis, but can mediates apoptosis sensitization to chemotherapy drugs.

There have been a few of studies demonstrating this effect [42,43].
Moreover, lentivirus mediated circPAN3 overexpression results in op-
posite results in drug sensitive AML cells and this process could be in-
terrupted by 3-MA treatment. Our findings confirmed that circPAN3
induces drug resistance in AML cells by increasing autophagy level.

To further study the mechanism of circPAN3 regulating autophagy,
we first analyzed miRNA response elements (MREs) associated with
circPAN3, and then predicted its potential target miRNAs and target
genes regulated by these miRNAs through TargetScan. In siRNA ex-
periments we found that down-regulation of circPAN3 by siRNA re-
sulted in inactivation of the AMPK/mTOR pathway. On the other hand,
Compound C, an inhibitor of AMPK, significantly attenuated the in-
crease of autophagy activity induced by overexpression of circPAN3. In
addition, based on TargetScan and miRanda, we hypothesized that
circPAN3 might function as a miRNA sponge to interact with miR-545-
3p, consequently regulating the expression of TAK1, a known activating
AMPK kinase [44], and ultimately contributing to AMPK/mTOR sig-
naling activation. In supporting this hypothesis, we found that in THP-
1/ADM cells transfected with a specific siRNA for circPAN3, knock-
down of circPAN3 resulted in a significant increase in miR-545-3p ex-
pression, while considerably decreased the protein level of TAK1 as
compared to mock control (Supplementary Fig. 4A and 4B). Further-
more, luciferase assay showed that up-regulation of miR-545-3p by
mimic transfection significantly reduced the luciferase activity of WT
reporters, but this reduction was not observed in the reporters con-
taining mutated miR-545-3p binding sites of circPAN3 or TAK1 3′-UTR
with mutated binding sites for miR-545-3p (Supplementary Fig. 4C and
4D). These results indicate that there may some interactions between
circPAN3, miR-545-3p, and AMPK activator TAK1 and therefore cir-
cPAN3 might lead to activation of AMPK/mTOR pathway in THP-1/
ADM cells, at least partly, via the circPAN3-miR-545-3p-TAK1 axis.

Fig. 5. CircPAN3 regulates autophagy through the AMPK/mTOR
pathway in AML cells. (A) The signaling pathways involved in the
downstream of circPAN3 were analyzed by Kyoto Encyclopedia of
Genes and Genomes (KEGG). (B) Expression levels of key proteins in
the AMPK/mTOR pathway in THP-1 and THP-1/ADM cells were de-
tected and quantified by Western blot. (C) Expression of key proteins
in the AMPK/mTOR pathway in THP-1/ADM cells transfected with
circPAN3 siRNA. The protein levels were detected and quantified by
Western blot. (D) THP-1 cells were transfected with lentiviral vector
for overexpression of circPAN3. Expression of AMPK/mTOR pathway
related proteins in these cells were detected and quantified by
Western blot. (E and F) CircPAN3-overexpressing THP-1 cells were
pre-treated with 10 μM of AMPK inhibitor Compound C for 12 h.
Compound C could counteract the effects of circPAN3 overexpression
on the ratios of LC3-II/LC3-I, p-AMPK/AMPK, and p-mTOR/mTOR.
The protein levels were detected and quantified by Western blot. All
data are presented as means ± SD of three independent experiments.
*P < 0.05, **P < 0.01, and ***P < 0.001, compared to negative
control. ##P < 0.01 and ###P < 0.001, compared to circPAN3-
overexpressing THP-1 cells without 3-MA pretreatment. NC: negative
control.
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However, considering circPAN3 interacts with multiple downstream
miRNA molecules, other miRNA-mediated signaling axes may also
contribute to AMPK/mTOR activation, which requires further studies to
elaborate.

It is well known that AMPK/mTOR signaling is related to energy
metabolism and can be activated under a variety of stressful states [45].
Particularly, activation of AMPK pathway has been demonstrated in
drug-resistant tumors [46], and found to be closely associated with
autophagy. Previous literature has reported that activated AMPK can
phosphorylate ULK1 and TSC1/TSC2 complex and affect mTORC1 ac-
tivation [47,48], while mTORC1 is an important component of the
mTOR complex and suppression of mTORC1 activation inhibits ULK1
phosphorylation and up-regulates LC3-II expression, consequently
promoting formation of autophagy bodies and inducing occurrence of
autophagy [49]. These findings are in agreement with our study, con-
firm that the effect of circPAN3 on drug resistance of AML is, at least in
part, mediated by autophagy via AMPK/mTOR signaling cascades.

In summary, the present study revealed that circPAN3 is most likely
a key modulator for acquired drug resistance of AML, which may fa-
cilitate drug resistance in AML cells by regulating autophagy as an
autophagy inducer via the AMPK/mTOR pathway.
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