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Abstract
N6-methyladenosine (m6A) is one of the most prevalent and conserved RNA modifications. It controls several biological 
processes, including the biogenesis and function of circular RNAs (circRNAs), which are a class of covalently closed-single 
stranded RNAs. Several studies have revealed that proteotoxic stress response induction could be a relevant anticancer therapy 
in Acute Myeloid Leukemia (AML). Furthermore, a strong molecular interaction between the m6A mRNA modification 
factors and the suppression of the proteotoxic stress response has emerged. Since the proteasome inhibition leading to the 
imbalance in protein homeostasis is strictly linked to the stress response induction, we investigated the role of Bortezomib 
(Btz) on m6A regulation and in particular its impact on the modulation of m6A-modified circRNAs expression. Here, we 
show that treating AML cells with Btz downregulated the expression of the m6A regulator WTAP at translational level, 
mainly because of increased oxidative stress. Indeed, Btz treatment promoted oxidative stress, with ROS generation and 
HMOX-1 activation and administration of the reducing agent N-acetylcysteine restored WTAP expression. Additionally, we 
identified m6A-modified circRNAs modulated by Btz treatment, including circHIPK3, which is implicated in protein fold-
ing and oxidative stress regulation. These results highlight the intricate molecular networks involved in oxidative and ER 
stress induction in AML cells following proteotoxic stress response, laying the groundwork for future therapeutic strategies 
targeting these pathways.
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ROS	� Reactive oxygen species
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XBP1s	� X-box binding protein 1
RA	� Retinoic acid
Tm	� Tunicamycin
ATO	� Arsenic trioxide

Introduction

N6-methyladenosine (m6A) is a prevalent post-transcrip-
tional RNA modification found in eukaryotic mRNAs, 
discovered in 1974 [1]. The enzyme responsible for this 
modification was purified in the 1990s [2], but only in the 
last decades, recent technological advances have signifi-
cantly enhanced our understanding of m6A, revealing its 
dynamic and reversible nature [3–5]. The MAC complex, 
consisting of METTL3 and METTL14, catalyzes m6A 
modification and is regulated by the MACOM complex [6, 
7]. Removal of m6A is mediated by the FTO and ALKBH5 
demethylases, both belonging to the ALKB subfamily of 
the superfamily of Fe(II)/2-oxoglutarate dioxygenases [8, 
9]. Specific “readers”, such as members of the YT521-B 
homology (YTH) domain family [10] and certain members 
of the heterogeneous nuclear ribonucleoprotein (HNRNP) 
family [11–13], recognize and read the m6A modifica-
tion. Recently, IGF2BPs have also been found to recognize 
this modification [14]. m6A modification modulates RNA 
metabolism, including structure, maturation, stability, splic-
ing, export, translation and decay, affecting different bio-
logical processes, as well as hematopoiesis [15–17]. Acute 
myeloid leukemia (AML) is a malignancy characterized by 
the uncontrolled accumulation of incompletely differentiated 
myeloid cells, impacting innate immunity. With an annual 
incidence of 3.8 cases per 100,000 in the US and Europe 
[18], AML is particularly challenging, with less than 5% 
5-year overall survival in patients older than 65 years [19], 
although it can also affect adults and children [20]. One of 
the prevalent genetic abnormalities in acute myeloid leu-
kemia is the Internal Tandem Duplication of FLT3 gene, 
known as FLT3-ITD. This mutation in the self-inhibitory 
domain of FLT-3 leads to constitutive activation, hinder-
ing receptor regulation [21]. The FLT3-ITD mutated protein 
is improperly processed in the ER, leading to its retention 
in this organelle as a misfolded protein. Furthermore, this 
mutation causes elevated reactive oxygen species (ROS), 
DNA double-strand breaks (DSBs), and repair errors, con-
tributing to AML aggressiveness in FLT3-ITD+ patients [21, 
22]. This and other genetic mutations [23, 24], along with 
misfolding and mutant proteins, induce continuous Endo-
plasmic Reticulum (ER) stress and activate the Unfolded 
Protein Response (UPR) [25]. Leukemic cells adeptly man-
age ER stress and sustained UPR, evading cell death and 
promoting growth [26]. One strategy to exacerbate ER stress 
and induce AML cell death is to inhibit ER stress-associated 

degradation (ERAD), which allows the removal and degra-
dation of misfolded proteins accumulated in the ER [27]. 
Bortezomib, also known as Velcade, is the first selective 
proteasome inhibitor that demonstrated significant preclini-
cal activity in several tumor models [28]. Moreover, it has 
been successfully used in patients with refractory or relapsed 
multiple myeloma, either as a single agent or combined with 
other therapies [29]. Recent studies demonstrated the poten-
tial use of Btz against AML [30–32]. Additionally, recent 
insights highlighted the involvement of circRNAs (single-
stranded circularized RNA products of back-splicing) in 
hematopoietic malignancies [33–35]. As m6A modification 
can affect circRNA biogenesis, translation, degradation, and 
cellular localization [36, 37] its role in these processes is sig-
nificant. Further studies have demonstrated the correlation 
between m6A modification and various cellular stress types. 
In particular, it has been shown that ROS levels can regulate 
m6A enzymes and, conversely, m6A enzymes can control 
redox homeostasis, for example, by influencing oxidative 
stress-related signaling pathways [38–42]. In light of what 
has been described thus far, our research is focused on inves-
tigating the dynamic interplay among m6A modification, cir-
cRNAs, and proteostasis within the landscape of AML. This 
multifaceted perspective unravels the complexities of this 
prevalent blood malignancy and sheds light on the potential 
role of m6A-modified circRNAs in AML progression and 
resistance to treatments.

Materials and methods

Cell culture and treatments

MOLM-13 cell line was cultured with RPMI 1640 (Gibco® 
Thermo Fisher Scientific, Waltham, MA USA) enriched 
with pen/strep (50 U/mL) and with 10% heat-inactivated 
South-American Fetal Bovine Serum (FBS) (Gibco® 
Thermo Fisher Scientific), at 37 °C and 5% CO2.

MOLM-13 cells were treated with 5 nM and 10 nM 
Bortezomib (Btz, Sigma-Aldrich) for 6 h, 16 h and 24 h. 
Regarding the treatment with N-acetylcysteine (NAC, 
Sigma-Aldrich), cells were pre-incubated with vehicle 
(sterilized water, indicated as NIL) or with NAC 20 mM for 
24 h at pH 7.4 and then treated with 5 nM of Btz for 16 h.

MOLM-13 cell line resistant to Btz was established 
by exposing MOLM-13 cells to the continuous presence 
of stepwise increasing levels of Btz. After 4 months, we 
seeded them in a 96-well plate and proceeded with the clone 
selection method. Then we tested the clones and selected 
those that showed a 50% cell death rate with the higher 
concentration of Btz, 10 nM, after 72 h of treatment.

MOLM-13 cells were treated with puromycin 
(#ant-pr-1, InvivoGen) at 10 μg/mL after 16 h of Btz 
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treatment. Incorporated puromycin protein level was then 
analyzed at 0, 10 and 30 min after treatment by western 
blot analysis.

For the protein stability assay, untreated and 5 nM Btz-
treated cells for 16 h were stopped, the medium containing 
the drug removed, and then treated with 10  μg/mL 
cycloheximide (CHX, Sigma-Aldrich) for 1 and 3 h.

Cell death, cell cycle and ROS detection

Cell death and cell proliferation were assessed by 
flow cytometry upon staining with propidium iodide 
(Sigma-Aldrich).

For cell cycle analysis, 2 × 105 cells were fixed O/N in 
70% ethanol, then incubated with 50 μg/ml propidium iodide 
(Sigma-Aldrich) and 50 units/mL DNase-free RNase A for 
3 h (Sigma-Aldrich) before analysis by flow cytometry 
(1 × 104 events).

ROS levels were measured by f low cytometry 
after staining cells with the redox-sensitive dye 2  μM 
CM-H2DCFDA (ThermoFisher Scientific) in pre-warmed 
PBS at 37 °C for 30 min in the dark.

Lentiviral transduction

Lentiviral constructs for circHIPK3 knockdown experiments 
were obtained from circHIPK3 TRC2 pLKO.5-PURO 
(shcircHIPK3, Sigma-Aldrich) and SHC202 TRC2 (Non-
Target shRNA Control, shSCR, Sigma-Aldrich) was 
used as control. For viral transduction, MOLM-13 cells 
(1 × 106 cells) were resuspended in 1 mL of serum-free and 
antibiotic-free media supplemented with 4 µg/mL Polybrene 
(Sigma-Aldrich). Subsequently, cells were infected with 
2 μL of lentiviral particles previously resuspended in HBSS 
buffer. After 6 h, an equal volume of medium with 2× serum 
and 2× antibiotic concentrations were added. At 24 h post-
viral transduction, the medium was replaced with complete 
medium. 48 h after viral transduction, cells were subjected to 
selection with 2 µg/mL of puromycin (Sigma-Aldrich) until 
resistant colonies became visible (3–5 days).

RNA extraction and real‑time qRT‑PCR analysis

Total RNA was extracted using the TRIzol RNA Isolation 
System (Invitrogen) according to manufacturer instruc-
tions. Reverse transcription to cDNA was performed with 
the High-Capacity RNA-to-cDNA Kit (Applied Biosys-
tems) and cDNA was amplified using the SYBR™ Green 
PCR Master Mix and TaqMan Universal PCR Master 
Mix (Thermo Fisher Scientific) on an ABI PRISM 7500 

Sequence Detection System (Applied Biosystems). The fol-
lowing oligo sequences were used:

Target Sequence oligo

WTAP SYBR For 5′-GGC​GAA​GTG​TCG​AAT​GCT​-3′
Rev 5′-CCA​ACT​GCT​GGC​GTG​TCT​-3′

METTL3 SYBR For 5′-AAG​CAG​CTG​GAC​TCT​CTG​CG-3′
Rev 5′-GCA​CTG​GGC​TGT​CAC​TAC​GG-3′

FTO SYBR For 5’-TGG​GTT​CAT​CCT​ACA​ACG​G-3’
Rev 5’-CCT​CTT​CAG​GGC​CTT​CAC​-3’

YTHDC1 SYBR For 5’-CCT​ACG​CCA​GAT​GGT​TCT​GAG-3’
Rev 5’-CAT​TCT​CAG​TGT​TGT​TCC​

CTTGC-3’
circZNF609 SYBR For 5′-AAA​CCG​GAG​CCA​GAG​GAA​GG-3′

Rev 5′-CAG​CTA​TGT​TCT​CAG​ACC​TGC-3′
circRNF220 SYBR For 5′-TCT​GAT​CGG​GAA​GCC​TCA​TC-3′

Rev 5′-TCG​GAG​TCT​CTT​TCT​GTG​GC-3′
circHIPK3 SYBR For 5′-CGG​CCA​GTC​ATG​TAT​CAA​AGA-3′

Rev 5′-ACA​ACT​GCT​TGG​CTC​TAC​TTTG-
3′

circAFF1 SYBR For 5′-CCT​GAA​CTG​AAA​CCA​CTG​CC-3′
Rev 5′-CCT​GGT​TGC​GTC​TTT​CCT​TC-3′

ZNF609 SYBR For 5′-AAG​GCT​CAA​CTC​CCT​CAC​TC-3′
Rev 5′-GTG​GAA​ACG​GCA​AAC​AGG​AT-3′

RNF220 SYBR For 5′-CAC​CTC​CAC​CCT​CAA​TTT​GC-3′
Rev 5′-CAA​GTG​GGG​AGA​CTC​TGT​GT-3′

HIPK3 SYBR For 5′-GTT​GTG​ATA​CGG​TGG​ATG​GC-3′
Rev 5′-GGC​ACC​ACA​ACA​GAA​CAG​AC-3′

AFF1 SYBR For 5′-TAC​AAT​GAC​GAC​AGA​AAC​CTGC-
3′

Rev 5′-GGC​GAT​GAG​TGT​GAG​ACT​
TAGTA -3′

hBiP SYBR For 5′-TAG​CGT​ATG​GTG​CTG​CTG​TC-3′
Rev 5′-TTT​GTC​AGG GGT​CTT​TCACC-3′

XBP1s SYBR For 5′-GAG​TCC​GCA​GCA​GGTGC-3′
Rev 5′-TCC​TTC​TGG​GTA​GAC​CTC​TGG​

GAG​-3′
H3 SYBR For 5′-GTG​AAG​AAA​CCT​CAT​CGT​TAC​

AGG​CCT​GGT​ -3′
Rev 5′-CTG​CAA​AGC​ACC​AAT​AGC​TGC​

ACT​CTG​GAA​ -3′
GAPDH TaqMan Primer 1 5′-ACA​TCG​CTC​AGA​CAC​CAT​

G-3′
Primer 2 5′-TGT​AGT​TGA​GGT​CAA​TGA​

AGGG-3′
HMOX-1 TaqMan Primer 1 5′-TCA​TGA​GGA​ACT​TTC​AGA​

AGGG-3′
Primer 2 5′-TGC​GCT​CAA​TCT​CCT​CCT​-3′

Protein lysate and immunoblotting analysis

Cells were lysed with RIPA buffer and fresh protease 
inhibitors. Cells were sonicated for 10 s and centrifuged 
for 10 min at 12,000× rpm. Lysates were quantified using 
Bradford Assay Reagent (#1863028, Thermo Fisher, 
USA). Protein samples were separated by SDS-PAGE and 
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transferred onto a nitrocellulose membrane. The membrane 
was incubated overnight with the following primary 
antibodies: rabbit monoclonal anti-METTL3 (#ab195352, 
Abcam); mouse monoclonal anti-WTAP (#60188-1-Ig, 
Proteintech); rabbit monoclonal anti-YTHDC1 (#ab122340, 
Abcam); rabbit monoclonal anti-FTO (#27226-1-AP, 
Proteintech); mouse monoclonal anti-BiP/GRP78 (#610978, 
BD); rabbit monoclonal anti-Phospho-eIF2α (Ser51) 
(D9G8,#3398, Cell Signaling); rabbit monoclonal anti-eIF2α 
(D7D3,#5324, Cell Signaling);rabbit monoclonal anti-H3 
(#ab1791, Abcam); mouse monoclonal anti-Puromycin, 
clone 12D10 (#MABE343, Millipore); mouse monoclonal 
anti-GAPDH 6C5 (#sc32233, Santa Cruz Biotechnology); 
mouse monoclonal anti-Tubulin B512 (#T5168, Sigma-
Aldrich). For the detection we used ECL method (Enhanced 
ChemiLuminescence) (Amersham Biosciences) using 
the ChemiDoc-It Imaging System (UVP, Upland, CA) 
instrument.

Immunofluorescence

106 CTR and Btz treated cells were collected and stained 
with Cytofix/Cytoperm Fixation/Permeabilization solution 
Kit (#BD554714, Becton Dickinson) according to the 
manufacturer’s instructions. Cells were fixed in Fix Perm 
buffer for 20 min at 4 °C, rinsed with Wash Perm buffer 
and incubated with the following primary antibodies: anti-
m6A (#ab151230, Abcam); anti-GM130 (#610822, BD). 
After two Wash Perm washes, cells were incubated with 
the secondary antibody, Alexa Fluor 488-labeled goat anti-
rabbit (#A-11034, Invitrogen) or Alexa Fluor 555-labeled 
goat anti-mouse (#A-21424). The nuclei were stained with 

Hoechst 33342 (Life Technologies) for 5 min in Wash Perm. 
Cells were rinsed, seeded on the slides (200,000 cells) and 
mounted in VECTASHIELD antifade mounting media (#H-
1000, Vector Laboratories). Images were acquired using a 
Zeiss LSM 900 confocal laser scanning microscope.

m6A immunoprecipitation

Cells were treated with 5 nM of Btz and total RNA was 
extracted after 16  h. The samples were treated with 
RNAseR, in order to remove all the linear RNA. A fraction 
of the RNA was collected as input sample and the rest was 
incubated with an m6A-specific antibody (#ab151230, 
Abcam) or with a control rabbit IgG (Millipore) antibody 
for 2 h at 4 °C on a rotator. Immunoprecipitated RNA was 
eluted and resuspended in RNase-free water. The same 
procedure, but without RNAseR treatment was performed 
on new biological replicates, to validate the RNAseq data.

CircRNAs sequencing

The purified RNA was quantified with NanoDrop. The size 
distribution of the RNA was controlled on a Bioanalyzer 
with the Agilent RNA 6000 Pico Kit (Agilent Technologies, 
Santa Clara, CA, USA). The RNA libraries for sequencing 
were prepared with the SMARTer Stranded Total RNA 
Sample Prep Kit—Low Input Mammalian without ribosomal 
depletion (Takara Bio. USA, Inc). The quality of the final 
libraries was controlled on a Bioanalyzer using the High 
Sensitivity DNA Kit (Agilent Technologies, Santa Clara, 
CA, USA). The quantification of the libraries was performed 
by qPCR. Sequencing was carried out on a NovaSeq 6000 
instrument (Illumina Inc., San Diego, CA, USA), sequencing 
in paired-end mode 101 bp. circRNA expression values are 
deposited in Gene Expression Omnibus (GEO) database 
with accession number GSE262829.

Computational analysis of circRNA‑seq

The quality assessment of circRNA-seq was evaluated through 
FASTQC tool v0.11.9 (http://​www.​bioin​forma​tics.​babra​
ham.​ac.​uk/​proje​cts/​fastqc/) for each sample. Additionally, a 
comprehensive analysis of sequencing quality was performed 
by combining the results of FASTQC with the multiqc too 
v.1.9 [43]. Back spliced junctions (BSJ) were identified and 
aligned to the reference genome (hg19) using STAR v2.7.9a 
[44] (parameters for BSJ: –chimJunctionOverhangMin 15, 
–chimOutType Junctions SeparateSAMold, –chimScoreMin 
15, –chimScoreSeparation 10, –chimSegmentMin 10). The 
sorted alignments were indexed using the index function 
of samtools v1.9 [45]. Subsequently, the parse module of 
CIRCExplorer2 v.2.3.8 software [46] (parameter: -t STAR) 
was used to extract the coordinates of fragments mapping to 

Fig. 1   A Percentage of cell death detected by propidium iodide 
(PI) after 6 h, 16 h and 24 h of treatment with Btz 5 nM and 10 nM 
(n = 4). *P ≤ 0.05; ***P ≤ 0.0005; ****P ≤ 0.00005; statistical analy-
sis was performed by Two-Way ANOVA. B Representative western 
blot of METTL3 and WTAP and relative quantification after 6 h,16 h 
and 24 h of treatment with Btz 5 nM and 10 nM (n = 4). *P ≤ 0.05; 
**P ≤ 0.005; ****P ≤ 0.00005; statistical analysis was performed by 
Two-Way ANOVA. C MOLM-13 cells were treated with 5  nM of 
Btz for 16 h, labeled with Hoechst (cell nuclei) and with anti-m6Ab 
labeled with Alexa Fluor 488 (m6A modification). Scale bars, 20 μm. 
On the right, graph of mean fluorescence quantification (n = 2). 
***P ≤ 0.0005; statistical analysis was performed by T-Test. D Detec-
tion by western blot analysis of puromycin incorporation after 0′, 10′ 
and 30′ in control cells and in cells treated with Btz 5 nM for 16 h. 
On the bottom is presented the quantification relative to the control 
for each time point (n = 3). E Representative western blot analysis of 
MOLM-13 cells treated with 5 nM of Btz for 16 h and subsequently 
with CHX for additional 0 h (CHX -), 1 h and 3 h. On the bottom, 
relative quantification of METTL3 and WTAP protein levels, normal-
ized on total protein measured by stain-free BioRad method (n = 3). 
*P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005; ****P ≤ 0.00005; statistical 
analysis was performed by Two-Way ANOVA

◂
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BSJ sites. These were annotated through the annotate module 
of CIRCExplorer2 based on a comprehensive gene annotation 
of hg19 (https://​www.​genco​degen​es.​org/​human/​relea​se_​
19.​html). The quantification of detected circRNA for each 
sample was performed with CIRIquant toolkit v.1.1.2 [47] by 
taking FASTQ files and the coordinates of BSJ sites as input. 
In both control and bortezomib-treated samples of circRNA 
with m6A modification, the quantification was corrected 
respectively on the total amount of circRNA before and after 
treatment. The per-sample control and bortezomib-treated 
m6A circRNA quantification results were merged into a single 
matrix using the prep_CIRIquant module of CIRIquant v.1.1.2. 
This matrix contains the expression levels of m6A circRNAs 
(n = 9723) detected in all samples. The raw counts of identified 
m6A circRNAs within the matrix were normalized using a 
multi-step procedure integrating DGEList, filterByExpr, 
calcNormFactors, and estimateDisp functions from the 
EdgeR v. 3.38.4 R package [48]. The normalized matrix was 
converted into counts per million (CPM). The CPM matrix 
was refined by retaining m6A circRNAs with an average 
CPM value greater than 0.1 across all samples (n = 2422). 
The refined data were scaled and subjected to clustering 
analysis for detecting m6A circRNA sets that exhibited specific 
expression profile across the control and bortezomib-treated 
groups of m6A circRNA samples. The clustering analysis and 
the visualization of results was obtained using an in-house 
R script leveraging ComplexHeatmap R package v. 2.12.1. 
Clustering group assignments for each m6A circRNA sample 
were stored in Supplementary Table 1. The identification 
of m6A circRNA sets was performed using the ward.2 
hierarchical clustering method and the similarity between m6A 
circRNA enrichment among the samples was computed using 
the Manhattan distance metric. Concurrently, the samples were 
clustered according to ward. D2 hierarchical clustering and the 
similarity between samples was computed using the maximum 
distance. From the clustering analysis results, we selected 
m6A circRNAs (n = 126) that are uniformly highly expressed 
in the bortezomib condition group compared to the control 
group. The enrichment of these selected m6A circRNAs was 
illustrated in a heatmap generated using the ComplexHeatmap 
R package v. 2.12.1, with the same clustering and distance 
method previously set.

Statistical analysis

The statistical analyses were performed using GraphPad 
Prism (GraphPad Software, San Diego, California, USA). 
Statistical analysis to determine significance was performed 
using Student’s t-tests or the One-Way Anova test. Differences 
were considered statistically significant at the p < 0.05 level.

Results

Btz treatment induces downregulation of m6A 
enzymes expression at post‑transcriptional level 
and downregulation of global m6A modification 
levels

Considering m6A RNA modification’s roles in circRNA 
biogenesis and function and the involvement of cellular 
stress in malignant transformation, tumor progression, 
and drug resistance [36, 49], we decided to investigate the 
role of cellular stress induced by Btz on the expression 
m6A regulators. Based on literature data and our analysis 
of dose–response curves, we decided to use two different 
doses of Btz at short times [30, 32]. We treated MOLM-
13, a FLT3-ITD+ human AML cell line, with 5 nM and 
10 nM of Btz for 6 h,16 h and 24 h to induce acute stress. 
Cytofluorimetric analysis of cell death showed that Btz 
treatment resulted in low cell death rates at the indicated 
times and concentrations, with only 25–30% dead cells 
in the samples treated with the highest dose for 24  h 
(Fig. 1A). Then, we investigated the expression levels of 
some proteins involved in m6A RNA modification under 
acute stress conditions in AML. Specifically, we analyzed 
the expression of the methyltransferase METTL3 and the 
cofactor WTAP, which is critical for METTL3 activity. 
As shown in Fig. 1B, we observed a general downregu-
lation of both proteins, METTL3 and WTAP, upon Btz 
treatment after 24 h. Interestingly, a strong and significant 
decrease in WTAP protein expression levels was observed 
as early as 16 h of treatment with the lowest Btz concen-
tration, 5 nM. We additionally explored the expression 
levels of the YTHDC1 and FTO proteins. The former plays 
a crucial role in leukemogenesis and the maintenance of 
myeloid cell state, while the latter is implicated in various 
drug resistance mechanisms [50–52]. Similarly to WTAP 
and METTL3, Btz treatment induced a significant strong 
downregulation of YTHDC1 and a modest decrease of 
FTO protein expression levels, as depicted in Supplemen-
tary Fig. 1A. To understand whether this regulation was 
transcriptional or post-transcriptional, we further evalu-
ated METTL3 and WTAP mRNA levels by RT-qPCR. As 
shown in Supplementary Fig. 1B, the reduction in protein 
levels did not correspond to a decrease in their mRNA, 

Fig. 2   A Representative western blot analysis of BiP, P-eIF2α and 
eIF2α in MOLM-13 cells treated with 5 nM and 10 nM of Btz for 6, 
16 and 24 h, with relative quantification (n = 3). B Cytofluorimetric 
detection of ROS after 3 h and 6 h of Btz treatment at the final con-
centration of 5 nM and 10 nM by using oxidized DCF-DA (on the left 
panel), (n = 3). On the right RT-qPCR analysis of HMOX-1 after 6 h 
of 5 nM and 10 nM of Btz (n = 4). C Representative western blot of 
METTL3 and WTAP after 16 h with 5 nM of Btz treatment, in pres-
ence or not of NAC and relative quantification (n = 3). D RT-qPCR 
analysis of HMOX-1 in the same previous described experimental 
condition (n = 3).*P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005; statistical 
analysis was performed by Two-Way ANOVA

◂
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suggesting post-transcriptional regulation of METTL3, 
WTAP, YTHDC1, and FTO upon Btz treatment. Since 
the decrease in protein levels of m6A regulators, we inves-
tigated the effect of Btz-induced stress on overall m6A 
modification levels. To address this question, we treated 
the MOLM-13 cell line with 5 nM of Btz for 16 h and 
analyzed the amount of m6A through immunofluorescence 
with an anti-m6A antibody, quantifying the fluorescence 
intensity. The results illustrated in Fig. 1C showed reduced 
fluorescence intensity in the Btz-treated cells, indicating a 
decrease in RNA methylation level.

Btz treatment induces inhibition of global 
translation and WTAP degradation

According to literature data, intrinsic and extrinsic condi-
tions like ER stress, hypoxia, oxidative stress, and proteas-
ome inhibition lead to phosphorylation of eIF2α, resulting in 
the inhibition of global protein synthesis [53]. For this rea-
son, we wondered whether the reduced quantity of the m6A 
regulators was due to a decrease in global protein synthesis. 
We employed the SUnSET method, using an antipuromycin 
antibody to detect changes in protein synthesis [54]. Specifi-
cally, control cells and those treated with 5 nM and 10 nM 
of Btz were exposed to puromycin for 0, 10 and 30 min, 
followed by the analysis of newly synthesized polypeptides 
by western blotting. As shown in Fig. 1D, we observed a 
significant drop in puromycin incorporation upon Btz treat-
ment, particularly evident with the highest concentration 
compared to control cells, indicating a global reduction of 
protein synthesis. This finding aligns with the decline in 
protein levels of the m6A regulators after 24 h treatment with 
Btz 10 nM. To understand whether the decrease in these 
proteins is dependent only on translation inhibition or also 
on protein destabilization, we conducted a Cycloheximide 
(CHX) chase assay, commonly used to measure the steady-
state protein stability. After 16 h of treatment with 5 nM of 
Btz, the dose and time in which METTL3 protein expression 
levels did not decrease, while WTAP started to decrease 
significantly, we exposed cells to CHX for 1 and 3 h. Intrigu-
ingly, after CHX treatment WTAP protein decreased signifi-
cantly already after 1 h, almost disappearing after 3 h, faster 
upon Btz treatment, while METTL3 did not. These data sug-
gest that WTAP has a very short half-life, and the treatment 
with Btz 5 nM strongly destabilizes this protein (Fig. 1E). 
Thus, protein degradation enhances WTAP diminution, not 
excluding the contribution of inhibition of protein synthesis.

Btz treatment induces the integrated stress 
response (ISR)

As previously mentioned, several cellular stresses can phos-
phorylate eIF2α, impairing global translation efficiency and 
activating the Integrated Stress Response (ISR). Given the 
significant decrease in global protein synthesis, we inves-
tigated whether Btz treatment induced ISR by assessing 
eIF2α phosphorylation levels. Figure 2A illustrates that 
Btz treatment increased the phosphorylated form of eIF2α, 
particularly after 16 h , indicating IRS induction by the Btz 
doses used. Moreover, we observed an increase of BiP pro-
tein, one of the main ER chaperones, upon Btz treatment, 
indicating the presence of ER stress likely generated by the 
misfolded protein accumulation due to proteasome inhibi-
tion. As described in the introduction, under ER stress condi-
tions, the oxidative folding of proteins, i.e. the formation of 
disulfide bonds, can occur in a dysregulated manner, leading 
to ROS accumulation and oxidative stress. Therefore, we 
investigated whether treatment with Btz could induce oxida-
tive stress. We measured the amount of ROS by cytofluori-
metric analysis 3 h and 6 h after Btz treatment. As shown in 
Fig. 2B, we observed an accumulation of ROS after 3 h and 
6 h with the highest concentration of Btz, 10 nM. Further-
more, we found increased expression of heme oxygenase-1 
(HMOX-1) mRNA, which is activated during the antioxidant 
response. To evaluate the contribution of oxidative stress to 
the Btz-induced down-regulation of METTL3 and WTAP, 
we treated cells with N-acetylcysteine (NAC), a commonly 
used pharmacological antioxidant and cytoprotectant. We 
administrated NAC to MOLM-13 cells, one day in advance 
of Btz treatment. After 16 h of Btz treatment, samples treated 
with NAC recovered protein expression levels, particularly 
significant for WTAP, suggesting that Btz-mediated protein 
decrease may be due to oxidative stress (Fig. 2C). Moreo-
ver, in the same experimental conditions, we performed RT-
qPCR analysis of HMOX-1, which showed expression levels 
similar to the control samples as reported in Fig. 2D.

Btz‑resistant clones are able to control oxidative 
stress

Next, we generated MOLM-13 Btz-resistant clones for 
functional studies. We exposed the MOLM-13 cell line to 
doses of Btz increasing every 4 weeks, changing the medium 
every 4 days. After three months of treatment, we seeded 
the cells in 96 wells in serial dilution, and we isolated the 
single resistant clones (subclones). In total, we isolated 3 
different MOLM-13 Btz-resistant clones (MR), on which 
we performed functional assays. We first confirmed the 
resistance of our clones to Btz by treating them with 5 nM 



WTAP and m6A‑modified circRNAs modulation during stress response in acute myeloid leukemia… Page 9 of 19    276 

Fig. 3   A Cytofluorimetric analysis of cell death detected by pro-
pidium iodide (PI) exclusion assay in MS and MR cells treated with 
Btz 5 nM and 10 nM for 72 h (n = 4). B Representative western blot 
of METTL3 and WTAP with relative quantification in MR-1 cells, 
treated with 5  nM and 10  nM of Btz for 6, 16 and 24  h (n = 4). C 
MR-1 cells were treated with 5 nM of Btz for 16 h, labeled with Hoe-
chst (cell nuclei) and with anti-m6Ab labeled with Alexa Fluor 488 

(m6A modification). On the bottom, is reported the graph of mean 
fluorescence quantification. Scale bars, 20  μm. (n = 2). D Detection 
by western blot analysis of puromycin incorporation after 0’, 10’ and 
30’ in MR-1 cells control and treated with Btz 5  nM for 16  h. On 
the bottom is presented the quantification relative to the control for 
each time point (n = 3). ****P ≤ 0.00005; statistical analysis was per-
formed by Two-Way ANOVA
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and 10 nM concentrations for longer than 72 h and simi-
larly we treated the parental MOLM-13 cell line. After 
72 h of treatment, we performed a cytofluorimetric analysis 
of cell death upon propidium iodide uptake. As shown in 
Fig. 3A, after 72 h of treatment with 5 nM of Btz, there 
was no cell death in the MR cell lines. We observed 50% 
cell death with 10 nM Btz, which still indicates resistance 
when comparing these results with those obtained with the 
parental MOLM-13 cell line, which resulted in 100% cell 
death upon treatment with both concentrations. Among the 
MR clones, MOLM-13 Btz resistant 1 (MR-1) showed the 
best resistance to the treatment, so we selected this one for 
further functional studies. As Btz treatment in MOLM-13 
cells induced down-regulation of METTL3 and WTAP, we 
investigated their expression in the MR-1 cells under the 
same experimental conditions, Btz 5 nM and 10 nM for 6, 
16 and 24 h. Additionally, we also assessed YTHDC1 and 
FTO protein expression levels. As represented in Fig. 3B 
and in Supplementary Figure S2A, the MR-1 cells no longer 
showed downregulation of the m6A regulators upon Btz 
treatment compared to control samples, nor did we detect 
any significant deregulation of METTL3, WTAP, YTHDC1 
and FTO mRNA levels (Supplementary Figure S2B). As 
expected, we observed no changes in m6A modification lev-
els in MR-1 cells treated with Btz 5 nM for 16 h (Fig. 3C). 
Moreover, unlike the parental MOLM-13 cell line, there was 
no overall decrease in global translation in MR-1 cells, as 
illustrated in Fig. 3D. Considering the induction of stress 
resulting in ISR activation observed previously, we investi-
gated the Btz-induced stress response in the MR-1 clone. We 
analyzed phosphorylation of eIF2α protein, which showed a 
slight, statistically non-significant, increase, while the BiP 
protein expression level remained constant in a dose and 
time-dependent manner (Fig. 4A). In order to evaluate Btz-
induced oxidative stress in Btz-resistant cells, we analyzed 
the amount of ROS in MR-1 cells treated with 5 nM and 
10 nM Btz for 3 and 6 h. As shown in Fig. 4B, Btz treat-
ment did not increase ROS levels in the MR-1 cells in all 
the experimental conditions, unlike previously observed 
in the parental MOLM-13 cells. Accordingly, the MR-1 

cells activated the antioxidant response after 6 h of stress 
induced by the highest concentration of Btz, as evidenced by 
increased levels of HMOX-1 mRNA, albeit at lower levels 
than that induced in the MOLM-13 cell line (Fig. 4B). As 
expected, no changes were observed upon administration of 
NAC to MR-1 cells treated with Btz (Fig. 4C).

Interestingly, we treated MR-1 cells with 5 nM of Btz 
for 16 h with and without CHX and we did not observe a 
significant reduction in WTAP protein levels. This suggests 
that in MR-1 cells, WTAP indeed has a longer half-life 
compared to parental MOLM-13 cells (Fig. 4D) and this may 
play a crucial role in the cellular stress response. Altogether, 
these data suggest that Btz treatment induced a certain 
degree of stress, but Btz-resistant cells are nonetheless 
capable of managing it.

Btz treatment induces the methylation 
and expression of a subset of m6A‑modified 
circRNAs

As mentioned, among our aims there was the identification 
of m6A-modified circRNAs differentially expressed upon 
proteotoxic stress. Once we assessed that Btz alters m6A 
levels, we performed m6A-Immunoprecipitation (m6A-IP) 
on RNA extracted from MOLM-13 cells treated with 5 nM 
of Btz for 16 h. In detail, total RNA was isolated, treated 
with RNaseR to remove all the linear RNA and most of the 
ribosomal RNA before proceeding with m6A-IP. Input and 
m6A-immunoprecipitated RNAs from CTR- and Btz-treated 
cells were then analyzed by RNA-seq and circRNAs expres-
sion values are available on GEO dataset (GSE262829). To 
select m6A circRNA deregulated between CTR and Btz-
treated MOLM-13 cells, we employed unsupervised cluster-
ing analysis on normalized RNA-seq enrichment of detected 
m6A circRNAs (Fig.  5A and Supplementary Table  1). 
Although the global m6A RNA level is decreased, we iden-
tified a signature of circRNAs that showed an increase in 
m6A methylation after Btz treatment. Hierarchical clustering 
enabled to identify a set of 126 m6A circRNA that exhibited 
higher expression in the m6A-IP Btz-treated samples com-
pared to the m6A-IP untreated samples. RT-qPCR valida-
tion was executed on four circRNA selected from this set 
using divergent primers. As shown in Fig. 5B, circZNF609, 
circHIPK3, circRNF220 and circAFF1 exhibited hyper-
methylation following Btz treatment, compared to the con-
trol samples. We then investigated how their expression, 
along with their linear counterparts, changed in MOLM-13 
parental cells and MR-1 cells upon Btz treatment. We treated 
MOLM-13 and MR-1 cells with 5 nM Btz for 16 h and 
assessed the expression of the selected circRNAs and their 
linear transcripts using RT-qPCR. As shown in Fig. 6A,B, 
we observed a significant upregulation of the four selected 
and hypermethylated m6A-modified circRNAs following Btz 

Fig. 4   A Representative western blot analysis of BiP, P-eIF2α and 
eIF2α in MR-1 cells treated with 5 nM and 10 nM of Btz for 6, 16 
and 24 h (n = 3). B ROS detection after 3 h and 6 h of Btz treatment 
at the final concentration of 5  nM and 10  nM in MOLM-13 and 
MR-1 cells, by cytofluorimetry. On the bottom, RT-qPCR analysis of 
HMOX-1 in the same samples treated with Btz for 6 h, as described 
above (n = 3). C Representative western blot of METTL3 and WTAP 
after 16 h with 5 nM of Btz treatment, in presence or not of NAC and 
relative quantification (n = 3). D Representative western blot analysis 
of MR-1 cells treated with 5  nM of Btz for 16  h and subsequently 
with CHX for additional 0 h (CHX -), 1  h and 3 h; on the bottom, 
relative quantification of METTL3 and WTAP protein levels (n = 2). 
*P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005; statistical analysis was per-
formed by Two-Way ANOVA

◂
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treatment. Interestingly, the upregulation of circZNF609, 
circRNF220 and circHIPK3 in response to Btz treatment 
was attenuated in MR-1 cells under the same experimental 
conditions, as was the case for circAFF1, although not to a 
statistically significant extent. These data suggest that Btz 
treatment increased both methylation levels and expression 
of the selected circRNAs. Regarding their linear counter-
parts, we observed a significant but less pronounced increase 
in RNF220, AFF1, and HIPK3 mRNA expression, while 

ZNF609 showed no variation. To investigate the impact of 
oxidative stress on circRNA expression in response to Btz, 
we treated MOLM-13 cells with Btz 5 nM with or without 
NAC. As shown in Fig. 6C, circRNAs expression increased 
in Btz-treated samples, but not in those pre-treated with 
NAC. This suggests that the selected circRNAs, hyper-meth-
ylated and overexpressed upon Btz treatment, are dependent 
on oxidative stress and may play a role in modulating Btz-
induced stress.

Fig. 5   A Unsupervised clustering heatmap showing the z-score cpm 
enrichment of circRNAs identified by m6A-IP-RNAseq in MOLM-
13 cells treated with Bortezomib vs control untreated cells. The cir-
cRNAs experimentally validated were highlighted on the left side of 
the heatmap. Color legend: pink = Bortezomib treated samples; light 

green = control samples. B RT-qPCR analysis of circZNF609, cir-
cRNF220, circHIPK3 and circAFF1 in control and Btz-treated sam-
ples after m6A-IP (n = 4). *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005; sta-
tistical analysis was performed by Two-Way ANOVA
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circHIPK3 alleviates oxidative and ER stress

Among the four validated circRNAs, circHIPK3 certainly 
has captured our interest since its antioxidant role is well-
known in literature [55]. Therefore, we silenced circHIPK3 
using shRNA and we analyzed, in a time course, whether our 
circRNA was silenced without influencing the expression of 
the linear counterpart. Supplementary Fig. 3A demonstrates 
the stable silencing of circHIPK3. Silencing did not affect 
cell death and proliferation, as also indicated by the cell 
cycle analysis performed 72 h post-seeding (Supplementary 
Fig. 3B). Subsequently, we investigated the response to oxi-
dative and ER stress. We observed a significant increase in 
reactive oxygen species 24 h after shcircHIPK3 cells seed-
ing, suggesting a possible role of circHIPK3 in alleviating 
oxidative stress also in acute myeloid leukemia (Fig. 7A). 
However, as shown in Fig. 7B, steady-state ROS levels in 
the circHIPK3-silenced cells were not sufficient to activate 
HMOX-1, suggesting a mild level of stress. Regarding basal 
ER stress, BiP expression levels were not increased, but we 
observed an increase in the spliced form of X-box binding 
protein 1 (XBP1s). Under ER stress conditions, the UPR 
sensor IRE1α splices XBP1 mRNA generating the spliced 
form XBP1s. XBP1s is a transcription factor, which migrates 
to the nucleus and activates UPR target genes encoding ER 
chaperones, folding enzymes, and ERAD to attenuate ER 
stress [56]. Upon ER stress, the UPR triggers a series of 
events that influence the structure and function of cellular 
organelles, including the Golgi apparatus. Consistent with 
this, we found increased dimension of the Golgi appara-
tus in the circHIPK3-silenced cells, analyzed by immuno-
fluorescence upon staining for the Golgi marker GM130 
(Fig. 7C). Alterations in XBP1s expression and Golgi size 
suggest perturbation of the secretory pathway. Thus, we 
evaluated the expression levels of a secretory protein in 
circHIPK3-silenced cells compared to control. Based on 
literature, retinoic acid (RA) administration is not able to 
induce a complete differentiation (as in Acute Promyelo-
cytic Leukemia, APL) in AML cells, although it causes signs 
of differentiation and activates the secretory pathway [30]. 
Thus, we measured by flow cytometry the expression of a 
plasma membrane protein, the myeloid-monocytic lineage 
differentiation maker CD11b, upon treatment of shSCR and 
shcircHIPK3 MOLM-13 cells with 10–6 RA for 72 h. CD11b 
levels increased in MOLM-13, shSCR and shcircHIPK3 RA-
treated samples compared to the respective control samples 
(CTR). Interestingly, shcircHIPK3 cells displayed a signifi-
cantly lower level of CD11b compared to MOLM-13 and 
shSCR cells (Supplementary Fig. 3D), after RA treatment, 
indicating alterations in the secretory pathway in the absence 
of circHIPK3.

To further investigate this aspect, we decided to treat 
shSCR and shcircHIPK3 cells with the N-glycosylation 

inhibitor Tunicamycin (Tm), a well-known ER inducer. 
We tested three different concentrations of Tm for 72 h 
and observed increased sensitivity of circHIPK3-silenced 
cells to the treatment compared to control cells (shSCR) 
(Supplementary Fig.  4A). We chose the intermediate 
concentration of Tm (300 ng/mL) to observe the potential 
accumulation of misfolded proteins. As shown in Fig. 7D, 
circHIPK3-silenced cells treated for 16 h with Tm (300 ng/
mL) exhibited a significant increase in total BiP levels 
(Fig. 7D reducing gel), and a considerable accumulation 
of FLT3 and BiP high molecular weight aggregates in 
comparison to control samples treated with Tm (Fig. 7D 
non-reducing gel and Supplementary Fig. 4B). Although 
not significant, a mild increase in BiP aggregates in the 
non-reducing western blot conditions was observed in the 
untreated shcircHIPK3 sample, confirming a slight increase 
in ER stress and accumulation of unfolded proteins already 
at the steady state. As mentioned above FLT3-ITD is a 
misfolded protein retained in the ER and BiP is the main ER 
chaperone that forms complexes with misfolded proteins that 
accumulate in the ER; thus, the presence of high molecular 
weight aggregates of these proteins indicates an impairment 
of ER folding capacity. These data confirm the protective 
role of circHIPK3 in alleviating oxidative and ER stress in 
AML cells.

Discussion

AML is a blood disease characterized by the arrest of 
differentiation of hematopoietic progenitors, leading to the 
uncontrolled proliferation of leukemic blasts. The primary 
treatment, chemotherapy, is often followed by hematopoietic 
stem cell transplantation, but this may not be optimal, and 
in many cases, it is not possible, especially for the elderly 
[57]. Most of these malignancies are characterized by 
chromosomal abnormalities and mutations, and some of 
these, like FLT-ITD, cause the accumulation of misfolded 
protein and ER stress. Tumor cells, in response to mutations 
and oxidative stress, activate pro-survival mechanisms such 
as the UPR and oxidative stress response [58–60].

Several research groups have highlighted these aspects and 
how this balance can be disturbed using cellular stress induc-
ers to cause the death of cancer cells, for instance by blocking 
protein glycosylation rather than the machinery responsible 
for protein degradation. In this context, our laboratory devel-
oped a combination of drugs, including Tm, Arsenic Trioxide 
(ATO) and RA at physiological doses, to induce ER stress 
and oxidative stress [61]. Another stress inducer is the protea-
some inhibitor Bortezomib (Btz), the first one approved by 
the Food and Drug Administration, for treating mantle cell 
lymphoma and multiple myeloma, and we demonstrated that 
used in combination with RA and ATO efficiently causes 
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FLT3-ITD + AML cell death [30]. Despite generating strong 
cellular stress, Btz is not used as a single agent for treating 
AML and requires further investigation.

AML is characterized by elevated expression of proteins 
responsible for N6-methyladenosine (m6A) modification. 
Recent studies have shed light on m6A’s role in the bio-
genesis and translation of a new class of RNAs, circRNAs 
[62–64].

Both m6A and circRNAs are involved in stress induction 
and response, but this field deserves elucidation. Based 
on what has been described so far, and as the role of Btz 
on m6A and circRNAs is unknown, we wondered whether 
modulation of m6A-modified circRNAs could contribute to 
the Btz-induced stress response.

To address this, we treated the FLT3-ITD + MOLM-13 
cell line with Btz to induce acute stress, observing a slight 
downregulation of METTL3 and a much stronger downregu-
lation of WTAP protein expression levels. The latter was 
one of the first m6A regulators to be discovered [65] and its 
deregulation and involvement in AML are well-established 
and demonstrated by numerous studies [66, 67]. Surpris-
ingly, WTAP protein exhibited a short half-life, which could 
account for its faster decrease after Btz treatment compared 
to METTL3. A similar trend of protein expression levels was 
observed for YTHDC1 and FTO respectively, both of them 
involved in oxidative stress induction [68, 69].

The stress response is finely regulated and different 
concentrations and/or conditions can lead to different 
effects. The Btz concentrations we used in the AML cell line 
induced ISR activation, as evidenced by the phosphorylation 
of eIF2α and the resulting reduction in overall protein 
synthesis. Btz treatment also generated oxidative stress, 
which contributes to the lowered protein expression levels 
of WTAP, as evidenced by its recovery following NAC 
administration. NAC is one of the most used antioxidants 
to prevent oxidative stress effects, since it is a precursor for 
glutathione biosynthesis, reduces disulfide bonds, and acts 
as a scavenger of ROS [70].

As previously mentioned, different studies have 
highlighted the intricate and contradictory roles of oxidative 
stress on m6A modifications, alongside their reciprocal 
relationship [71]. Our study contributes to this understanding 
by revealing that Btz-induced proteotoxic and oxidative 
stress has a negative influence on overall m6A levels. Since 

m6A also regulates the biogenesis of circRNAs and their 
translation in some cases, it was crucial to investigate 
possible m6A-modified circRNAs that might play a role in 
the Btz-induced stress response.

Surprisingly, despite the general decrease in m6A RNA 
methylation, m6A-IP followed by circRNA-seq, showed 
that there was a group of 126 circRNAs that exhibited 
hyper-methylation upon Btz treatment, compared to control 
samples. We focused our attention on hypermethylated 
circRNAs in a hypomethylation context because they 
are those that, induced by Btz treatment, could play 
a role in the stress response. Additionally, among our 
hypermethylated circRNAs, some had already been 
described as having a role in the stress response or AML 
progression [72–74], which further motivated us to analyze 
this subset of circRNAs. In particular, we analyzed four 
hyper-methylated circRNAs, those that were most enriched 
in the m6A-immunoprecipitated samples: circZNF609, 
circRNF220, circHIPK3, circAFF1.

In AML treatment, relapses and resistance pose significant 
challenges, despite molecular targeted drugs like the Bcl-2 
inhibitor Venetoclax and FLT3 inhibitors being approved. 
Ongoing studies explore combining Venetoclax with FLT3 
inhibitors to tackle resistance mechanisms, particularly prev-
alent FLT3 mutations, offering potential solutions for relapse 
and treatment failure [75–77]. Despite the recently developed 
combined treatments, it is important to identify other molecu-
lar targets that may be useful in overcoming drug resistance. 
For this purpose, we established Bortezomib (Btz)-resistant 
cell lines, exposing cells to increasing Btz doses. The result-
ing MR cells displayed resistance to cell death, maintained 
normal m6A protein expression levels post-Btz treatment, 
and exhibited reduced upregulation of circRNAs observed 
in the parental MOLM-13 cell line treated with Btz. Nota-
bly, pre-treatment with NAC in MOLM-13 cells blocked the 
Btz-induced increase in these circRNAs, suggesting their 
potential involvement in the oxidative stress response. Nev-
ertheless, further investigations are still needed to elucidate 
the whole picture of this complex OxS-m6A-circRNAs axis 
induced by Btz in AML progression and resistance.

We focused our attention on studying circHIPK3 role in 
AML. In recent years, several research groups have high-
lighted its role as a diagnostic and prognostic biomarker in 
various tumors as well as its role in tumor progression and in 
chemotherapeutics sensitization [78]. In particular, various 
studies have demonstrated the ability of circHIPK3 to allevi-
ate oxidative stress. Wang Y. et al., observed its antioxidant 
function and therefore a protective effect of circHIPK3 against 
oxidative stress-induced damage in cardiac microvascular 
endothelial cells (CMVECs) [72]. Furthermore, Liang et al. 
demonstrated the protection of human osteoblasts from oxida-
tive damage through the circHIPK3-miR-124 axis [79]. In this 
study, we demonstrate that circHIPK3 has an important role in 

Fig. 6   A RT-qPCR analysis of circZNF609, circRNF220, circAFF1 
and circHIPK3 in control and Btz-treated samples in MS and MR-1 
cells (n = 3). B RT-qPCR analysis ZNF609, RNF220, AFF1 and 
HIPK3 in control and Btz-treated samples in MS and MR-1 cells 
(n = 3). C RT-qPCR analysis of circZNF609, circRNF220, cir-
cAFF1, circHIPK3 and circSATB1 in control and Btz-treated sam-
ples in MOLM-13 treated with water (control) or NAC (n = 3). Each 
untreated cell line is set at 1.0. *P ≤ 0.05; **P ≤ 0.005; ***P ≤ 0.0005; 
statistical analysis was performed by Two-Way ANOVA
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oxidative and ER stress regulation also in AML cells. Indeed, 
our findings show increased ROS levels and greater misfolded 
protein accumulation when we induced ER stress with Tm in 
circHIPK3-silenced cells compared to control cells.

In conclusion, our work demonstrates that proteotoxic and 
oxidative stress induced by proteasome inhibition affects the 
m6A modification pathways, the methylation and expression 
of specific circRNAs. These could be important molecular 
biomarkers for proteostasis-related oxidative stress and rel-
evant targets to understand AML resistance to treatments.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00018-​024-​05299-9.

Author contributions  AI, SM, AF, GF and FF designed the research 
study and wrote the manuscript. AI, GM, BC performed and analyzed 
the experiments and contributed to the experimental design. CT, FL 
and LDG contributed to the experiments. GF, FG, CC and GC per-
formed all the bioinformatic analyses. VP, SM, GB and MF interpreted 
and discussed the research results. All authors read and approved the 
final manuscript.

Funding  Open access funding provided by Università degli Studi di 
Roma La Sapienza within the CRUI-CARE Agreement. The research 
leading to these results has received funding from: AIRC IG 2018-
ID21434 project to GF; AIRC “5 per mille” 2019-ID: 22759 to GB; 
AIRC IG 2018-ID 21406 to FF, PRIN 2022-Prot. 2022WB59LB to FF, 
“Progetti Ateneo” Sapienza University of Rome to FF, NextGenera-
tionEU DD. 3175/2021 E DD. 3138/2021 CN_3: National Center for 
Gene Therapy and Drugs based on RNA Technology Codice Progetto 
CN 00000041 to FF ad AF.

Availability of data and materials  All data supporting the findings 
of this study are available within the paper and its Supplementary 
Information.  circRNA expression values are deposited in GEO 
database.

Code availability  GSE262829.

Declarations 

Conflict of interest  The authors declare that they have no competing 
interests.

Ethics approval and consent to participate  Not applicable.

Consent for publication  Not applicable.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Desrosiers R, Friderici K, Rottman F (1974) Identification 
of methylated nucleosides in messenger RNA from Novikoff 
hepatoma cells. Proc Natl Acad Sci USA 71:3971. https://​doi.​
org/​10.​1073/​PNAS.​71.​10.​3971

	 2.	 Bokar JA, Shambaugh ME, Polayes D et al (1997) Purification 
and cDNA cloning of the AdoMet-binding subunit of the human 
mRNA (N6-adenosine)-methyltransferase. RNA 3:1233–1247

	 3.	 Wang S, Lv W, Li T et al (2022) Dynamic regulation and functions 
of mRNA m6A modification. Cancer Cell Int 22, 48. https://​doi.​
org/​10.​1186/​s12935-​022-​02452-x

	 4.	 Dominissini D, Moshitch-Moshkovitz S, Schwartz S et al (2012) 
Topology of the human and mouse m6A RNA methylomes 
revealed by m6A-seq. Nature 485:201–206. https://​doi.​org/​10.​
1038/​natur​e11112

	 5.	 Csepanys T, Lint A, Baldick CJ, Beemonq K (1990) Sequence 
specificity of mRNA N6-adenosine methyltransferase. J Biol 
Chem 265:20117–20122. https://​doi.​org/​10.​1016/​S0021-​9258(17)​
30477-5

	 6.	 Śledź P, Jinek M (2016) Structural insights into the molecular 
mechanism of the m6A writer complex. Elife 5:e18434. https://​
doi.​org/​10.​7554/​eLife.​18434

	 7.	 Lesbirel S, Wilson SA (2019) The m6A-methylase complex 
and mRNA export. Biochim Biophys Acta Gene Regul Mech 
1862:319. https://​doi.​org/​10.​1016/J.​BBAGRM.​2018.​09.​008

	 8.	 Jia G, Fu Y, Zhao X et al (2011) N6-Methyladenosine in nuclear 
RNA is a major substrate of the obesity-associated FTO. Nat 
Chem Biol 7:885–887. https://​doi.​org/​10.​1038/​nchem​bio.​687

	 9.	 Zheng G, Dahl JA, Niu Y et al (2013) ALKBH5 is a mammalian 
RNA demethylase that impacts RNA metabolism and mouse fer-
tility. Mol Cell 49:18–29. https://​doi.​org/​10.​1016/j.​molcel.​2012.​
10.​015

	10.	 Liao S, Sun H, Xu C (2018) YTH domain: a family of N6-methyl-
adenosine (m6A) readers. Genom Proteom Bioinform 16:99–107. 
https://​doi.​org/​10.​1016/J.​GPB.​2018.​04.​002

	11.	 Rajagopalan LE, Westmark CJ, Jarzembowski JA, Malter JS 
(1998) hnRNP C increases amyloid precursor protein (APP) pro-
duction by stabilizing APP mRNA. Nucl Acids Res 26:3418–
3423. https://​doi.​org/​10.​1093/​NAR/​26.​14.​3418

	12.	 Zarnack K, König J, Tajnik M et al (2013) Direct competition 
between hnRNP C and U2AF65 protects the transcriptome from 
the exonization of Alu elements. Cell 152:453–466. https://​doi.​
org/​10.​1016/J.​CELL.​2012.​12.​023

	13.	 McCloskey A, Taniguchi I, Shinmyozu K, Ohno M (2012) hnRNP 
C tetramer measures RNA length to classify RNA polymerase II 
transcripts for export. Science 335:1643–1646. https://​doi.​org/​10.​
1126/​SCIEN​CE.​12184​69

	14.	 Huang H, Weng H, Sun W et al (2018) Recognition of RNA 
N6-methyladenosine by IGF2BP proteins enhances mRNA 

Fig. 7   A shSCR and shcircHIPK3 cells were plated and after 24  h 
cytofluorimetric detection of ROS was performed by using oxidized 
DCF-DA (n = 3). B RT-qPCR analysis of HMOX-1, hBiP and XBP1s 
in shSCR and shcircHIPK3 after 24  h of plating (n = 3). C shSCR 
and shcircHIPK3 cells were plated and, after 24  h, were labeled 
with Hoechst (cell nuclei) and with anti-GM130 labeled with Alexa 
Fluor 555. On the right, is reported the graph of Golgi Area (µm2) 
and mean fluorescence quantification. Scale bars, 20  μm. (n = 4). D 
Representative western blot of FLT3 and BiP in Reducing (R, upper 
panel) and Non-Reducing (NR, lower panel) conditions, of shSCR 
and shcircHIPK3 cells after 16 h of 300 ng/mL Tm treatment (n = 3). 
*P ≤ 0.05; **P ≤ 0.005; statistical analysis was performed by Two-
Way ANOVA

◂

https://doi.org/10.1007/s00018-024-05299-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/PNAS.71.10.3971
https://doi.org/10.1073/PNAS.71.10.3971
https://doi.org/10.1186/s12935-022-02452-x
https://doi.org/10.1186/s12935-022-02452-x
https://doi.org/10.1038/nature11112
https://doi.org/10.1038/nature11112
https://doi.org/10.1016/S0021-9258(17)30477-5
https://doi.org/10.1016/S0021-9258(17)30477-5
https://doi.org/10.7554/eLife.18434
https://doi.org/10.7554/eLife.18434
https://doi.org/10.1016/J.BBAGRM.2018.09.008
https://doi.org/10.1038/nchembio.687
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1016/j.molcel.2012.10.015
https://doi.org/10.1016/J.GPB.2018.04.002
https://doi.org/10.1093/NAR/26.14.3418
https://doi.org/10.1016/J.CELL.2012.12.023
https://doi.org/10.1016/J.CELL.2012.12.023
https://doi.org/10.1126/SCIENCE.1218469
https://doi.org/10.1126/SCIENCE.1218469


	 A. Iaiza et al.  276   Page 18 of 19

stability and translation. Nat Cell Biol 20:285. https://​doi.​org/​10.​
1038/​S41556-​018-​0045-Z

	15.	 Fazi F, Fatica A (2019) Interplay between N6-methyladenosine 
(m6A) and non-coding RNAs in cell development and cancer. Front 
Cell Dev Biol 7:116. https://​doi.​org/​10.​3389/​fcell.​2019.​00116

	16.	 Fustin JM, Doi M, Yamaguchi Y et al (2013) XRNA-methylation-
dependent RNA processing controls the speed of the circadian 
clock. Cell 155:793. https://​doi.​org/​10.​1016/j.​cell.​2013.​10.​026

	17.	 Jiang X, Liu B, Nie Z et al (2021) The role of m6A modification 
in the biological functions and diseases. Signal Transduct Target 
Ther 61(6):1–16. https://​doi.​org/​10.​1038/​s41392-​020-​00450-x

	18.	 Showel MM, Levis M (2014) Advances in treating acute mye-
loid leukemia. F1000Prime Rep. https://​doi.​org/​10.​12703/​P6-​96

	19.	 Thein MS, Ershler WB, Jemal A et al (2013) Outcome of older 
patients with acute myeloid leukemia: an analysis of SEER data 
over 3 decades. Cancer 119:2720–2727. https://​doi.​org/​10.​1002/​
CNCR.​28129

	20.	 Dores GM, Devesa SS, Curtis RE et al (2012) Acute leukemia 
incidence and patient survival among children and adults in the 
United States, 2001–2007. Blood 119:34–43. https://​doi.​org/​10.​
1182/​BLOOD-​2011-​04-​347872

	21.	 Levis M, Murphy KM, Pham R et al (2005) Internal tandem dupli-
cations of the FLT3 gene are present in leukemia stem cells. Blood 
106:673. https://​doi.​org/​10.​1182/​BLOOD-​2004-​05-​1902

	22.	 Takahashi S (2020) Mutations of FLT3 receptor affect its sur-
face glycosylation, intracellular localization, and downstream 
signaling. Leuk Res Reports 13:100187. https://​doi.​org/​10.​
1016/J.​LRR.​2019.​100187

	23.	 Liquori A, Ibañez M, Sargas C et al (2020) Acute promyelocytic 
leukemia: a constellation of molecular events around a single 
PML-RARA fusion gene. Cancers (Basel). https://​doi.​org/​10.​
3390/​CANCE​RS120​30624

	24.	 Meyer C, Schneider B, Jakob S et al (2006) The MLL recombi-
nome of acute leukemias. Leukemia 20:777–784. https://​doi.​
org/​10.​1038/​SJ.​LEU.​24041​50

	25.	 Gardner BM, Pincus D, Gotthardt K et al (2013) Endoplasmic 
reticulum stress sensing in the unfolded protein response. Cold 
Spring Harb Perspect Biol. https://​doi.​org/​10.​1101/​CSHPE​
RSPECT.​A0131​69

	26.	 Martelli A, Paganelli F, Chiarini F et al (2020) The unfolded 
protein response: a novel therapeutic target in acute leukemias. 
Cancers (Basel) 12:333. https://​doi.​org/​10.​3390/​cance​rs120​20333

	27.	 Tsai YC, Weissman AM (2010) The unfolded protein response, 
degradation from the endoplasmic reticulum, and cancer. Genes 
Cancer. https://​doi.​org/​10.​1177/​19476​01910​383011

	28.	 Spano J-P, Bay J-O, Blay J-Y, Rixe O (2005) Proteasome inhi-
bition: a new approach for the treatment of malignancies. Bull 
Cancer 92(E61–6):945–952

	29.	 Alwahsh M, Farhat J, Talhouni S et  al (2023) Bortezomib 
advanced mechanisms of action in multiple myeloma, solid 
and liquid tumors along with its novel therapeutic applications. 
Excli J 22:146–168. https://​doi.​org/​10.​17179/​excli​2022-​5653

	30.	 Liccardo F, Śniegocka M, Tito C et al (2023) Retinoic acid and 
proteotoxic stress induce AML cell death overcoming stromal 
cell protection. J Exp Clin Cancer Res. https://​doi.​org/​10.​1186/​
S13046-​023-​02793-Z

	31.	 Śniegocka M, Liccardo F, Fazi F, Masciarelli S (2022) Under-
standing ER homeostasis and the UPR to enhance treatment 
efficacy of acute myeloid leukemia. Drug Resist Upd. https://​
doi.​org/​10.​1016/J.​DRUP.​2022.​100853

	32.	 Lopez-Reyes RG, Quinet G, Gonzalez-Santamarta M et al (2021) 
Inhibition of the proteasome and proteaphagy enhances apoptosis 
in FLT3-ITD-driven acute myeloid leukemia. FEBS Open Bio 
11:48–60. https://​doi.​org/​10.​1002/​2211-​5463.​12950

	33.	 Li X, Yang L, Chen LL (2018) The biogenesis, functions, and 
challenges of circular RNAs. Mol Cell 71:428–442. https://​doi.​
org/​10.​1016/J.​MOLCEL.​2018.​06.​034

	34.	 Jamal M, Song T, Chen B et al (2019) Recent progress on circular 
RNA research in acute myeloid leukemia. Front Oncol. https://​doi.​
org/​10.​3389/​FONC.​2019.​01108

	35.	 Liccardo F, Iaiza A, Śniegocka M et al (2022) Circular RNAs 
activity in the leukemic bone marrow microenvironment. Non-
coding RNA 8:50. https://​doi.​org/​10.​3390/​NCRNA​80400​50

	36.	 Wu J, Guo X, Wen Y et al (2021) N6-methyladenosine modifica-
tion opens a new chapter in circular RNA biology. Front Cell Dev 
Biol. https://​doi.​org/​10.​3389/​FCELL.​2021.​709299

	37.	 Di Timoteo G, Dattilo D, Centrón-Broco A et al (2020) Modu-
lation of circRNA metabolism by m6A modification. Cell Rep. 
https://​doi.​org/​10.​1016/j.​celrep.​2020.​107641

	38.	 Wei J, Harada BT, Lu D et al (2021) HRD1-mediated METTL14 
degradation regulates m6A mRNA modification to suppress ER 
proteotoxic liver disease. Mol Cell 81:5052-5065.e6. https://​doi.​
org/​10.​1016/J.​MOLCEL.​2021.​10.​028

	39.	 Li Q, Li X, Tang H et al (2017) NSUN2-mediated m5C meth-
ylation and METTL3/METTL14-mediated m6A methylation 
cooperatively enhance p21 translation. J Cell Biochem 118:2587. 
https://​doi.​org/​10.​1002/​JCB.​25957

	40.	 Zhao T, Li X, Sun D, Zhang Z (2019) Oxidative stress: One poten-
tial factor for arsenite-induced increase of N6-methyladenosine 
in human keratinocytes. Environ Toxicol Pharmacol 69:95–103. 
https://​doi.​org/​10.​1016/J.​ETAP.​2019.​04.​005

	41.	 Sun L, Wan A, Zhou Z et al (2021) RNA-binding protein RALY 
reprogrammes mitochondrial metabolism via mediating miRNA 
processing in colorectal cancer. Gut 70:1698–1712. https://​doi.​
org/​10.​1136/​GUTJNL-​2020-​320652

	42.	 Wang J, Ishfaq M, Xu L et al (2019) METTL3/m6A/miRNA-
873-5p attenuated oxidative stress and apoptosis in colistin-
induced kidney injury by modulating Keap1/Nrf2 pathway. Front 
Pharmacol. https://​doi.​org/​10.​3389/​FPHAR.​2019.​00517/​FULL

	43.	 Ewels P, Magnusson M, Lundin S, Käller M (2016) MultiQC: 
summarize analysis results for multiple tools and samples in a 
single report. Bioinformatics 32:3047–3048. https://​doi.​org/​10.​
1093/​BIOIN​FORMA​TICS/​BTW354

	44.	 Dobin A, Davis CA, Schlesinger F et al (2013) STAR: ultrafast 
universal RNA-seq aligner. Bioinformatics 29:15–21. https://​doi.​
org/​10.​1093/​BIOIN​FORMA​TICS/​BTS635

	45.	 Li H, Handsaker B, Wysoker A et al (2009) The sequence align-
ment/map format and SAMtools. Bioinforma Appl Note 25:2078–
2079. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btp352

	46.	 Ma XK, Xue W, Chen LL, Yang L (2021) CIRCexplorer pipe-
lines for circRNA annotation and quantification from non-poly-
adenylated RNA-seq datasets. Methods 196:3–10. https://​doi.​org/​
10.​1016/J.​YMETH.​2021.​02.​008

	47.	 Zhang J, Chen S, Yang J (2020) Zhao F (2020) Accurate quan-
tification of circular RNAs identifies extensive circular isoform 
switching events. Nat Commun 111(11):1–14. https://​doi.​org/​10.​
1038/​s41467-​019-​13840-9

	48.	 Robinson MD, Mccarthy DJ, Smyth GK (2010) edgeR: a Biocon-
ductor package for differential expression analysis of digital gene 
expression data. Bioinforma Appl NOTE 26:139–140. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​btp616

	49.	 Chen M, Xie S (2018) Therapeutic targeting of cellular stress 
responses in cancer. Thorac Cancer 9:1575. https://​doi.​org/​10.​
1111/​1759-​7714.​12890

	50.	 Cheng Y, Xie W, Pickering BF et al (2021) N 6-Methyladenosine 
on mRNA facilitates a phase-separated nuclear body that suppresses 
myeloid leukemic differentiation. Cancer Cell 39:958–972. https://​
doi.​org/​10.​1016/j.​ccell.​2021.​04.​017

	51.	 Wang J, Qiao Y, Sun M et al (2022) FTO promotes colorectal cancer 
progression and chemotherapy resistance via demethylating G6PD/

https://doi.org/10.1038/S41556-018-0045-Z
https://doi.org/10.1038/S41556-018-0045-Z
https://doi.org/10.3389/fcell.2019.00116
https://doi.org/10.1016/j.cell.2013.10.026
https://doi.org/10.1038/s41392-020-00450-x
https://doi.org/10.12703/P6-96
https://doi.org/10.1002/CNCR.28129
https://doi.org/10.1002/CNCR.28129
https://doi.org/10.1182/BLOOD-2011-04-347872
https://doi.org/10.1182/BLOOD-2011-04-347872
https://doi.org/10.1182/BLOOD-2004-05-1902
https://doi.org/10.1016/J.LRR.2019.100187
https://doi.org/10.1016/J.LRR.2019.100187
https://doi.org/10.3390/CANCERS12030624
https://doi.org/10.3390/CANCERS12030624
https://doi.org/10.1038/SJ.LEU.2404150
https://doi.org/10.1038/SJ.LEU.2404150
https://doi.org/10.1101/CSHPERSPECT.A013169
https://doi.org/10.1101/CSHPERSPECT.A013169
https://doi.org/10.3390/cancers12020333
https://doi.org/10.1177/1947601910383011
https://doi.org/10.17179/excli2022-5653
https://doi.org/10.1186/S13046-023-02793-Z
https://doi.org/10.1186/S13046-023-02793-Z
https://doi.org/10.1016/J.DRUP.2022.100853
https://doi.org/10.1016/J.DRUP.2022.100853
https://doi.org/10.1002/2211-5463.12950
https://doi.org/10.1016/J.MOLCEL.2018.06.034
https://doi.org/10.1016/J.MOLCEL.2018.06.034
https://doi.org/10.3389/FONC.2019.01108
https://doi.org/10.3389/FONC.2019.01108
https://doi.org/10.3390/NCRNA8040050
https://doi.org/10.3389/FCELL.2021.709299
https://doi.org/10.1016/j.celrep.2020.107641
https://doi.org/10.1016/J.MOLCEL.2021.10.028
https://doi.org/10.1016/J.MOLCEL.2021.10.028
https://doi.org/10.1002/JCB.25957
https://doi.org/10.1016/J.ETAP.2019.04.005
https://doi.org/10.1136/GUTJNL-2020-320652
https://doi.org/10.1136/GUTJNL-2020-320652
https://doi.org/10.3389/FPHAR.2019.00517/FULL
https://doi.org/10.1093/BIOINFORMATICS/BTW354
https://doi.org/10.1093/BIOINFORMATICS/BTW354
https://doi.org/10.1093/BIOINFORMATICS/BTS635
https://doi.org/10.1093/BIOINFORMATICS/BTS635
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1016/J.YMETH.2021.02.008
https://doi.org/10.1016/J.YMETH.2021.02.008
https://doi.org/10.1038/s41467-019-13840-9
https://doi.org/10.1038/s41467-019-13840-9
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1111/1759-7714.12890
https://doi.org/10.1111/1759-7714.12890
https://doi.org/10.1016/j.ccell.2021.04.017
https://doi.org/10.1016/j.ccell.2021.04.017


WTAP and m6A‑modified circRNAs modulation during stress response in acute myeloid leukemia… Page 19 of 19    276 

PARP1. Clin Transl Med 12:e772. https://​doi.​org/​10.​1002/​CTM2.​
772

	52.	 Lin Z, Wan AH, Sun L et al (2023) N6-methyladenosine demethy-
lase FTO enhances chemo-resistance in colorectal cancer through 
SIVA1-mediated apoptosis. Mol Ther. https://​doi.​org/​10.​1016/j.​
ymthe.​2022.​10.​012

	53.	 Way SW, Popko B (2016) Harnessing the integrated stress response 
for the treatment of multiple sclerosis. Lancet Neurol 15:434–443. 
https://​doi.​org/​10.​1016/​S1474-​4422(15)​00381-6

	54.	 Schmidt EK, Clavarino G, Ceppi M, Pierre P (2009) SUnSET, a 
nonradioactive method to monitor protein synthesis. Nat Methods 
6:275–277. https://​doi.​org/​10.​1038/​NMETH.​1314

	55.	 Zhang Y, Chen Y, Wan Y et al (2021) Circular RNAs in the regula-
tion of oxidative stress. Front Pharmacol. https://​doi.​org/​10.​3389/​
FPHAR.​2021.​697903

	56.	 Park SM, Il KT, So JS (2021) Roles of XBP1s in transcriptional 
regulation of target genes. Biomedicines. https://​doi.​org/​10.​3390/​
BIOME​DICIN​ES907​0791

	57.	 Loke J, Buka R, Craddock C (2021) Allogeneic stem cell trans-
plantation for acute myeloid leukemia: who, when, and how? Front 
Immunol 12:1182. https://​doi.​org/​10.​3389/​FIMMU.​2021.​659595/​
BIBTEX

	58.	 Féral K, Jaud M, Philippe C et al (2021) ER stress and unfolded 
protein response in leukemia: friend, foe, or both? Biomolecules 
11:1–31. https://​doi.​org/​10.​3390/​BIOM1​10201​99

	59.	 Hetz C, Chevet E (2015) Theme series—UPR in cancer. Semin Can-
cer Biol 33:1–2. https://​doi.​org/​10.​1016/J.​SEMCA​NCER.​2015.​04.​
008

	60.	 Doultsinos D, Avril T, Lhomond S et al (2017) Control of the 
unfolded protein response in health and disease. SLAS Discov 
Adv life Sci R D 22:787–800. https://​doi.​org/​10.​1177/​24725​55217​
701685

	61.	 Masciarelli S, Capuano E, Ottone T et al (2018) Retinoic acid and 
arsenic trioxide sensitize acute promyelocytic leukemia cells to ER 
stress. Leukemia. https://​doi.​org/​10.​1038/​leu.​2017.​231

	62.	 Greene J, Baird AM, Brady L et al (2017) Circular RNAs: biogen-
esis, function and role in human diseases. Front Mol Biosci 4:38. 
https://​doi.​org/​10.​3389/​FMOLB.​2017.​00038

	63.	 Legnini I, Di Timoteo G, Rossi F et al (2017) Circ-ZNF609 is a 
circular RNA that can be translated and functions in myogenesis. 
Mol Cell 66:22-37.e9. https://​doi.​org/​10.​1016/J.​MOLCEL.​2017.​02.​
017

	64.	 Yang Y, Fan X, Mao M et al (2017) Extensive translation of circular 
RNAs driven by N 6-methyladenosine. Cell Res 27:626–641. https://​
doi.​org/​10.​1038/​CR.​2017.​31

	65.	 Little NA, Hastie ND, Davies RC (2000) Identification of WTAP, 
a novel Wilms’ tumour 1-associating protein. Hum Mol Genet 
9:2231–2239. https://​doi.​org/​10.​1093/​OXFOR​DJOUR​NALS.​HMG.​
A0189​14/2/​DDD25​707.​JPEG

	66.	 Naren D, Yan T, Gong Y et al (2021) High Wilms’ tumor 1 asso-
ciating protein expression predicts poor prognosis in acute mye-
loid leukemia and regulates m 6 A methylation of MYC mRNA. 
J Cancer Res Clin Oncol 147:33–47. https://​doi.​org/​10.​1007/​
S00432-​020-​03373-W

	67.	 Zhang L, Khadka B, Wu J et al (2021) Bone marrow mesenchymal 
stem cells-derived exosomal miR-425-5p inhibits acute myeloid 

leukemia cell proliferation, apoptosis, invasion and migration by 
targeting WTAP. Onco Targets Ther 14:4901–4914. https://​doi.​org/​
10.​2147/​OTT.​S2863​26

	68.	 Yin F, Liu K, Peng W et al (2023) The effect of N6-methyladenosine 
regulators and m6A reader YTHDC1-mediated N6-methyladenosine 
modification is involved in oxidative stress in human aortic dissec-
tion. Oxid Med. https://​doi.​org/​10.​1155/​2023/​39183​93

	69.	 Wu J, Wang X, Li X (2023) N6-methyladenosine methylation regu-
lator FTO promotes oxidative stress and induces cell apoptosis in 
ovarian cancer. Epigenomics 14:1509–1522. https://​doi.​org/​10.​2217/​
EPI-​2022-​0403

	70.	 Pedre B, Barayeu U, Ezeriņa D, Dick TP (2021) The mechanism 
of action of N-acetylcysteine (NAC): the emerging role of H2S and 
sulfane sulfur species. Pharmacol Ther 228:107916. https://​doi.​org/​
10.​1016/J.​PHARM​THERA.​2021.​107916

	71.	 Yang B, Chen Q (2021) Cross-talk between oxidative stress and m 
6 A RNA methylation in cancer. Oxid Med Cell Longev. https://​doi.​
org/​10.​1155/​2021/​65457​28

	72.	 Wang Y, Zhao R, Liu W et al (2019) Exosomal circHIPK3 released 
from hypoxia-pretreated cardiomyocytes regulates oxidative damage 
in cardiac microvascular endothelial cells via the miR-29a/IGF-1 
pathway. Oxid Med Cell Longev. https://​doi.​org/​10.​1155/​2019/​
79546​57

	73.	 Ge R, Gao G (2020) Anti-antioxidant impacts of circZNF609 silence 
in HaCaT cells through regulating miR-145. Artif Cell Nanomed 
Biotechnol 48:384–392. https://​doi.​org/​10.​1080/​21691​401.​2019.​
17098​63

	74.	 Liu X, Liu X, Cai M et al (2021) CircRNF220, not its linear cognate 
gene RNF220, regulates cell growth and is associated with relapse 
in pediatric acute myeloid leukemia. Mol Cancer 20:1–18. https://​
doi.​org/​10.​1186/​S12943-​021-​01395-7/​FIGUR​ES/6

	75.	 Richard-Carpentier G, DiNardo CD (2019) Venetoclax for the 
treatment of newly diagnosed acute myeloidleukemia in patients 
who are ineligible for intensivechemotherapy. Ther Adv Hematol 
10:204062071988282. https://​doi.​org/​10.​1177/​20406​20719​882822

	76.	 Lam SSY, Leung AYH (2020) Overcoming resistance to FLT3 
inhibitors in the treatment of FLT3-mutated AML. Int J Mol Sci. 
https://​doi.​org/​10.​3390/​IJMS2​10415​37

	77.	 Konopleva MY (2021) Mechanisms for resistance in AML insights 
into molecular pathways mediating resistance to venetoclax. Best 
Pract Res Clin Haematol. https://​doi.​org/​10.​1016/J.​BEHA.​2021.​
101251

	78.	 Xie Y, Yuan X, Zhou W et al (2020) The circular RNA HIPK3 
(circHIPK3) and its regulation in cancer progression: review. Life 
Sci 254:117252. https://​doi.​org/​10.​1016/J.​LFS.​2019.​117252

	79.	 Liang J, Shen YC, Zhang XY et al (2020) Circular RNA HIPK3 
downregulation mediates hydrogen peroxide-induced cytotoxicity 
in human osteoblasts. Aging (Albany NY) 12:1159–1170. https://​
doi.​org/​10.​18632/​AGING.​102674

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/CTM2.772
https://doi.org/10.1002/CTM2.772
https://doi.org/10.1016/j.ymthe.2022.10.012
https://doi.org/10.1016/j.ymthe.2022.10.012
https://doi.org/10.1016/S1474-4422(15)00381-6
https://doi.org/10.1038/NMETH.1314
https://doi.org/10.3389/FPHAR.2021.697903
https://doi.org/10.3389/FPHAR.2021.697903
https://doi.org/10.3390/BIOMEDICINES9070791
https://doi.org/10.3390/BIOMEDICINES9070791
https://doi.org/10.3389/FIMMU.2021.659595/BIBTEX
https://doi.org/10.3389/FIMMU.2021.659595/BIBTEX
https://doi.org/10.3390/BIOM11020199
https://doi.org/10.1016/J.SEMCANCER.2015.04.008
https://doi.org/10.1016/J.SEMCANCER.2015.04.008
https://doi.org/10.1177/2472555217701685
https://doi.org/10.1177/2472555217701685
https://doi.org/10.1038/leu.2017.231
https://doi.org/10.3389/FMOLB.2017.00038
https://doi.org/10.1016/J.MOLCEL.2017.02.017
https://doi.org/10.1016/J.MOLCEL.2017.02.017
https://doi.org/10.1038/CR.2017.31
https://doi.org/10.1038/CR.2017.31
https://doi.org/10.1093/OXFORDJOURNALS.HMG.A018914/2/DDD25707.JPEG
https://doi.org/10.1093/OXFORDJOURNALS.HMG.A018914/2/DDD25707.JPEG
https://doi.org/10.1007/S00432-020-03373-W
https://doi.org/10.1007/S00432-020-03373-W
https://doi.org/10.2147/OTT.S286326
https://doi.org/10.2147/OTT.S286326
https://doi.org/10.1155/2023/3918393
https://doi.org/10.2217/EPI-2022-0403
https://doi.org/10.2217/EPI-2022-0403
https://doi.org/10.1016/J.PHARMTHERA.2021.107916
https://doi.org/10.1016/J.PHARMTHERA.2021.107916
https://doi.org/10.1155/2021/6545728
https://doi.org/10.1155/2021/6545728
https://doi.org/10.1155/2019/7954657
https://doi.org/10.1155/2019/7954657
https://doi.org/10.1080/21691401.2019.1709863
https://doi.org/10.1080/21691401.2019.1709863
https://doi.org/10.1186/S12943-021-01395-7/FIGURES/6
https://doi.org/10.1186/S12943-021-01395-7/FIGURES/6
https://doi.org/10.1177/2040620719882822
https://doi.org/10.3390/IJMS21041537
https://doi.org/10.1016/J.BEHA.2021.101251
https://doi.org/10.1016/J.BEHA.2021.101251
https://doi.org/10.1016/J.LFS.2019.117252
https://doi.org/10.18632/AGING.102674
https://doi.org/10.18632/AGING.102674

	WTAP and m6A-modified circRNAs modulation during stress response in acute myeloid leukemia progenitor cells
	Abstract
	Introduction
	Materials and methods
	Cell culture and treatments
	Cell death, cell cycle and ROS detection
	Lentiviral transduction
	RNA extraction and real-time qRT-PCR analysis
	Protein lysate and immunoblotting analysis
	Immunofluorescence
	m6A immunoprecipitation
	CircRNAs sequencing
	Computational analysis of circRNA-seq
	Statistical analysis

	Results
	Btz treatment induces downregulation of m6A enzymes expression at post-transcriptional level and downregulation of global m6A modification levels
	Btz treatment induces inhibition of global translation and WTAP degradation
	Btz treatment induces the integrated stress response (ISR)
	Btz-resistant clones are able to control oxidative stress
	Btz treatment induces the methylation and expression of a subset of m6A-modified circRNAs
	circHIPK3 alleviates oxidative and ER stress

	Discussion
	References


