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m6A-Modified circTET2 Interacting with HNRNPC
Regulates Fatty Acid Oxidation to Promote the Proliferation

of Chronic Lymphocytic Leukemia

Zijuan Wu, Xiaoling Zuo, Wei Zhang, Yongle Li, Renfu Gui, Jiayan Leng, Haorui Shen,

Bihui Pan, Lei Fan,* Jianyong Li,* and Hui Jin*

Chronic lymphocytic leukemia (CLL) is a hematological malignancy with high
metabolic heterogeneity. N6-methyladenosine (m6A) modification plays an
important role in metabolism through regulating circular RNAs (circRNAs).
However, the underlying mechanism is not yet fully understood in CLL.
Herein, an m6A scoring system and an m6A-related circRNA prognostic
signature are established, and circTET2 as a potential prognostic biomarker
for CLL is identified. The level of m6A modification is found to affect the
transport of circTET2 out of the nucleus. By interacting with the RNA-binding
protein (RBP) heterogeneous nuclear ribonucleoprotein C (HNRNPC),
circTET2 regulates the stability of CPT1A and participates in the lipid
metabolism and proliferation of CLL cells through mTORC1 signaling
pathway. The mTOR inhibitor dactolisib and FAO inhibitor perhexiline exert a
synergistic effect on CLL cells. In addition, the biogenesis of circTET2 can be
affected by the splicing process and the RBPs RBMX and YTHDC1. CP028, a
splicing inhibitor, modulates the expression of circTET2 and shows
pronounced inhibitory effects. In summary, circTET2 plays an important role
in the modulation of lipid metabolism and cell proliferation in CLL. This study
demonstrates the clinical value of circTET2 as a prognostic indicator as well
as provides novel insights in targeting treatment for CLL.

1. Introduction

Tumor growth is a dynamic process and
metabolic reprogramming is a hallmark
of tumor cells.!!" Chronic lymphocytic
leukemia (CLL), a well-known malignant
hematological disease with great clinical
heterogeneity, is also characterized by
metabolic heterogeneity.?l The adaptation
of CLL cells’ metabolism is more likely to be
dependent upon lipid metabolism, which
is one of the most prominent metabolic al-
terations in cancer because of the abundant
lipid deposits when compared with normal
B cells.®] Although accumulating evidence
reveals that altered lipid metabolism is
associated with CLL disease progression
and treatment responsiveness,l*! the ex-
tent of its heterogeneity and relationship
to molecular heterogeneity has not been
systematically studied.

Circular RNAs (circRNAs) are single-
stranded and covalently closed RNA
molecules that are categorized as
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non-coding RNAs (ncRNAs) and are ubiquitously distributed
across species, ranging from viruses to mammals.’] Most re-
search has demonstrated that circRNAs are involved in the fate
of tumors in various ways, such as by acting as miRNA sponges
and protein decoys and by encoding peptides.®ll’ Previously,
we identified the significance of circ_0132266, circ-RPL15, and
mitochondrial genome-derived circRNA in CLL.B] However, the
current understanding of the regulatory mechanism of circR-
NAs in CLL is limited to ceRNA, and whether it could inter-
act with RNA-binding proteins is still unclear. Increasing evi-
dence shows that circRNAs regulate the lipid metabolism of tu-
mor cells and participate in the development of disease, pro-
viding an innovative basis for novel clinical biomarkers and
targeted therapeutic strategies.’) For example, circACC1 im-
proved the stability and activity of AMPK in colorectal cancer,
promoting glycolysis and fatty acid oxidation (FAO) to main-
tain energy balance;!!% in laryngeal squamous cell carcinoma,
the low expression of hsa_circ_00 33988 is related to fatty acid
degradation."!l CircH19 has been noted to regulate the nucle-
ocytoplasmic transport and transcription functions of SREBP1c
protein by binding to PTBP1, further affecting the transcription
and protein expression of downstream adipogenic genes, thereby
regulating adipocyte differentiation and lipid metabolism."?] Al-
though our previous study revealed that circ-RIC8B regulated
the lipid metabolism through the miR199b-5p/LPL axis,[*] the
function and mechanism of circRNAs are still not very clear in
CLL. In addition, N6-methyladenosine (m6A) modification is the
most abundant epi-transcriptomic modification of circRNAs and
plays an important role in maintaining the biological activity of
circRNAs.['* The study of m6A modification in circRNAs has
thus recently become a significant area of research and needs to
be explored and fully understood in CLL.

In the present study, we constructed an m6A scoring system
and demonstrated its significance in the prognosis of CLL pa-
tients with our own data and an external independent dataset.
Furthermore, an m6A-related circRNA prognostic signature was
established for the first time by analyzing the whole transcrip-
tional sequencing results of 53 CLL patients, and we found
m6A-modified circTET2 to be an indicator of the prognosis of
patients with CLL. RNA-binding proteins (RBPs) potently and
ubiquitously regulate transcripts by modulating the process of
RNA synthesis, alternative splicing, modification, transport, and
translation.['’] We herein demonstrated that the biogenesis and
modulation of circTET2 were affected by the RBPs RBMX and
YTHDC1, and screened-out splicing inhibitor CP028 could reg-
ulate their expressions. Besides, circTET2 interacting with HN-
RNPC occupied a vital role in the modulation of lipid metabolism
and the progression of CLL. Last but not least, we found that in-
hibitors of mMTOR and FAO exert a synergistic effect on CLL cells.
We expect these findings to provide novel insights into the tar-
geted treatment of CLL.

2. Results

2.1. The Significance of m6A and Construction of a Risk Model
According to m6A-Related Circrnas in CLL Patients

To determine the significance of m6A modification in CLL, we
conducted whole-transcriptome sequencing of a cohort of 53
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newly diagnosed CLL patients, and 34 m6A regulators were in-
cluded in the analysis. The expression patterns of m6A regu-
lators and their expression correspondence were exhibited sep-
arately in Figure 1A,B. Next, through a detailed workflow, we
performed consensus clustering with non-negative matrix fac-
torization (NMF) to identify distinct m6A modification patterns
based on the expression of 34 m6A regulators. The result indi-
cated that m6A regulators were correlated with the heterogeneity
and prognosis of CLL. Therefore, we constructed an m6A scor-
ing system and calculated the m6A signature score (m°Sig score)
Figure 1C, Figure S1A,B, Supporting Information. The m°Sig
score displayed potential predictive value for prognosis (area un-
der the curve (AUC) = 0.85 at 5 years, Figure S1C, Supporting
Information, and patients with a low m°®Sig score had a promi-
nent survival benefit Figure 1D. The specificity and sensitivity of
the m®Sig score were validated by integrating the clinical char-
acteristics and genomic information from TCGA CLL database
GSE22762, Figure S1D, Supporting Information. Consistently,
patients with a higher m®Sig score had shorter overall survival
(OS) Figure 1E. We also explored the differential status of these
mo6A regulators in CLL.I'®] Analysis of genetic datasets encom-
passing 537 CLL patients showed an occurrence of gene abnor-
malities in m6A regulators Figure S1E, Supporting Information.
To further construct a risk model according to m6A-related circR-
NAs, we screened circRNAs with a correlation coefficient greater
than 0.5 Figure 1F,G. CLL patients were categorized into low- and
high-risk groups according to risk score. Eight m6A-related cir-
cRNAs (circTET2, circUBE2I, circPRDM2, circMGA, circUSP34,
circSIN3A, circSLC39A10, and circFTO) were ultimately selected
to constitute the risk model Figure 1H, and we noted that pa-
tients in the high-risk group had shorter OS relative to the low-
risk group Figure 1I. The risk score also showed a higher AUC
in CLL patients Figure 1].

2.2. Upregulated Expression of m6A-Modified circTET2 is
Related to the Prognosis of CLL Patients

The risk score of circTET2 ranked first in the model. The Cir-
cBank database revealed that circTET2, circPRDM2, and circ-
SLC39A10 exhibited higher m6A levels Figure 2A, and SRAMP
predicted that the eight circRNAs would possess m6A modifica-
tion sites Figure S2A, Supporting Information. MeRIP-seq was
exploited to explore m6A modification in the CLL cell line MEC-
1. A proportion of m6A peak distributions displayed m6A peaks
in the coding sequence (CDS), 3’ untranslated region (UTR),
5" UTR, and ncRNA exon Figure 2B. AAAC was detected as
the predominant consensus motif in MEC-1 cells Figure 2C
and m6A peaks were abundant in the CDS, especially near the
start codons Figure 2D. The m6A peaks for circTET2 and cir-
cPRDM2 were more abundant in the m6A group than in the IP
group (Figure 2E, Figure S2B, Supporting Information). Thus,
circTET2 with the highest risk score as well as predicted m6A
level was then selected in our study. RNA immunoprecipita-
tion following qPCR (RIP-qPCR) with a divergent primer for
circTET2 was implemented to confirm the m6A modification
(Figure 2F). Survival analysis revealed that patients with higher
expression of circTET2 had a much shorter OS (Figure 2G).
We summarized participant characteristics and observed that
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the expression of circTET2 significantly correlated with the ap-
pearance of NOTCH1 and TP53 mutations (Figure 2H). Clin-
ical samples from 69 CLL patients, including treatment-naive
and relapsed/refractory (R/R) patients, were then collected to de-
tect the expression of circTET2. Among these samples, the lev-
els of circTET2 were the lowest in samples from patients who
showed no indications for treatment (Figure 2I). The expression
level of circTET2 was then ranked and divided into two groups.
CLL patients with higher circTET2 expression were more likely
to be treated. In addition, patients in the circTET2 high group
had a higher proportion of experiencing relapsed/refractory stage
(Figure 2J). Twenty-five healthy donors were subsequently col-
lected to determine the expression of circTET2. Compared with
normal CD19+ B cells, circTET2 was dramatically upregulated
in CLL patients (Figure 2K). The expression of circTET2 was also
assessed in multiple cancer cell lines from diffuse large B cell
lymphoma (DLBCL), cutaneous T-cell lymphoma (CTCL), and
acute myeloid leukemia (AML) in addition to CLL, and our re-
sults showed that the levels of circTET2 in CLL were significantly
higher than in other groups (Figure S3, Supporting Information).
In view of the upregulated circTET2 expression in CLL, we gen-
erated a receiver-operating characteristic (ROC) curve to evaluate
its potential diagnostic value in effectively distinguishing CLL pa-
tients from healthy individuals. The AUC of circTET2 reached
0.76 (Figure 2L), indicating that circTET2 might be a potential
biomarker in the screening of CLL.

2.3. Characteristics of circTET2 in CLL

A divergent primer was designed to amplify circTET2 located on
chr4q24, and Sanger sequencing validated the head-to-tail splic-
ing of exon 3 (Figure 3A). Use of northern blotting (Figure 3B),
RNase R treatment (Figure 3C,D), and actinomycin D assay
(Figure 3E, Figure S4A, Supporting Information) demonstrated
the circular form of circTET2 and the stability of circTET2. Nu-
cleocytoplasmic separation (Figure 3F, Figure S4B, Supporting
Information H) and FISH (Figure 3G, Figure S4C, Supporting
Information) assay revealed that circTET2 was principally located
in the cellular cytoplasm. To explore whether the expression and
location of circTET2 were affected by the m6A modification, we
treated cells with a demethylase inhibitor, FB23-2. Upon FB23-2
treatment, the mo6A level in cells was elevated while the circTET2
expression showed no significant change (Figure 3H,I). However,
circTET2 was abundantly distributed in the nucleus (Figure 3]-
L). These findings suggested that the transport of circTET2 to the
cytoplasm was somewhat dependent on m6A modification.

2.4. RBMX and YTHDC1 Regulate the Biogenesis of circTET2

CircRNA is regarded as an unusual product of alternative splic-
ing, and RBPs can bind to flanking introns of circRNAs, thus

www.advancedscience.com

serving as splicing factors.['”] To investigate the potential RBPs
involved in this process, the database catRAPID and RBPBD
were then applied (Figure 4A). Among the 18 predicted RBPs,
we discerned that splicing factors RBMX and YTHDC1 bound
to the flanking sequences of circTET?2, and this attracted our at-
tention. ShRNAs were then designed to knock down RBMX, and
this reduction significantly impaired the expression of circTET2
(Figure 4B, C). Binding sites of RBMX (a, b, ¢, d) on the flanking
introns were obtained by catRAPID (Figure 4D), and RIP-qPCR
analysis displayed the binding of RBMX and TET2 on b, ¢,and d
sites (Figure 4E). YTHDC1 is an interacting partner of RBMX and
was reported to affect the nuclear export of methylated mRNAs
and circRNAs.8 Co-immunoprecipitation (co-IP) assay verified
the interaction between RBMX and YTHDC1 (Figure 4F), and
the silencing of YTHDC1 weakened the expression of circTET2
as expected (Figure 4G,H). However, alteration in the location
of circTET2 was not observed after knocking down YTHDC1
(Figure S5, Supporting Information). When we evaluated the lev-
els of RBMX and YTHDCI in CLL patients, we observed a pos-
itive correlation between YTHDC1 and RBMX or circTET2, as
well as between circTET2 and RBMX (Figure 4I,K).

2.5. CircTET2, Which Promotes Cellular Proliferation, is Involved
in the Regulation of the mTORC]1-Signaling Pathway and Lipid
Metabolism

To explore a role for circTET2 in CLL, we conducted gene set
enrichment analysis (GESA) of circTET2-associated genes, and
our results revealed that circTET2 was involved in the PI3K-
AKT pathway (Figure 5A) and mTORCI signaling (Figure 5B),
as well as in lipid metabolism (Figure 5C). We then constructed
stable CLL cell lines with circTET2 overexpression or silenc-
ing (Figure 5D). When we first conducted CCK8 analysis, re-
sults illustrated that circTET2 promoted the proliferation of CLL
cells (Figure 5E,F). From these results, we observed that the
change in circTET2 did not alter TET2 protein levels, whereas
overexpression of circTET2 activated the mTORC1 pathway and
enhanced the levels of CPT1A and CPT1B, while knockdown
of circTET2 showed opposite results (Figure 5G). Seahorse as-
say revealed that overexpression of circTET2 in CLL cells led
to a higher oxygen consumption rate (OCR), representing FAO
levels (Figure 5H,I). ATP levels were also determined and the
consistent results demonstrated that circTET2 promoted FAO
(Figure 5J). The FAO inhibitor (FAOi) perhexiline maleate was
subsequently used to validate the role of mTORC1 signaling and
FAOQ in the proliferation of CLL cells. Perhexiline inhibited cell vi-
ability in a dose-dependent manner, and the inhibitory effect was
dampened by circTET2 overexpression (Figure 5K,L). These data
suggested that FAO was increased and indispensable for sustain-
ing CLL cellular proliferation.

Figure 1. m6A modification in CLL and a risk model presented for m6A-related circRNAs. A) The expression patterns of m6A regulators in CLL patients
(n = 53). B) Correlations among the m6A genes. *p <0.05, *¥*p <0.01, ***p <0.001. C). Workflow of the m®Sig score construction. D) Kaplan-Meier
curves for patients with high and low m®Sig scores (n = 53). E. Survival analysis of m®Sig score in the collected independent CLL cohort (GSE22762, n =
107). F) m6A regulators and related circRNAs. G)Workflow for the construction of our risk model of m6A-related circRNAs. H) Upper panel, distribution
of samples in the high- and low-risk score groups; middle panel, OS of each sample; lower panel, the expression pattern of eight prognostic signatures
in the two groups. 1) Kaplan—Meier curve of the OS of patients in the high- and low-risk score groups. J) ROC curve analysis of the risk score model (n

=53).
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2.6. CircTET2 Regulates CLL Cells in a
HNRNPC-CPT1A-Dependent Manner

Accumulating evidence depicts circRNAs as exerting functions
via their interaction with RNA-binding proteins (RBPs)." To ex-
plore the RBPs that bind with circTET2, we implemented mass
spectrometry following RNA pull-down (Figure 6A, Table S1,
Supporting Information). Bioinformatic analysis using RBPsuit
and catRAPID was also conducted to screen the possible binding
proteins for circTET2, and we determined that HNRNPC was the
most likely RBP (Figure 6B,C). We then confirmed the interaction
between circTET2 and HNRNPC by RNA pull-down (Figure 6D).
RIP assay demonstrated the enrichment of circTET?2 in the com-
plex precipitated with antibody against HNRNPC (Figure GE).
FISH-immunofluorescence (FISH-IF) analysis also verified the
co-localization of the two molecules (Figure 6F). When physically
bound to each other, we noted that circTET2 and HNRNPC ex-
erted no influence on their mutual expression (Figure 6G-1). As
CPT1A and CPT1B may be modulated by circTET2, we then as-
sessed their changes after depletion of HNRNPC and noted that
the expression of CPT1A but not of CPT1B was downregulated
after knocking down HNRNPC (Figure 6],K). Cytoplasmic HN-
RNPC was reported to consistently regulate the stability of target
genes. We then performed actinomycin D assay and confirmed
that HNRNPC modulated the stability of CPT1A (Figure 6L).
Starbase showed that HNRNPC contained potential binding sites
in the 3'UTR of CPT1A. The application of RBPmap further val-
idated this result (Figure 6M), and through RBPsuit we acquired
the HNRNPC motif (Figure 6N). RIP assay was then conducted
and confirmed the predicted results (Figure 60). More impor-
tantly, the interaction between HNRNPC and CPT1A mRNA was
significantly reduced after knocking down circTET2 (Figure 60).
Further results demonstrated that circTET2 had an effect on the
stability of CPT1A (Figure 6P). We then overexpressed CPT1A
and knocked down circTET2, and the elevated CPT1A level was
observed to be suppressed (Figure 6Q). To confirm whether
circTET2 functioned through HNRNPC and CPT1A, we per-
formed a CCK8 assay and found that circTET2 was crucial for the
reduced cellular proliferative capability induced by sh-HNRNPC
(Figure 6R). Additionally, CCK8 assay also confirmed that cellu-
lar viability induced by CPT1A was significantly depleted with the
silencing of circTET2 (Figure 6S). Subsequently, the OS based
on the expression of HNRNPC and CPT1A was conducted. Pre-
dictably, higher HNRNPC and CPT1A levels predicted poorer OS
for patients with CLL (Figure 6T,U). Collectively, these results in-
dicated that circTET2 regulated CLL cells in a HNRNPC-CPT1A-
dependent manner.

www.advancedscience.com

2.7. Effects of CP028, Dactolisib, and Perhexiline on CLL cells

Given the oncogenic role of circTET2 in CLL, targeting circTET2
was hypothesized to constitute a potential therapeutic strategy.
Targeting splicing factors is regarded as a novel therapeutic strat-
egy for tumors,?”! and since circTET2 was modulated by the
splicing process and RBPs, we attempted to uncover splicing
factor inhibitors that would target circTET2. We thereby ap-
plied five inhibitors: indisulam (targeting splicing by inducing
RBM39 degradation); H3B-8800 (a modulator of the SF3b com-
plex); and the three pre-mRNA splicing inhibitors isoginkgetin,
madrasin, and CP028. Of these, CP028 significantly reduced
the levels of circTET2 (Figure 7A, Figure S6A, Supporting In-
formation). In addition, the expression of RBMX and YTHDC1
was determined in cells after treatment with the splicing in-
hibitors, and we demonstrated that CP028 attenuated RBMX
and YTHDC1 expression while the others did not (Figure 7B,
Figure S6B, Supporting Information). The consistent results we
observed with circTET2 indicated that RBMX and YTHDC1 were
potential regulators of the splicing process and the circularization
of circTET2. The significant inhibition of cellular viability and
promotion of cell apoptosis were noted with the use of CP028
(Figure 7C,D), while the other four inhibitors also showed pro-
nounced inhibition (Figure S6C, Supporting Information). The
dual ATP-competitive PI3K and mTOR inhibitor dactolisib were
also used to dramatic effect on MEC-1 cells (Figure 7E). How-
ever, although the application of dactolisib induced the expres-
sion of CPT1A, it downregulated the levels of p-4EBP1 and p-S6
(Figure 7F, G). Treatment with perhexiline activated the phospho-
rylation of p-4EBP1 and p-S6, which was alleviated by circTET2
silencing (Figure 7H). Thus, we discerned a synergistic role for
dactolisib and perhexiline and uncovered their significantly en-
hanced effect (Figure 7LJ). The augmented levels of p-4EBP1
and p-S6 were also downregulated with the combinatorial use
of dactolisib (Figure 7K). Flow cytometric analysis confirmed the
marked apoptotic rate with the drug combination compared with
single-drug treatment (Figure 7L). The synergistic drug actions
we noted were further validated with primary cells from CLL pa-
tients using trypan blue staining (Figure 7M), and these results
indicated their potential therapeutic strategy in CLL.

3. Discussion

In recent years, the research progress of epigenetics, including
DNA/RNA modification, histone modification, and chromatin
rearrangement, has greatly enriched the understanding of physi-
ological and pathological processes.[*!] Among them, m6A is the

Figure 2. m6A-modified circTET2 is up-regulated in CLL and related to the prognosis of patients. A) Left, individual risk score of the eight circRNAs in
the risk model. Right, m6A levels of the eight circRNAs as predicted by circBank. B) The distribution of m6A peaks. C) Predominant consensus motifs
identified with m6A-seq peaks. D) Density of m6A methylation peaks in circRNAs. E. m6A peak via meRIP-seq on TET2 exon 3 as visualized by IGV. F)
Methylated RNA in cells was immunoprecipitated with an m6A antibody, followed by qPCR analyses with primers against circTET2. Error bars represent
the means+SD derived from three independent experiments. Statistical analyses were performed using a two-tailed Student’s t-test, **p <0.01. G)
Kaplan—Meier curves for high and low circTET2 levels (n = 53). H) Clinical characteristics of the enrolled CLL patients (n = 53); the lower heatmap
comprised genes that correlated with circTET2. 1) The expression levels of circTET2 in CLL patients with different statuses. No indication for treatment
(n = 40), Indication of treatment (n = 16), Relapsed/Refractory (n = 13). ) Proportion of patients with different statuses in high and low circTET2
expression groups. K) The expression levels of circTET2 in CLL patients (n = 25) and CD19+ B cells from healthy volunteers (n = 69). L) ROC curve

analysis showed the diagnostic value of circTET2 in CLL.
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Figure 3. Characterization of circTET2 in CLL. A) The genomic loci of TET2 and the “head-to-tail” splicing of circTET2 from exon 3 verified by Sanger
sequencing following PCR. B. Northern blot using a junction-specific DIG-labeled probe shows the endogenous existence of circTET2 in MEC-1 and
JVM-3 cells. The expression levels of the linear and circular form of TET2 with the treatment of RNase R as detected by qRT-PCR (C) and agarose
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separation assays detected the distribution of circTET2 in MEC-1 cells. G) FISH assay shows the location of circTET2 in MEC-1 cells. Scale bar, Upper:
50 um, Lower: 10 um. H) Determination of m6A abundance in MEC-1 cells upon FB23-2 treatment for 72 h via dot blot assay. Methylene Blue (MB)
represents the loading control of RNA samples. I) The change in circTET2 levels in MEC-1 cells treated with FB23-2. |) IF staining images of circTET2
in MEC-1 cells treated with or without FB23-2. Scale bar, 50 um. K, L) Colocalization analysis of circTET2 and DAPI with Image (J) software. Error bars
represent the means+SD derived from three independent experiments. ***p <0.001.
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Figure 5. CircTET2 promotes cell proliferation and is involved in regulating the mTORC1-signaling pathway and FAO. A-C)Gene set enrichment analysis
(GSEA) shows the signaling pathways enriched in genes that are positively related to circTET2. NES, normalized enrichment score. D) Knockdown and
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<0.001.
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most common post-transcriptional modification and has been
confirmed to participate in the biosynthesis and regulation of
coding RNA or non-coding RNA, affecting the occurrence, devel-
opment, and outcome of diseases.[2! However, how m6A mod-
ification plays a regulatory role in CLL has not been systemati-
cally studied. Herein, we reveal the significance of m6A in the
prognosis of CLL based on the m®Sig score, which indicates that
m6A modification may be involved in patients’ disease progres-
sion and therapeutic outcomes.

m6A regulators have been widely reported to be involved in
the regulation of leukemia. For example, the m6A demethylase
METTL3 promotes the occurrence of AML and serves as a poten-
tial therapeutic target.[?3] Fat mass and obesity-associated protein
(FTO) may act as an oncogene to promote leukemia and inhibit
all-trans retinoic acid-mediated leukemia cell differentiation.?*!
Targeting m6A modification was verified to be significant in
potentially refining clinical therapy.®! In this study, we estab-
lished an m®Sig score system and confirmed that patients with
a lower m°®Sig score were characterized by prolonged survival
time. Through screening the m6A-related circRNAs based on
whole-transcriptome sequencing results of 53 CLL patients, we
constructed a risk prognosis assessment model and revealed its
clinical value as a prognostic molecular marker for CLL patients.
Within the model, circTET2 was highly expressed in CLL pa-
tients, and a strong association with prognosis was identified.
There are limits to referring circTET2 as a biomarker for CLL,
as genetic characteristics vary in patients from different centers
and regions.[?’] Our previous study has documented the signifi-
cant differences in IGHVD] gene usage, mutations, and stereo-
typy between Chinese and Italian patients.[?’! Thus, efforts are
still needed for the clinical application of circTET2, including en-
larging the cohort numbers not only in our own centers but also
in centers from other regions.

CircRNAs are described as special products of RNA alterna-
tive splicing, meaning that the biogenesis of circRNAs depends
on the classical splicing mechanism.[?8] Numerous RBPs that
belong to the family of splicing factors modulate the circular
process of circRNAs. Accumulating evidence has demonstrated
that the aberrant splicing events that promote disease progres-
sion provide potential therapeutic targets. Multiple inhibitors of
splicing factors show excellent efficacy on CLL cells. Here, we
found that the back-splicing of exon 3 was affected by the in-
hibitor splicing factor CP028, resulting in the modulation of the
expression of circTET2. RBMX and YTHDC1 are described not
only as RBPs but also as m6A regulators and are influenced by
CP028 as well. They are also widely noted to play pivotal roles
in the splicing of mRNAs.[?! Recently, Chen, et al. revealed that

www.advancedscience.com

YTHDCI1 facilitated circNSUN2 export from the nucleus to the
cytoplasm.l**) However, in the present study, we observed the
binding of RBMX and YTHDC1 on the flanking sequences of
circTET2 and confirmed that the two jointly promoted the splic-
ing and circulization of exon 3, which forms circTET?2. The loca-
tion determines the molecular functions of circRNA and recent
studies show that m6A modification occurs in circRNA to con-
trol its nuclear transport.2%!) However, the underlying mecha-
nism is not clearly understood. In this research, we found that
increased mo6A levels restricted the transport of circTET2 from
the nucleus to the cytoplasm. Cytoplasmic circTET2 was the one
involved in the regulation of CLL cells. Upon treatment with a
demethylase inhibitor, circTET?2 tended to be impeded in the nu-
cleus, which restricted the function of circTET2 and inhibited
cell proliferation. We proposed that the spatial structure of cir-
cRNA may contribute to this process. According to our previous
study, circRNAs are not a single-strand continuous loop, and they
probably have a double-strand structure, which may be dynam-
ically reversible and have an impact on their mechanism and
functions.[2l m6A modification in circRNAs could make them
compressed or loose in space, which thus affects their export
from the nucleus into the cytoplasm.

CLLis a hematological malignancy characterized by clonal pro-
liferation of mature B lymphocytes.33] To meet the energy de-
mands during the proliferative process, CLL cells could drive
metabolic reprogramming.’**] Genes involved in metabolic path-
ways were found to be up-regulated in CLL compared with nor-
mal lymphocytes.3°] However, recurrent genetic mutations in
CLL cells have not been shown to be directly involved in alter-
ing metabolic pathways, suggesting that metabolic reprogram-
ming may not be directly induced by genetic mutations.[*! In this
study, we discovered that circTET?2 interacting with HNRNPC ac-
tivated the PI3K-AKT-mTORCI1 signaling pathway and acceler-
ated the process of FAO via CPT1A.

Activation of Akt was noted to occur more frequently in ag-
gressive CLL.*”] We have previously reported the upregulation of
mROTC1-related proteins in CLL patients, especially those with
refractory or relapsed disease.’®] With the treatment of the dual
ATP-competitive PI3K and mTOR inhibitor dactolisib, the pro-
liferative ability of CLL cells was observed to be significantly im-
paired. In addition, the expression of CPT1A was also reduced.
It is known that ATP mainly comes from oxidative phosphory-
lation, glycolysis, or FAO. CircTET2 induces the production of
ATP through FAO to provide the metabolic needs in the process
of CLL cell proliferation. This indicates that CLL cells may be
more dependent on FAO to satisfy the energy supply. Inhibition
of FAO was confirmed to significantly reduce the drug resistance

Figure 6. The circTET2 and HNRNPC complex interact and stabilize CPTTA mRNA. A) Silver stain shows the proteins pulled down by the circTET2 probe.
B) The Venn diagram shows the potential RBPs that bind to circTET2. C) Peak map of HNRNPC acquired from the RNA pulldown mass spectrometry
assay. D) Protein pulled down by circTET2 probe with HNRNPC antibody was detected by western blotting. E) RIP assay shows the interaction between
HNRNPC and circTET2. F) FISH-IF assay shows the co-localization of circTET2 and HNRNPC (scale bar, 20 um). G) The change in circTET2 levels after
HNRNPC knockdown. H) HNRNPC mRNA levels after circTET2 overexpression. I) HNRNPC protein levels after HNRNPC knockdown. J,K) The change
in CPT1A and CPT1B mRNA levels after HNRNPC knockdown. L) Degradation rates of CPTAT mRNA in cells with HNRNPC knockdown. M) HNRNPC
binding sites in the CPT1A 3'UTR region as predicted by RBPsuit. N) Motif of HNRNPC. O) RIP assay shows the interaction between HNRNPC and
CPT1A. P)Degradation rates of CPTAT mRNA in cells with circTET2 knockdown. Q) The relative expression of CPT1A after overexpression of CPT1A
and knockdown of circTET2 as detected by qRT-PCR and western blot assays. R) Growth curves of cells with circTET2 overexpression and/or HNRNPC
knockdown. S) Proliferative ability of cells with CPT1A overexpression and circTET2 knockdown. T,U) Survival analysis of HNRNPC (T) and CPT1A (U)
in collected independent CLL cohort (GSE22762, n = 107). Error bars represent the means+SD derived from three independent experiments. ns, not
significant, ***p < 0.001.
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of CLL cells and improve the clinical outcomes of patients. Per-
hexiline, a FAO inhibitor, shows safety in long-term treatment
compared with etomoxir.*] The viability of CLL cells was in-
deed weakened after treatment with perhexiline. As expected, the
killing effect of dactolisib was strengthened when combined with
perhexiline. These results are in line with the evidence that cellu-
lar metabolic reprogramming in CLL tends to utilize lipids, and
FAO is vital in aggressive CLL.*?) To summarize, in this study
we first documented the clinical significance of the m®Sig score
in CLL. We then discovered that m6A-modified circTET2 modu-
lated by RBMX and YTHDC1 binded to HNRNPC and promo-
teed its translocation from the nucleus to the cytoplasm. CP028
modulated the expression of circTET2 and promoted the apopto-
sis of CLL cells. The RNA-protein complex in the cytoplasm acti-
vated the mTORCT1 signaling pathway and interacted with the 3’
UTR of CPT1A mRNA to regulate the FAO of CLL cells, which
co-contributed to the development of CLL (Figure 7N).

4. Conclusion

In summary, we demonstrated the prognostic significance of
m6A in CLL patients and identified m6A-modified circTET2 as
a prognostic marker in CLL. CircTET2 which was upregulated in
CLL was modulated by the splicing factors RBMX and YTHDCI.
Interacting with HNRNPC, circTET2 appeared to be involved in
the regulation of FAO and the mTORC1 signaling pathway to
provide energy demands and promote the proliferation of CLL
cells. The combined inhibition of mTOR and FAO showed an
enhanced effect, which suggested a novel therapeutic strategy for
the treatment of CLL. The data generated by this study collectively
provide new evidence for a role and underlying mechanism for
circRNAs in CLL lipid metabolism, and this may engender novel
potential targets in clinical treatment.

5. Experimental Section

mOSig Score Calculation: m6A-related genes, including 10 writers, 2
erasers, and 22 readers, were collected from the literature. Using the Can-
cerSubtypes Bioconductor package, CLL samples were divided into two
categories through non-negative matrix factorization (NMF) based on the
expression of m6A-related genes to identify distinct m6A modification pat-
terns. Differential expression analysis of the two categories was performed
using edgeR and differentially expressed genes (DEGs) were defined as
those with fold change > 1.5 and p-value < 0.05. Next, univariate Coxph
regression analysis was conducted on these DEGs with the survival pack-
age based on CLL OS time. The genes with a potential prognosticimpact (p
< 0.05) were selected further through recursive feature elimination (RFE)
with a random forest model and the “boot” method in the caret package.
Principal component analysis (PCA) was conducted on the expression pro-
files of final gene sets, and principal components 1and 2 were summed as
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the signature score. If the signature score passed the evaluation, the final
gene sets were defined as the m6A signature and its score was presented
as the m®Sig score.

m®Sig score Evaluation and Validation: To evaluate the association be-
tween the m®Sig score and CLL prognostic outcome, ROC analysis was
performed using the TimeROC package, and the respective AUCs were
compared with the random performance (AUC = 0.5). To identify the
mPSig score or the clinical indices of CLL with an independent prognos-
tic effect, a univariate and multivariate Cox proportional hazard model
(Coxph) was applied using the survival package. The Kaplan—Meier distri-
bution was computed using the survminer package, and the comparison
of survival distributions grouped by the m®Sig score median value was
performed using the log-rank method.

Independent Datasets for the m®Sig score:  To validate the m6A signa-
ture obtained from its own CLL cohort, the GEO database was searched
and found a dataset, GSE22762, containing gene expression profiles with
OS data. To reduce the batch effects, only the largest cohort (n = 107) from
three microarray platforms were selected. Then, ROC analysis, univariate
Coxph, and KM analysis were performed.

Establishment of Prognostic Model of circRNAs Associated with mGA:
The correlation coefficient (R) between circRNAs and the m6A gene was
calculated according to the normalized expression. If R > 0.5, the circRNA
was considered to be related to m6A. Univariate Cox regression analysis
determined its prognostic value for OS, and p < 0.05 was considered sig-
nificant. Lasso penalty Cox regression analysis was used for further screen-
ing, and eight circRNAs were finally selected. Multivariate Cox analysis was
used to establish a prognosis model. All patients were divided into high-
and low-risk groups, with the median risk score as the critical value. The
contributions of the eight circRNAs in the risk model were also analyzed.

Clinical Samples, Cell Lines, and Reagents: Peripheral blood mononu-
clear cells (PBMCs) from CLL patients were collected and whole-
transcriptome sequencing was performed as previously reported.[*¥] The
CLL cell lines MEC-1 and JVM-3, human B lymphocyte cell lines GM 12878
and NCI-BL2009, DLBCL cell lines SU-DHL-10 and WSU-DLCL2, T cell
lymphoma cell lines H9 and MT4, CML cell line K562, and monocytic
leukemia cell line THP1 were used in this study and cultured in RPMI-1640
with 10% FBS (BioChannel Biological Technology) and 1% PS (Gibco),
and cell transfection was performed as previously reported.[*!] We pur-
chased short hairpin RNAs and overexpression vectors from Genechem
(Shanghai, China). For circTET2 knockdown, the CRISPR-Cas 13 method
was adopted, and mixed three sgRNAs to target circTET2. The sequence
of shRNAs or sgRNASs is listed in Table S2, Supporting Information. Small
molecular inhibitors and other reagents are listed in Table S3, Supporting
Information.

Cell Transfection: The lentiviral vectors for stable knockdown of
RBMX, YTHDC1, HNRNPC, circTET2, and circTET2 overexpression were
purchased from Geneseed Biotech (Guangzhou). Among them, the
CRISPR/Cas13 (Cas13) system was used for circTET2 knockdown. Cas13
was a class of RNA-mediated targeted RNA cutting systems that had been
widely used in the fields of RNA knockdown, RNA single base editing,
RNA site-specific modification, RNA live cell tracing, and nucleic acid
detection. Compared with traditional RNA interference techniques, the
Cas13 system offered distinct advantages over knockdown efficiency and
specificity. All these lentivirus infections were performed according to the
manufacturer’s protocol. Briefly, 200 000 cells were seeded in a 6-well
plate, and an infection-enhancing agent, Hitrans G, was added. Lentivirus

Figure 7. Effects of CP028, dactolisib, and perhexiline on CLL cells. A) The change in circTET2 levels with CP028 treatment for 24 h. B) Relative expression
of RBMX and YTHDC1 in MEC-1 cells treated with CP028. C) CCK8 was used to detect the viabilities of cells treated with CP028. D) Apoptotic rate of
cells treated with CP028 for 24 h. E) IC50 of dactolisib in MEC-1 cells treated for different time periods. F)qRT-PCR analysis shows the expression change
in CPT1A after 24 h of treatment with dactolisib. G) The protein levels for CPT1A and the mTOR pathway in cells with dactolisib treatment. H) The
expression of mTOR pathway proteins with circTET2 knockdown and perhexiline treatment. 1,J) The inhibitory effects of dactolisib and perhexiline and
the combination index were calculated by CompuSyn. K) Apoptotic rate of cells treated with CP028, dactolisib, and/or perhexiline for 24 h detected
with flow cytometry. L) The protein levels of the mTOR pathway in cells treated with dactolisib and or perhexiline. M) Trypan blue staining was used to
evaluate the apoptotic rate of primary cells from five CLL patients. N) Schematic representation of circTETE2 promoting cell proliferation by modulating
FAO and mTOR signaling. Error bars represent the means+SD derived from three independent experiments. ns, not significant, *p <0.05, **p <0.01,
7':7‘::‘:p <0.001.
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vectors were then added to cells with a MOI of 100. After 16 h, cells were
collected and cultured with a fresh medium. To increase the transfection
efficiency, infected cells were further treated with puromycin (1pg mL™")
for several days.

Northern Blot Analysis:  RNA (10-20 mg) used for the detection of en-
dogenous circTET2 was denatured and loaded on 1% agarose gel, and
electrophoresis was conducted at 25 V overnight at 4 °C. RNA was trans-
ferred on a Hybond N+ membrane (Amersham, USA) by capillarity action
for 20 h after being washed in 20 x SSC. Prehybridization and hybridiza-
tion were performed in 10.0 ml of DIG Easy Hyb with denatured probes
designed by Saicheng Biotechnology (Guangzhou, China) at 68 °C (for
2 h and overnight, respectively). The sequence of the circTET2 probe was
as follows: GCCAUCCACAAGGCUGCCCUCUAGUUGAAUUCUACACAU-
CUGCAAGAUGGGAAAUCAUAUUGAGUCUUGACAGGUGUA. The mem-
brane was then washed and blocked and finally exposed on phosphorim-
ager screens for analysis.

RNA Preparation and gRT-PCR:  For RNase R treatment, 2.5 g of total
RNA was incubated with RNase R (3 U/ug) (Epicentre Technologies, Madi-
son, WI, USA) for 20 min at 37 °C. For actinomycin D treatment, the culture
medium was added with actinomycin D (2 ug mL™"), and cells were col-
lected at a specified time to assess the stability of circRNA. The nuclear and
cytoplasmic fractions were extracted using a PARIS Kit (Life Technologies,
USA). Total RNAs were extracted with TRIzol (Ambion, USA) according to
the manufacturer’s instructions and reverse-transcribed using a HiScript
111 1st Strand cDNA Synthesis Kit (Vazyme, Shanghai, China). The quan-
tification of RNAs was determined using a ChamQ SYBR qPCR Master Mix
(Vazyme), and primers are listed in Table S2, Supporting Information.

Western Blotting: The total protein that was extracted using RIPA ly-
sis buffer was applied for SDS-PAGE and transferred to a PVDF mem-
brane (Millipore). The membrane was incubated with the primary anti-
body at 4 °C overnight and the subsequent secondary antibody at room
temperature for 1 h. Primary antibodies against AKT (#9272), p-AKT
(#4060), 4E-BP1(#9644), p-4E-BP1 (#2855), p70S6K (#2708), p-p70S6K
(Thr389, #9234), and RBMX (#14794) were purchased from Cell Signaling
Technology (Danvers, MA, USA). TET2 (#21207-1-AP), CPTTA (#15184-
1-AP), CPT1B (#22170-1-AP), and HNRNPC (#11760-1-AP) antibodies
were purchased from Proteintech (China). Antibodies against YTHDC1
(#ab264375) and p-actin were from Abcam (Cambridge, UK) and Bey-
otime (Shanghai, China), respectively.

Fluorescence in situ Hybridization (FISH) and Immunofluorescence:
Cells were prepared and fixed in 4% paraformaldehyde and permeabilized
with Triton X-100. The primary antibody to HNRNPC (Proteintech, 11760-
1-AP, China) was added after discarding the blocking reagent, and the
secondary antibody was added the next day. After 1 h of incubation, cells
were pre-hybridized and then mixed with a hybridization solution that con-
tained Cy3-labeled circTET2 probes, while cell nuclei were stained with 4,6-
diamidino-2-phenylindole (DAPI, Beyotime, China). The images were pho-
tographed under confocal laser-scanning microscopy (Zeiss, LSM5 Live,
Germany).

mG6A Dot Blot: RNA samples with or without FB23-2 (HY-127103,
MedchemExpress) treatment were denatured at 95 °C for 3 min and spot-
ted onto Amersham Hybond-N+ membranes (GE Healthcare), followed
by UV cross-linking. After blocking in phosphate-buffered saline (PBS) with
Tween 20 containing 5% bovine serum albumin for 1h, the membrane was
incubated with an anti-m6A antibody (Synaptic Systems) at 4 °C overnight.
The next day, the membrane was incubated with HRP-conjugated anti-
mouse immunoglobulin G (Abcam) for 1 h at room temperature. Finally,
the membrane was visualized with a Chemiluminescent HRP substrate kit
(Millipore, USA). The other membrane stained with 0.02% methylene blue
(Solarbio, China) was used to indicate the total input RNA content.

Seahorse Assay:  Oxygen consumption rate (OCR) was measured using
a Seahorse XFe96 Analyzer (Seahorse Bioscience, Agilent Technologies,
Santa Clara, CA, USA) as previously reported.[*3] The experiment was per-
formed with three biological replicates, and data were expressed as the
mean + SD. Two-way ANOVAs and t-tests were used to perform statistical
analysis.

ATP Detection:  ATP was determined with an ATP Assay Kit (Beyotime,
#50026, Shanghai, China) according to kit guidelines. Cells were collected
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and lysed with lysis buffer and then centrifuged at 12 000 g for 5 min. The
supernatant was transferred and mixed with ATP detection buffer. The ATP
concentration was calculated using the luminescence value according to
the standard curve. The experiment was performed with three biological
replicates, and data were expressed as the mean + SD. Two-way ANOVAs
and t-tests were used to perform statistical analysis.

Chromatin Isolation by RNA Purification (ChIRP)-MS: The ChIRP-MS
was conducted exactly as described previously.[*?l The biotin-labeled
probe was pre-treated and incubated with the supernatant extracted from
the cells, and Dynabeads MyOne Streptavidin C1 beads (Thermo Scien-
tific) were then added. The RNA—protein mixture was washed and boiled in
SDS buffer followed by mass spectrometry (BIOTREE, Shanghai) or west-
ern blot detection.

Cell Viability and Apoptosis Assays:  To evaluate cellular viability, cells
treated with inhibitors were seeded in 96-well plates and incubated with
CCK-8 (APExBIO, Houston, TX, USA) for 3 h. For apoptotic assays, cells
treated with inhibitors were stained with Annexin V-FITC and PI (Yeasen,
#40302, Shanghai, China). The ratio of apoptotic cells was then evaluated
by flow cytometry (Cytoflex, Beckman Coulter, Brea, CA, USA).

Co-Immunoprecipitation (Co-IP):  Cells were incubated with NP-40 ly-
sis buffer (Beyotime, #P0013F, Shanghai, China) for 30 min followed by
washing twice with PBS. After centrifugation at 14, 000 g for 5 min, the su-
pernatant was collected and 100 pL was used as input. The other aliquots
were incubated with antibodies and rotated overnight at 4°C. Thirty micro-
liters of Protein A + G agarose (Beyotime, #P2012) were added the next
day and rotated for 2 h. The supernatant was discarded by centrifugation
and then washed the mixture with NP-40 containing PMSF and cocktail. Af-
ter washing three times, the mixture was resuspended with loading buffer
and heated up to 100 °C for 5 min. The samples were then used in the
immunoblot assay.

RNA Immunoprecipitation (RIP):  RIP experiments were performed us-
ing the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Mil-
lipore, Bedford, MA, USA) following the manufacturer’s instructions.
Twenty million cells were collected and lysed for each reaction. Mag-
netic beads were prepared and incubated with antibodies against HN-
RNPC (Proteintech, China), YTHDC1 (Abcam, #ab264375, Cambridge,
UK), RBMX (Cell Signaling Technology, #14 794, Danvers, MA, USA), or
1gG with rotation for 30 min at room temperature. Beads were then washed
and resuspended with RIP IP buffer and rotated together with RIP lysate
overnight. Each immunoprecipitated fraction with proteinase K buffer was
resuspended and the tube was shaken at 55 °C to digest the protein. Super-
natants were transferred to a new tube and RNA purification was executed.
The abundance of circTET2 was ultimately detected by qRT-PCR assay.

Statistical Analysis: ~ Statistical analysis was performed with GraphPad
Prism 8. Data were shown as mean + SD of three independent biological
replicates. Statistical analyses were performed as described in the figure.
Differences were considered significant based on p-values (*p < 0.05, **p
<0.01, ***p < 0.001).

Ethics Approval Statement and Patient Consent Statement: Peripheral
blood samples were obtained from CLL patients and healthy volunteers
at the First Affiliated Hospital of Nanjing Medical University, Jiangsu
Province Hospital (Nanjing, China). The experiments were undertaken
with the understanding and written consent of each subject. The use of
human samples was approved by the institutional ethics committee (2023-
SR-172).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

Z.W., X.Z., and W.Z. contributed equally to this work. The work was sup-
ported by the National Natural Science Foundation of China (82200213,
81970146, 82170185), the Natural Science Foundation of Jiangsu Province

2304895 (14 0‘F16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(BK20211376), the Science Foundation Project of Ili & Jiangsu Joint In-
stitute of Health (y12021ms04), and Jiangsu Province Capability Improve-
ment Project through Science, Technology and Education (ZDXK202209).
The authors would like to thank the Core Facility of the First Affiliated Hos-
pital of Nanjing Medical University for its help in the experiment and Gene-
seed Biotech for its help in the bioinformatics analysis.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords

chronic lymphocytic leukemia, circTET2, circular RNA, fatty acid oxidation,
HNRNPC, N6-methyladenosine (m6A), proliferation

Received: July 18, 2023
Revised: September 1, 2023
Published online: October 11, 2023

(1
(2
(3]

(4]

3]
(6]
(7]

(8]

9]
(10]

(1

(12]
(13]

(14]

Adv. Sci. 2023, 10, 2304895

a) ). Han, Q. Li, Y. Chen, Y. Yang, Front. Mol. Biosci. 2021, 8, 763902;
b) H. Zhao, Y. Li, Mol Biomed 2021, 2, 5.

a) M. Hallek, O. Al-Sawaf, Am | Hematol 2021, 96, 1679; b) Y. Nie, X.
Yun, Y. Zhang, X. Wang, Exp Hematol 2022, 11, 39.

U. Rozovski, S. Grgurevic, C. Bueso-Ramos, D. M. Harris, P. Li, Z. Liu,
J. Y. Wu, P. Jain, W. Wierda, ). Burger, S. O'Brien, N. Jain, A. Ferrajoli,
M. J. Keating, Z. Estrov, Mol Cancer Res 2015, 13, 944.

a) H. Ito, I. Nakamae, . Y. Kato, N. Yoneda-Kato, J. Clin. Invest. 2021,
131, 141529; b) A. Subedi, Q. Liu, D. M. Ayyathan, D. Sharon, S.
Cathelin, M. Hosseini, C. Xu, V. Voisin, G. D. Bader, A. D’Alessandro,
E. R. Lechman, J. E. Dick, M. D. Minden, J. C. Y. Wang, S. M. Chan,
Cell Stem Cell 2021, 28, 18571; ) G. Galicia-Vazquez, R. Aloyz, Front
Oncol 2018, 8, 411.

L. S. Kristensen, T. Jakobsen, H. Hager, J. Kjems, Nat Rev Clin Oncol
2022, 19, 188.

L. S. Kristensen, M. S. Andersen, L. V. W. Stagsted, K. K. Ebbesen, T.
B. Hansen, |. Kjems, Nat Rev Genet 2019, 20, 675.

M. Papatsirou, P. I. Artemaki, P. Karousi, A. Scorilas, C. K. Kontos,
Cancers 2021, 13, 2744.

a) W. Wu, Z. Wu, Y. Xia, S. Qin, Y. Li, J. Wu, J. Liang, L. Wang, H. Zhu,
L. Fan, J. Fu, W. Xu, H. Jin, ). Li, Aging 2019, 11, 3561; b) Z. Wu, H.
Sun, W. Liu, H. Zhu, J. Fu, C. Yang, L. Fan, L. Wang, Y. Liu, W. Xu, J. Li,
H. Jin, Leukemia 2020, 34, 919; c) Z. Wu, H. Sun, C. Wang, W. Liu, M.
Liu, Y. Zhu, W. Xu, H. Jin, J. Li, Mol Ther Nucleic Acids 2020, 20, 801.
G.Yu, Z. Yang, T. Peng, Y. Lv, J. Cell. Physiol. 2021, 236, 4797.

Q. Li, Y. Wang, S. Wu, Z. Zhou, X. Ding, R. Shi, R. F. Thorne, X. D.
Zhang, W. Hu, M. Wu, Cell Metab. 2019, 30, 157.

R. Zhao, F. Q. Li, L. L. Tian, D. S. Shang, Y. Guo, J. R. Zhang, M. Liu,
Funct. Integr. Genomics 2019, 19, 109.

Y. Zhu, W. Gui, X. Lin, H. Li, Exp. Cell Res. 2020, 387, 111753.

Z.Wu, D. Gu, R. Wang, X. Zuo, H. Zhu, L. Wang, X. Lu, Y. Xia, S. Qin,
W. Zhang, W. Xu, L. Fan, J. Li, H. Jin, Exp Hematol 2022, 11, 51.

Z. Fang, W. Mei, C. Qu, J. Lu, L. Shang, F. Cao, F. Li, Exp Hematol
2022, 11, 45.

[15]
[16]

(17]

(18]

(19]
(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]
(29]

(30]

(31]

www.advancedscience.com

M. Corley, M. C. Burns, G. W. Yeo, Mol. Cell 2020, 78, 9.

D. A. Landau, E. Tausch, A. N. Taylor-Weiner, C. Stewart, J. G.
Reiter, J. Bahlo, S. Kluth, I. Bozic, M. Lawrence, S. Bottcher, S.
L. Carter, K. Cibulskis, D. Mertens, C. L. Sougnez, M. Rosenberg,
J. M. Hess, ). Edelmann, S. Kless, M. Kneba, M. Ritgen, A. Fink,
K. Fischer, S. Gabriel, E. S. Lander, M. A. Nowak, H. Dohner, M.
Hallek, D. Neuberg, G. Getz, S. Stilgenbauer, et al., Nature 2015, 526,
525.

X. O. Zhang, R. Dong, Y. Zhang, ]. L. Zhang, Z. Luo, ). Zhang, L. L.
Chen, L. Yang, Genome Res. 2016, 26, 1277.

B. Heinrich, Z. Zhang, O. Raitskin, M. Hiller, N. Benderska, A. M.
Hartmann, L. Bracco, D. Elliott, S. Ben-Ari, H. Soreq, ). Sperling, R.
Sperling, S. Stamm, J Biol Chem 2009, 284, 14303.

C. X. Liu, L. L. Chen, Cell 2022, 185, 2016.

S. Zhang, M. Mao, Y. Lv, Y. Yang, W. He, Y. Song, Y. Wang, Y. Yang,
M. Al Abo, |. A. Freedman, S. R. Patierno, Y. Wang, Z. Wang, Sci. Adv.
2022, 8, eabn9232.

P. Boccaletto, M. A. Machnicka, E. Purta, P. Piatkowski, B. Baginski,
T. K. Wirecki, V. de Crecy-Lagard, R. Ross, P. A. Limbach, A. Kotter, M.
Helm, ). M. Bujnicki, Nucleic Acids Res. 2018, 46, D303.

C. Cheng, P. Wang, Y. Yang, X. Du, H. Xia, J. Liu, L. Lu, H. Wu, Q. Liu,
Adv. Sci. (Weinh) 2023, 10, 2300953.

a) |. Barbieri, K. Tzelepis, L. Pandolfini, J. Shi, G. Millan-Zambrano,
S. C. Robson, D. Aspris, V. Migliori, A. J. Bannister, N. Han, E. De
Braekeleer, H. Ponstingl, A. Hendrick, C. R. Vakoc, G. S. Vassiliou,
T. Kouzarides, Nature 2017, 552, 126; b) L. P. Vu, B. F. Pickering,
Y. Cheng, S. Zaccara, D. Nguyen, G. Minuesa, T. Chou, A. Chow,
Y. Saletore, M. MacKay, J. Schulman, C. Famulare, M. Patel, V. M.
Klimek, F. E. Garrett-Bakelman, A. Melnick, M. Carroll, C. E. Mason,
S. R. Jaffrey, M. G. Kharas, Nat. Med. 2017, 23, 1369.

R. Su, L. Dong, C. Li, S. Nachtergaele, M. Wunderlich, Y. Qing, X.
Deng, Y. Wang, X. Weng, C. Hu, M. Yu, J. Skibbe, Q. Dai, D. Zou, T.
Wu, K. Yu, H. Weng, H. Huang, K. Ferchen, X. Qin, B. Zhang, . Qi, A.
T. Sasaki, D. R. Plas, ). E. Bradner, M. Wei, G. Marcucci, X. Jiang, J. C.
Mulloy, J. Jin, et al., Cell 2018, 172, 90.

E. Yankova, W. Blackaby, M. Albertella, ]. Rak, E. De Braekeleer, G.
Tsagkogeorga, E. S. Pilka, D. Aspris, D. Leggate, A. G. Hendrick,
N. A. Webster, B. Andrews, R. Fosbeary, P. Guest, N. Irigoyen, M.
Eleftheriou, M. Gozdecka, J. M. L. Dias, A. J. Bannister, B. Vick, I.
Jeremias, G. S. Vassiliou, O. Rausch, K. Tzelepis, T. Kouzarides, Na-
ture 2021, 593, 597.

S.Yi, Y. Yan, M. Jin, W. Xiong, Z. Yu, Y. Yu, R. Cui, J. Wang, Y. Wang, Y.
Lin, Y. Jia, D. Zhang, T. Wang, R. Lv, W. Liu, W. Sui, W. Huang, M. Fu,
Y. Xu, S. Deng, G. An, D. Zou, Z. Li, J. Shi, Z. Xiao, J. Wang, T. Cheng,
R. P. Gale, L. Wang, L. Qiu, Leukemia 2021, 35, 2412.

M. Marinelli, C. Ilari, Y. Xia, |. Del Giudice, L. Cafforio, |. Della Starza,
S. Raponi, P. Mariglia, S. Bonina, Z. Yu, W. Yang, L. Qiu, T. Chan, A.
Piciocchi, Y. L. Kwong, E. Tse, J. Li, A. Guarini, W. Xu, R. Foa, Oncotar-
get 2016, 7, 20520.

L. L. Chen, Nat Rev Mol Cell Biol 2020, 21, 475.

a) S. Thonda, R. L. Vinnakota, S. V. Kona, S. V. Kalivendi, Biochim Bio-
phys Acta Gene Regul Mech 2022, 1865, 194825; b) C. Hao, Y. Zheng,
J. Jonsson, X. Cui, H. Yu, C. Wu, N. Kajitani, S. Schwartz, Nucleic Acids
Res. 2022, 50, 3867; ¢) S. Li, Y. Qi, J. Yu, Y. Hao, B. He, M. Zhang, Z.
Dai, T. Jiang, S. Li, F. Huang, N. Chen, J. Wang, M. Yang, D. Liang, F.
An, J. Zhao, W. Fan, Y. Pan, Z. Deng, Y. Luo, T. Guo, F. Peng, Z. Hou,
C. Wang, F. Zheng, L. Xu, J. Xu, Q. Wen, B. Jin, Y. Wang, et al., Signal
Transd. Targ. Ther. 2022, 7, 97.

R.X. Chen, X. Chen, L. P. Xia, ). X. Zhang, Z. Z. Pan, X. D. Ma, K. Han,
J. W. Chen, . G. Judde, O. Deas, F. Wang, N. F. Ma, X. Guan, J. P. Yun,
F. W. Wang, R. H. Xu, X. Dan, Nat. Commun. 2019, 10, 4695.

C. Chen, W. Yuan, Q. Zhou, B. Shao, Y. Guo, W. Wang, S. Yang, Y.
Guo, L. Zhao, Q. Dang, X. Yang, G. Wang, Q. Kang, Z. Ji, J. Liu, Z.
Sun, Theranostics 2021, 11, 4298.

2304895 (1 50f1 6) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(32]

33]

(34]

35]

[36]

Adv. Sci. 2023, 10, 2304895

H. Sun, Z. Wu, M. Liu, L. Yu, J. Li, ). Zhang, X. Ding, H. Jin, Front.
Genet. 2021, 12, 633750.

J. Lu, E. Cannizzaro, F. Meier-Abt, S. Scheinost, P. M. Bruch, H. A.
Giles, A. Lutge, J. Hullein, L. Wagner, B. Giacopelli, F. Nadeu, ).
Delgado, E. Campo, M. Mangolini, |. Ringshausen, M. Bottcher, D.
Mougiakakos, A. Jacobs, B. Bodenmiller, S. Dietrich, C. C. Oakes, T.
Zenz, W. Huber, Nat Cancer 2021, 2, 853.

a) B. T. Messmer, D. Messmer, S. L. Allen, |. E. Kolitz, P. Kudalkar, D.
Cesar, E. J. Murphy, P. Koduru, M. Ferrarini, S. Zupo, G. Cutrona, R.
N. Damle, T. Wasil, K. R. Rai, M. K. Hellerstein, N. Chiorazzi, J. Clin.
Invest. 2005, 115, 755; b) N. Chiorazzi, Best Pract Res Clin Haematol
2007, 20, 399.

a) H. V. Vangapandu, O. Havranek, M. L. Ayres, B. A. Kaipparettu,
K. Balakrishnan, W. G. Wierda, M. J. Keating, R. E. Davis, C. M.
Stellrecht, V. Gandhi, Molecul. Canc. Res. MCR. 2017, 15, 1692; b) P.
G. Ferreira, P. Jares, D. Rico, G. Gomez-Lopez, A. Martinez-Trillos,
N. Villamor, S. Ecker, A. Gonzalez-Perez, D. G. Knowles, ]. Monlong,
R. Johnson, V. Quesada, S. Djebali, P. Papasaikas, M. Lopez-Guerra,
D. Colomer, C. Royo, M. Cazorla, M. Pinyol, G. Clot, M. Aymerich,
M. Rozman, M. Kulis, D. Tamborero, A. Gouin, J. Blanc, M. Gut,
I. Gut, X. S. Puente, D. G. Pisano, et al., Genome Res. 2014, 24,
212.

R. Jitschin, A. D. Hofmann, H. Bruns, A. Giessl, ). Bricks, . Berger, D.
Saul, M. J. Eckart, A. Mackensen, D. Mougiakakos, Blood 2014, 123,
2663.

(37]

38]

(3]

[40]

[47]

[42]

www.advancedscience.com

V. Kohlhaas, S. . Blakemore, M. Al-Maarri, N. Nickel, M. Pal, A. Roth,
N. Hovelmeyer, S. C. Schafer, G. Knittel, P. Lohneis, M. Nikolic, J. L.
Wiederstein, M. Franitza, T. Georgomonolis, N. Reinart, M. Herling,
C. Herling, E. M. Hartmann, A. Rosenwald, W. Klapper, R. Buttner,
R. Moia, D. Rossi, R. Boldorini, G. Gaidano, L. P. Frenzel, H. C.
Reinhardt, J. C. Bruning, M. Hallek, M. Kruger, et al., Blood 2021, 137,
646.

Z. Wu, L. Wang, L. Fan, H. Tang, X. Zuo, D. Gu, X. Lu, Y. Li, ). Wu, S.
Qin, Y. Xia, H. Zhu, L. Wang, W. Xu, ). Li, H. Jin, Mol. Oncol. 2022, 16,
2920.

a) H. Ashrafian, J. D. Horowitz, M. P. Frenneaux, Cardiovasc. Drug
Rev. 2007, 25, 76; b) H. Phuong, B. Y. Choi, C. R. Chong, B. Raman,
J. D. Horowitz, Therap. Drug Monit. 2016, 38, 73; c) C. J. Holubarsch,
M. Rohrbach, M. Karrasch, E. Boehm, L. Polonski, P. Ponikowski, S.
Rhein, Clin. Sci. (London, England) 2007, 113, 205.

a) D. E. Spaner, E. Lee, Y. Shi, F. Wen, Y. Li, S. Tung, L. McCaw, K.
Wong, H. Gary-Gouy, A. Dalloul, R. Ceddia, R. Gorzcynski, Leukemia
2013, 27, 1090; b) L. A. Thurgood, E. S. Dwyer, K. M. Lower, T. K.
Chataway, B. ). Kuss, Br. J. Haematol. 2019, 185, 65.

a) L. Wang, Z. Wu, Y. Xia, X. Lu, J. Li, L. Fan, C. Qiao, H. Qiu, D. Gu,
W. Xu, J. Li, H. Jin, Clin. Transl. Med. 2022, 12, 798; b) W. Liu, Z. Wu,
Y. Yu, C. Qiao, H. Zhu, M. Hong, Y. Zhu, S. Qian, S. Chen, D. Wu, J.
Li, H. Jin, Oxid. Med. Cell. Longev. 2022, 2022, 5885342.

C. Chu, J. Quinn, H.Y. Chang, J. Visual. Exp. 2012, https://doi.org/10.
3791/3912.

2304895 (16 0‘F16) © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH



