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T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive malignant leukemia with extremely limited treatment for relapsed
patients. N6-methyladenosine (m°A) reader insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) participates in the
initiation and growth of cancers by communicating with various targets. Here, we found IGF2BP2 was highly expressed in T-ALL.
Gain and loss of IGF2BP2 demonstrated IGF2BP2 was essential for T-ALL cell proliferation in vitro and loss of IGF2BP2 prolonged
animal survival in a human T-ALL xenograft model. Mechanistically, IGF2BP2 directly bound to T-ALL oncogene NOTCH1 via an m°A
dependent manner. Furthermore, we identified a small-molecule IGF2BP2 inhibitor JX5 and treatment of T-ALL with JX5 showed
similar functions as knockdown of IGF2BP2. These findings not only shed light on the role of IGF2BP2 in T-ALL, but also provide an

alternative y-Secretase inhibitors (GSI) therapy to treat T-ALL.

Leukemia (2022) 36:2180-2188; https://doi.org/10.1038/s41375-022-01651-9

INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive
hematological neoplasm that frequently occurs in children and
adolescents worldwide. T-ALL originates from genomically altered
and/or epigenetically changed transformation of immature T cells
[1]. Although the current cure rates increased to 80% in children
and 60% in adults [2], patients with primary resistant T-ALL
frequently fail to obtain a complete hematological remission or
relapse after the initial response. This clinical challenge has led
researchers to decipher the molecular mechanism of T-ALL
transformation and progression and develop alternative drugs to
treat this malignancy.

A genome-wide association study of T-ALL cases has identified
considerable gene mutations; among them the key oncogenic
regulator is NOTCH1, which is found in more than 60% of T-ALL
[3]. NOTCHT1 activation is triggered by interaction with its ligands,
which are members of the Delta and Jagged families and are
expressed on neighboring cell surfaces. The activation of the
NOTCH1 pathway is essential for early T cell fate determination in
the haematopoietic system [4]. Aberrant constitutively active
NOTCH1 upregulates anabolic pathways and oncogene MYC
expression, which promote T cell leukemogenesis [5].

Nevertheless, inhibiting NOTCH1 signaling using y-Secretase
inhibitors (GSI) has demonstrated poor efficacy in the clinical
treatment of T-ALL [6]. Thus, the identification of other NOTCH1
related genes has become a major priority for the development of
anti-NOTCH1 therapies in the clinic.

Posttranscriptional modifications of mRNAs, including N6-
methyladenosine (m®A), which is the most common internal
RNA modification, is well known for regulating gene expression by
altering mRNA splicing, stability, translocation, and translation [7].
The  methyltransferase  complex, which includes the
methyltransferase-like 3 and 14 proteins (METTL3 and METTL14)
and their regulator Wilms tumor 1-associated protein (WTAP),
deposits m®A modification, which is then removed by the
following “erasers” demethylases: fat mass and obesity-
associated protein (FTO) and ketoglutarate- dependent dioxygen-
ase AlkB homolog 5 (ALKBH5) [8]. In addition, the m°A
modification relies on “readers” to exert its biological function.
IGF2BP2, as an m°A “reader”, binds RNA through six RNA-binding
domains, two of which contain RNA recognition motifs (RRM1 and
RRM2) and four KH domains (KH1-KH4) [9]. The KH domains are
responsible for the recognition and binding of some specific
mMRNAs, including ACTIN, MYC and IGF2 [10, 11]. Furthermore,
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Huilin Huang et al. showed that the KH domains, especially the
KH3-4 di-domain, are critical for the binding of IGF2BP2 to
m®A-modified RNAs [12]. While great effort has been expanded to
explore the function of m®A modifications in acute myeloid
leukemia [13], knowledge regarding the role of IGF2BP2 in T-ALL is
limited.

Here we found that IGF2BP2 promoted human T-ALL growth,
reduced cytarabine (Ara-C)-, vincristine (VCR)-, venetoclax- or
dexamethasone (Dex)-induced apoptosis in vitro and is essential
for leukemogenesis in vivo. Further analysis showed that IGF2BP2
could directly bind NOTCH1 and stabilize NOTCH1 mRNA in an
mSA-dependent manner. In addition, we identified the small
molecule JX5 as an IGF2BP2 inhibitor that prevented T-ALL
leukemogenesis.

MATERIALS AND METHODS

iRIP-seq library preparation and sequencing

IGF2BP2-bound RNA was isolated from immunoprecipitated anti-IGF2BP2
antibody using TRIzol (Invitrogen). Complementary DNA (cDNA) libraries
were prepared with a KAPA RNA Hyper Prep Kit (KAPA, KK8541) according
to the manufacturer’s procedure and high-throughput sequencing of the
cDNA libraries was performed on an lllumina Xten platform for 150 bp
paired-end sequencing. After the reads were aligned onto the genome
with TopHat 2 [14], only uniquely mapped reads were used for the
following analysis. The “ABLIRC” strategy was used to identify the binding
regions of IGF2BP2 on the genome [15]. Reads with at least 1 bp overlap
were clustered as peaks. For each gene, a computational simulation was
used to randomly generate reads with the same number and lengths as
the reads in peaks. The output reads were further mapped to the same
genes to generate a random max peak height from overlapping reads. The
whole process was repeated 500 times. All observed peaks with heights
higher than those of the random max peaks (p value < 0.05) were selected.
The IP and input samples were analyzed by the simulation independently,
and the IP peaks that overlapped with the input peaks were removed.
The target genes of IP were finally determined by the peaks and the
binding motifs of the IP protein were called by HOMER software [16].

MeRIP-qPCR

RNA immunoprecipitation was performed as previously described [17]. An
m°A antibody was used to pull down m®A-modified individual RNA. Briefly,
the total RNA was extracted by an EASYspin Plus kit (Yishan, China) and
dissolved in 40 pL of RNase-free water. Then, the cells were divided into
two groups, one group for input and the other group was increased to
1 mL by the addition of buffer containing an RNase inhibitor, ribonucleo-
side vanadyl complexes, an m5A—speciﬁc antibody (Sigma-Aldrich) or
rabbit IgG (Sigma Aldrich) and incubated for 2h at 4°C. Next, the
prewashed beads A were added and incubated for 2 h. Elution buffer
containing an anti-m®A antibody (Synaptic Systems) was added to the
mixture and incubated for 1h with continuous shaking at 4°C. The
methylated mRNA was precipitated with 5 mg of glycogen and one-tenth
volumes of 3 M sodium acetate in a 2.5 volume of 100% ethanol at —80 °C
overnight. The m®A-bound RNA was calculated by gPCR, and the
corresponding m°A enrichment was calculated by normalizing to
the input.

Molecular docking

A molecular docking study was performed to investigate the binding
mode between the compounds and human IGF2BP2 as previously
described [18]. The three-dimensional (3D) structure of IGF2BP2 (PDB ID:
6ROL) was downloaded from the RCSB Protein Data Bank (www.rcsb.org).
The 2D structures of the compounds were drawn by ChemBioDraw Ultra
14.0 and converted to 3D structures by ChemBio3D Ultra 14.0 software.
The AutoDockTools 1.5.6 package [19, 20] was employed to generate the
docking input files. The ligands were prepared for docking by merging
nonpolar hydrogen atoms and defining rotatable bonds. The search grid of
the IGF2BP2 site was identified as center_x: 31.471, center_y: —4.855, and
center_z: 11.12 with the following dimensions size_x: 37.5, size_y: 41.25,
and size_z: 37.5. To increase the docking accuracy, the value of
exhaustiveness was set to 16. For Vina docking, the default parameters
were used if they are not mentioned. A SPECS library (http://
www.specs.net, approximately 300,000 compounds) was selected for
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screening using the above IGF2BP2 model. The best-scoring pose as
judged by the Vina docking score was chosen and visually analyzed using
PyMolL 1.7.6 software (www.pymol.org).

RESULTS

IGF2BP2 is highly expressed in T-ALL

To investigate the potential clinical value of IGF2BP2 in
lymphoblastic leukemia, we first explored IGF2BP2 expression by
analysing human lymphoblastic leukemia cell lines in the
Cancer Cell Line Encyclopedia database (CCLE, https:/
portals.broadinstitute.org/ccle) [21]. Compared with other lym-
phoblastic leukemia cell lines, such as B-cell acute lymphoblastic
leukemia (B-ALL), and chronic lymphoblastic leukemia (CLL),
IGF2BP2 was the most highly expressed in T-cell acute lympho-
blastic leukemia (T-ALL) among 14 human lymphoblastic leukemia
cell lines (Fig. 1A). To determine IGF2BP2 expression in T-ALL
patients, the assessment of human leukemia databases
(GSE48558) showed a significant increase in IGF2BP2 and IGF2BP3
expression in T-ALL cells compared with that in normal T cells,
whereas YTHDC1, YTHDC2 and METTL16 were decreased; IGF2BP1
or other m®A modification enzymes were no significantly different
(Fig. 1B, Supplementary Fig. 1A and Supplementary Fig. 2). In
addition, we analyzed primary bone marrow mononuclear cells
from T-ALL patients and controls. IGF2BP2 mRNA expression
(Fig. 1C, left) significantly increased in T-ALL (n =9) compared to
that in the control (n=6), but not in IGF2BP1 and IGF2BP3
(Supplementary Fig. 1B). Consistently, the T-ALL (n = 3) patients
had a higher IGF2BP2 protein expression (Fig. 1C, right &
Supplementary Fig. 1C) than the control patients (n = 3). More-
over, we evaluated m®A modification enzymes expression in
different molecular subtypes of T-ALL from PeCan database and
NCI TARGET database (phs000464). IGF2BP2 displayed higher
expression levels in HOXA, KMT2A and NOTCH1 mutation
subtypes compared with other T-ALL subtypes (Supplementary
Fig. 3). Taken together, we identified a global upregulation of
IGF2BP2 in T-ALL.

IGF2BP2 promotes cell survival and impairs chemotherapy
sensitivity in T-ALL

To further explore the role of IGF2BP2 in T-ALL, we downregulated
IGF2BP2 expression in Jurkat and Molt4 cells by siRNA. The
suppression of IGF2BP2 expression was verified by RT-gPCR and
western blots analysis (Supplementary Fig. 4A). We found that the
IGF2BP2 downregulation markedly inhibited cell growth by CCK8
assays (Fig. 2A) and cell cycle arrest by a propidium iodide (PI) kit
(Supplementary Fig. 4B). And cell apoptosis was increased after
the IGF2BP2 knockdown (Supplementary Fig. 4C). Additionally, the
IGF2BP2 downregulation increased the Ara-C-, VCR- and
venetoclax-induced cell apoptosis (Fig. 2B). In contrast, the
overexpression of IGF2BP2 by specific lentivirus (Supplementary
Fig. 4D) promoted the proliferation of Jurkat and Molt4 cells
(Fig. 2C). The upregulation of IGF2BP2 raised the IC50 of
chemotherapeutics in Jurkat and Molt4 cell (Supplementary
Fig. 4E). Similarly, the IGF2BP2 overexpression decreased Ara-C-,
VCR-,venetoclax- and Dex-induced cell apoptosis (Fig. 2D &
Supplementary Fig. 4F), confirming that IGF2BP2 could promote
T-ALL resistant to chemotherapeutics, including Ara-C, Dex, VCR
and venetoclax. Our data indicate that IGF2BP2 was sufficient to
confer cell survival and chemo-resistance in T-ALL.

Transcriptome-wide iRIP-sequence assays identify potential
targets of IGF2BP2 in T-ALL

Next, we tried to explore the potential targets involved in
IGF2BP2-mediated T-ALL cell survival. Considering the properties
of IGF2BP2 as an mRNA binding protein [9], we subsequently
explored the transcriptome-wide binding profile of IGF2BP2 in
Jurkat cells by employing an improved RNA immunoprecipitation-
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Fig. 1

IGF2BP2 is highly expressed in T-ALL. A IGF2BP2 expression levels were analyzed among 14 human lymphoblastic leukemia cell lines

in CCLE database (https://portals.broadinstitute.org/ccle). B IGF2BP2 expression levels in normal T cells (n =17) and primary T-ALL patients
cells (n=13) from GEO database, GSE48558. C IGF2BP2 expression levels in T-ALL. IGF2BP2 mRNA expression levels (left) were analyzed in
normal human bone marrow cells (n = 6) and primary T-ALL patients cells (n = 9) by RT-gPCR assays. IGF2BP2 protein expression levels (right)
were assessed in normal human bone marrow cells (n = 3) and primary T-ALL patients cells (n = 3) by western blot. Data are mean + SD values.

*P < 0.05; **P <0.01; ***P<0.001.

coupled high-throughput sequencing (iRIP-seq) approach, a
recently developed UV-crosslinking immunoprecipitation method
[17]. The Gene Ontology (GO) analysis of iRIP-seq showed that
IGF2BP2 was involved in RNA binding in T-ALL cells (Supplemen-
tary Fig. 5A). The data of the top ten gene types in two replicate
iRIP-seq experiments derived from read numbers bound by the
IGF2BP2 protein revealed that the majority of IGF2BP2-binding
reads were located in protein-coding RNA (i.e, mRNA) (Fig. 3A).
Moreover, most IGF2BP-binding reads (Fig. 3B) and peaks (Fig. 3C)
were located in protein-coding transcripts and were highly
enriched in the coding sequence (CDS) of mRNA. Then we
performed RNA sequence of in IGF2BP2 up- or down-regulated
Jurkat cells. Combining the IGF2BP2 downregulation associated
protein-coding RNA and IGF2BP2 upregulation associated protein-
coding RNA, we found overlap with our two replicate iRIP-seq
data, and finally identified 2309 common genes (Fig. 3D and
supplementary file 1). Among these overlapping genes, we
noticed that plenty of genes (NOTCH1, NKX2-1, BCL11B, RUNX1,
FBXWT, STAT5B, DNM2, AKT1/2, MTOR, ABL1, DNMT3A, and
RPL11) were associated with T-ALL pathogenesis(Supplementary
Fig. 5B) [22]. Among these genes, NOTCH1 was a striking
oncogenic driver of T-ALL [23]. Intuitive histogram showed the
link between IGF2BP2 and NOTCH1 mRNA from two independent
iRIP sequence (Supplementary Fig. 6A).

Next, we determined whether NOTCH1 could be a target of
IGF2BP2 in T-ALL. RNA immunoprecipitation-coupled qPCR (RIP-
qPCR) with an IGF2BP2 antibody was used to measure the NOTCH1
MRNA levels bound by IGF2BP2 in Jurkat and Molt4 cells (Fig. 3E),
suggesting that IGF2BP2 could directly bind NOTCH1 mRNA.
Additionally, we performed a western blot analysis of
IGF2BP2 suppression or knockdown cells and found that the
NOTCHT1 protein levels were downregulated compared to those in
the control cells (Supplementary Fig. 6B). In contrast, IGF2BP2
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overexpression upregulated the NOTCH1 protein levels (Supple-
mentary Fig. 6C). Then, we performed a rescue experiment of
IGF2BP2 inhibition in NOTCH1 overexpressed cells. As expected,
the inhibition of IGF2BP2 resulted in re-downregulation of NOTCH1
(Supplementary Fig. 6D) and alleviated the pro-proliferative
function of NOTCH1 overexpression to a certain degree (Supple-
mentary Fig. 6E). Taken together, these findings strongly indicate
that IGF2BP2 directly bound NOTCH1 mRNA and promoted
NOTCH1 expression to regulate the survival of T-ALL cells.

IGF2BP2 regulates NOTCH1 mRNA stability through m°A
modification

To further explore the underlying mechanism of IGF2BP2-
mediated NOTCH1 expression, we assessed whether IGF2BP2
interacts with NOTCH1 as an N6-methyadeninosine (m°®A) reader.
We performed m°A sequencing in control and METTL3-
knockdown cells. As shown in Fig. 4A, the m°A modifications
were accumulated across the NOTCH1 transcript, and the m°A
peaks coincided well with the IGF2BP2-binding sites identified by
iRIP-sequence (yellow box). Notably, the m°A modifications
decreased remarkably upon METTL3 knockdown (Fig. 4A). More-
over, endogenous IGF2BP2 strongly bound the ‘GGAU/G/A/C
consensus sequence containing the ‘GGAC’ m®A modification core
motif (Supplementary Fig. 7A). Then, m®A RNA-real-time gqPCR
with an m°A antibody, RIP-qPCR with an IGF2BP2 antibody and
gene-specific m®A pull down assay were performed. We measured
the m°®A levels of NOTCH1 by m°®A RIP-gPCR in Jurkat cells
showing that m®A modified the mRNA of NOTCH1 (Fig. 4B).
Similarly, knockdown of METTL3 also reduced the NOTCH1 protein
level (Supplementary Fig. 7B). Notably, our data showed that the
binding activity between IGF2BP2 and the NOTCH1 mRNA
fragment was significantly reduced after METTL3 downregulation
by lentivirus (Supplementary Fig. 7C). IGF2BP2 can enhance mRNA
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Fig.2 IGF2BP2 promotes cell survival and impairs chemotherapy sensitivity in T-ALL. A Proliferation of Jurkat cells (silGF2BP2 or siNC) and
Molt4 cells (silGF2BP2 or siNC) was assessed by CCK8 assays, and proliferation rates at 0, 12, 24, 48, 72 and 96 h were normalized to the
absorbance at 0 h. B Apoptosis analysis of Jurkat cells (silGF2BP2 or siNC) after 24 h treatment with Ara-C, VCR and venetoclax were measured
by flow cytometry. Percentages were representative of cell apoptosis from three replicate experiments. C Proliferation of Jurkat cells
(0elGF2BP2 or NC) and Molt4 cells (0elGF2BP2 or NC) were assessed by CCK8 assays, and proliferation rates at 0, 12, 24, 48, 72 and 96 h were
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venetoclax were measured by flow cytometry. Percentages were representative of cell apoptosis from three replicate experiments. Data are
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stability and translation which are recognized by RNA N6-
methyladenosine [24]. The RNA decay assessment revealed that
NOCTH1 mRNA decayed faster in the IGF2BP2-downregulated
cells than in the control cells (Supplementary Fig. 7D), suggesting
that IGF2BP2 could increase NOCTHT mRNA stability. Through an
analysis of the overlap in the binding peaks of m®A-seq and iRIP-
seq data, we designed methylated single-stranded RNA bait (ss-
m°CA) or unmethylated control RNA (ss-A) for RNA pull-down.
Consistent with previous results, the RNA pull-down assay
confirmed that the IGF2BP2 protein preferentially bound the
methylated bait rather than the unmethylated control (ss-A) of
NOTCH1 (Fig. 4C). Taken together, these findings collectively
supported that IGF2BP2 served as an m°A reader to increase
NOTCH1 stability in the processing of methylation.

Leukemia (2022) 36:2180-2188

Knockdown of IGF2BP2 significantly decreases the leukemia

burden in human T-ALL xenografts

To assess the role of IGF2BP2 in leukemogenesis, we established
IGF2BP2 knockdown and control Jurkat cell lines, using LCV-2m
IGF2BP2-KD virus or LCV-2m control virus packaged by the Pkat/
VSVG system and transplanted these cells into immunocompro-
mised M-NSG mice (Supplementary Fig. 8A). The IGF2BP2 suppres-
sion in Jurkat cells was verified by a western blot analysis
(Supplementary Fig. 8B). We regularly monitored the mice
leukemia progression, and leukemia burden was evaluated by
assessing the degree of organomegaly and T-ALL cell infiltration.
Two weeks later emaciation and tetraplegia, which are indications
of disease onset and progression were observed in the two
groups. In contrast, the IGF2BP2 suppression significantly

SPRINGER NATURE
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improved the animal survival rates and prolonged the lifespan of
the mice, showing that IGF2BP2 was associated with T-ALL
leukemogenesis (Fig. 5A). Consistently, the mice bearing IGF2BP2-
deficient cells manifested ameliorated splenomegaly, more
reddish bones (Fig. 5B), and suppressed leukemia cell dissemina-
tion in the bone marrow and spleen (Supplementary Fig. 8C). The
flow cytometry staining confirmed that the IGF2BP2 deficiency
significantly decreased the human CD45" leukemia burden in the
bone marrow, spleen and peripheral blood (Fig. 5C & Supple-
mentary Fig. 8D). Overall, these findings demonstrated that
IGF2BP2 played a vital role in T-ALL initiation and progression.

Small-molecule inhibition of IGF2BP2 as a strategy against
T-ALL

To investigate the therapeutic potential of IGF2BP2 inhibition in T-
ALL, we attempted to develop a small molecular inhibitor of
IGF2BP2. Given that KH domains, especially the KH3-4 di-domain,
are critical for the binding of IGF2BP2 to m®A-modified RNAs [12],
we performed virtual high throughput-screening using a mole-
cular docking model with the three-dimensional structure of the
IGF2BP2 (PDB ID: 6ROL). We first screened approximately
300,000 small molecule compounds, and identified 22 hit
compounds that potentially bind IGF2BP2 KH3-4 domains
(Supplementary file 2). These hit compounds were subsequently
screened using an internal fluorescence quenching assay, which
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revealed real biophysical association between 4 hit compounds
and IGF2BP2 (Supplementary Fig. 9A).

We then evaluated the activity of these 4 hits in Jurkat cells
(shcontrol and shIGF2BP2) respectively and found that JX5 had
specific inhibitory effects on the proliferation of Jurkat shcontrol
cells (Fig. 6A and Supplementary Fig. 9D). JX5 adopted a compact
conformation to bind in the site of IGF2BP2 (Fig. 6A). The binding
site between JX5 and full-length IGF2BP2 was directly confirmed
with a Ky value of 93.2+3.9uM by the internal fluorescence
quenching measurement assay (Supplementary Fig. 9B, Q).
Compared to the mild inhibition of Jurkat cells proliferation and
survival due to the naive IGF2BP2 level, JX5 showed dramatic
cytotoxicity against Jurkat cells with IGF2BP2 overexpression,
whereas it had minor effects on Jurkat cells transduced with
IGF2BP2 shRNA (Fig. 6B, C). Consistent with the effect of IGF2BP2
knockdown, JX5 treatment also led to cell apoptosis in Jurkat cells
(Supplementary Fig. 9E). Intriguingly, JX5 had no effect on the
IGF2BP2 mRNA levels but significantly down regulated the
NOTCH1 expression (Supplementary Fig. 9F, G). The protein level
of NOTCH1 was also greatly reduced in Jurkat cells in the present
of JX5, whereas IGF2BP2 and METTL3 were no siegniﬁcant
difference (Supplementary Fig. 9H). Additionally, the m°A levels
of NOTCH1 was measured by m®A RIP-qPCR in JX5 treated Jurkat
cells showing that the NOTCHT mRNA was decreased (Supple-
mentary Fig. 9l). These data demonstrated that JX5 was a novel
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IGF2BP2 knockdown significantly decreases leukemia burden in the human T-ALL xenograft. A Kaplan-Meier survival curves of

Jurkat xenografts in each group as indicated (n = 7 for each group). Survival of KD or LCV2 mice (orange and green lines) are compared with p
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mice were plotted and shown on the right. Data are mean £ SD values. *P < 0.05; **P < 0.01; ***P < 0.001.

inhibitor of IGF2BP2, which could suppress the T-ALL cells
proliferation via downregulation of NOTCH1 expression.
Following the positive evidence for pharmacological inhibition
of IGF2BP2 in vitro, we performed in vivo studies using T-ALL
xenografts. Initially, the six-week-old male M-NSG mice were
irradiated at 1 Gy before tail vein injection of 5x 10° Jurkat cells.
One week later, daily treatment with vehicle or JX5 (1 mg/kg or
2mg/kg) by intraperitoneal injection (Supplementary Fig. 10A).
Leukemia burden was evaluated by assessing the degree of
organomegaly and T-ALL cell infiltration. Similarly, we monitored
the mice body weight, pellets, and the structures of small
intestine, colon and stomach to evaluate the compound’s
gastrointestinal toxicity. Notably, two mice from the vehicle group
died on day 16 and day18, respectively, and then all remaining
were euthanized. The anti-leukemic effect was confirmed by the
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reduction of human CD45" cells in the bone marrow and spleen
following treatment (Supplementary Fig. 10C, D). Consistently, the
mice treated with JX5 manifested ameliorated splenomegaly
(Supplementary Fig. 10B). Additionally, JX5 has no overt toxicity or
effect on mouse body weight and gastrointestinal system
(Supplementary Fig. 10E-H). In summary, the pharmacological
inhibition of JX5 in vivo impaired T-ALL expansion, and had no
lasting effect on gastrointestinal system.

DISCUSSION

IGF2BP2 has been implicated in a wide range of cancer types. In
triple-negative breast cancer, high IGF2BP2 expression is asso-
ciated with cancer cell migration and invasion and promotes the
stability of MYC mRNA [25]. In colorectal cancer, IGF2BP2 regulates
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cancer cells glycolysis by controlling hexokinase and glucose
transporter 1 expression [26]. In the present study, we showed
that IGF2BP2 was aberrantly upregulated in a subset of human
T-ALL and contributed to the survival of T-ALL. This notable role of
IGF2BP2 attributes to stabilization of NOTCH1 in an m°A
dependent way, bringing a new layer to the critical function of
mCA modification in the pathology of T-cell leukemogenesis.

Despite the emerging understanding of the role of m°A
modifications in various cancer types [27], the underlying function
and mechanism in T-ALL are poorly explored. Here, we prove that
the m®A modification is required for the binding of IGF2BP2 to its
target NOTCH1 to promote T-ALL cells against chemoresistance.
However, recent study demonstrated that downregulation of the
demethylase ALKBH5 ameliorates T-ALL chemoresistance by
stabilizing ubiquitin-specific protease 1 [28]. This paradoxical
phenomenon of m®A modification function also occurs in other
systems; for example, the siRNA knockdown of METTL3 in mouse
bone marrow derived macrophages (BMDMs) reduces proinflam-
matory cytokine production [29], while the loss of IGF2BP2 result
in an enhanced proinflammatory phenotype in mouse BMDMs
[17]. In addition, different readers can play opposite roles in the
same cancer; IGF2BP1 is an important protumorigenic factor in
pancreatic cancer [30], nevertheless, YTHDF2 is poor expressed in
liver cancer and inhibits cancer cells proliferation and growth [31].
Hence, more studies are needed to discover these divergent roles
of m®A modifications in T-ALL.

SPRINGER NATURE

Mutated NOTCH1 plays a significant role in the onset and
development of T-ALL. Many small compounds in the NOTCH1
pathway have been investigated as a targeted therapy for T-ALL
[32]. As y-secretase leads to the release of the intracellular domain
of Notch1 (ICN1) and inhibition of y-secretase is able to induce G0/
G1 cell cycle arrest and inhibit T-ALL proliferation, plenty of GSls
were put into clinical trials, but failed because of gastrointestinal
toxicity and limited anti-leukemia effects [33]. Besides targeting y-
secretase, drugs, that target other NOTCH1 signaling genes have
shown efficiency against T-ALL in animal experiments [34, 35]. Due
to these potential effects of targeted therapy on the
NOTCH1 signaling pathway in T-ALL but none of agents currently
applied in clinical practice, we present the characterization of JX5,
which could inhibit the binding of IGF2BP2 with NOTCH1 to
deactivate NOTCHT1 signaling in T-ALL. Though low dosage of JX5
(25 uM) showed the potential therapeutic effect of inhibition in
T-ALL similar to that of IGF2BP2 interference (Fig. 6C), it only
reduced half of T-ALL cells viability after 4 days treatment, which
might provide a slight possibility of surviving T-ALL to evolve into
an IGF2BP2-resistant phenotype. To prevent the recurrence of T-
ALL, it is expected that further investigation of the combination
JX5 with other reagents or therapies could essentially benefit
T-ALL patients. However, it is noted that IGF2BP2 interference or
JX5 treatment induced apoptosis of human T-ALL cell lines
(Supplementary Figs. 4C and 9E), while most GSls inhibit cells
proliferation mainly by arresting cell cycle [33]; additionally, JX5
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treatment also affected the NOTCH1 independent T-ALL cell lines
LOUCY viability slightly (Supplementary Fig. 9J), implying that
inhibiting IGF2BP2 have some non-NOTCH1 effects. Indeed,
IGF2BP2 can promote the expression of ErbB2 to repress colon
cancer cells apoptosis [36]. Considering that IGF2BP2 is involved in
m°A modification and this RNA modification influences various
cellular activities in cancers [37], further investigations are needed
to understand the off-target effects and toxicity of JX5.

CONCLUSION

Taken together, we propose a model in which high IGF2BP2
expression maintains and increases the growth of transformed T-ALL
cells via the stabilization of T-ALL oncogene NOTCH1. Based on our
results and public data, we developed the active IGF2BP2 inhibitor
JX5, which effectively suppressed the activation of NOTCH1 and the
growth of T-ALL. Thus, JX5 might be beneficial for T-ALL patients.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request. Gene Expression Omnibus: newly generated. iRIP-
Sequence and MeRIP-Sequence raw data were deposited under accession number
GSE205503 and GSE207323.

REFERENCES

1. Belver L, Ferrando A. The genetics and mechanisms of T cell acute lymphoblastic
leukaemia. Nat Rev Cancer. 2016;16:494-507.

2. Stock W, Johnson JL, Stone RM, Kolitz JE, Powell BL, Wetzler M, et al. Dose
intensification of daunorubicin and cytarabine during treatment of adult acute
lymphoblastic leukemia: results of Cancer and Leukemia Group B Study 19802.
Cancer. 2013;119:90-8.

3. Weng AP, Ferrando AA, Lee W, Morris JPT, Silverman LB, Sanchez-Irizarry C, et al.
Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia.
Science. 2004;306:269-71.

4. Radtke F, Wilson A, Stark G, Bauer M, van Meerwijk J, MacDonald HR, et al.
Deficient T cell fate specification in mice with an induced inactivation of Notch1.
Immunity. 1999;10:547-58.

5. Weng AP, Millholland JM, Yashiro-Ohtani Y, Arcangeli ML, Lau A, Wai C, et al.
c-Myc is an important direct target of Notch1 in T-cell acute lymphoblastic leu-
kemia/lymphoma. Genes Dev. 2006;20:2096-109.

6. Takebe N, Nguyen D, Yang SX. Targeting notch signaling pathway in cancer:
clinical development advances and challenges. Pharm Ther. 2014;141:140-9.

7. Zhao BS, Roundtree IA, He C. Post-transcriptional gene regulation by mRNA
modifications. Nat Rev Mol Cell Biol. 2017;18:31-42.

8. Zheng HX, Zhang XS, Sui N. Advances in the profiling of N(6)-methyladenosine
(m(6)A) modifications. Biotechnol Adv. 2020;45:107656.

9. Dai N, Rapley J, Angel M, Yanik MF, Blower MD, Avruch J. mTOR phosphorylates
IMP2 to promote IGF2 mRNA translation by internal ribosomal entry. Genes Dev.
2011;25:1159-72.

10. Valverde R, Edwards L, Regan L. Structure and function of KH domains. FEBS J.
2008;275:2712-26.

11. Nielsen J, Kristensen MA, Willemoes M, Nielsen FC, Christiansen J. Sequential
dimerization of human zipcode-binding protein IMP1 on RNA: a cooperative
mechanism providing RNP stability. Nucleic Acids Res. 2004;32:4368-76.

12. Huang H, Weng H, Sun W, Qin X, Shi H, Wu H, et al. Recognition of RNA N(6)-
methyladenosine by IGF2BP proteins enhances mRNA stability and translation.
Nat Cell Biol. 2018;20:285-95.

13. Yankova E, Aspris D, Tzelepis K. The N6-methyladenosine RNA modification in
acute myeloid leukemia. Curr Opin Hematol. 2021;28:80-5.

14. Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate
alignment of transcriptomes in the presence of insertions, deletions and gene
fusions. Genome Biol. 2013;14:R36.

15. Xia H, Chen D, Wu Q, Wu G, Zhou Y, Zhang Y, et al. CELF1 preferentially binds to
exon-intron boundary and regulates alternative splicing in HelLa cells. Biochim
Biophys Acta Gene Regul Mech. 2017;1860:911-21.

16. Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, et al. Simple combina-
tions of lineage-determining transcription factors prime cis-regulatory elements
required for macrophage and B cell identities. Mol Cell. 2010;38:576-89.

17. Wang X, Ji Y, Feng P, Liu R, Li G, Zheng J, et al. The m6A reader IGF2BP2 regulates
macrophage phenotypic activation and inflammatory diseases by stabilizing
TSC1 and PPARgamma. Adv Sci (Weinh). 2021;8:2100209.

Leukemia (2022) 36:2180-2188

P. Feng et al.

18. Qiu J, Zhao B, Zhong W, Shen Y, Lin H. Synthesis, biological evaluation and
modeling studies of terphenyl topoisomerase llalpha inhibitors as anticancer
agents. Eur J Med Chem. 2015;94:427-35.

19. Sanner MF. Python: a programming language for software integration and
development. J Mol Graph Model. 1999;17:57-61.

20. Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, et al.
AutoDock4 and AutoDockTools4: Automated docking with selective receptor
flexibility. J Comput Chem. 2009;30:2785-91.

21. Su H, Hu J, Huang L, Yang Y, Thenoz M, Kuchmiy A, et al. SHQ1 regulation of RNA
splicing is required for T-lymphoblastic leukemia cell survival. Nat Commun.
2018;9:4281.

22. Fattizzo B, Rosa J, Giannotta JA, Baldini L, Fracchiolla NS. The physiopathology of
T- cell acute lymphoblastic leukemia: focus on molecular aspects. Front Oncol.
2020;10:273.

23. Sanchez-Martin M, Ferrando A. The NOTCH1-MYC highway toward T-cell acute
lymphoblastic leukemia. Blood. 2017;129:1124-33.

24. Wang J, Chen L, Qiang P. The role of IGF2BP2, an m6A reader gene, in human
metabolic diseases and cancers. Cancer Cell Int. 2021;21:99.

25. Li J, Gao X, Zhang Z, Lai Y, Lin X, Lin B, et al. CircCD44 plays oncogenic roles in
triple-negative breast cancer by modulating the miR-502-5p/KRAS and IGF2BP2/
Myc axes. Mol Cancer. 2021;20:138.

26. Shen C, Xuan B, Yan T, Ma Y, Xu P, Tian X, et al. m(6)A-dependent glycolysis
enhances colorectal cancer progression. Mol Cancer. 2020;19:72.

27. Wang T, Kong S, Tao M, Ju S. The potential role of RNA N6-methyladenosine in
cancer progression. Mol Cancer. 2020;19:88.

28. Gong H, Liu L, Cui L, Ma H, Shen L. ALKBH5-mediated m6A-demethylation of
USP1 regulated T-cell acute lymphoblastic leukemia cell glucocorticoid resistance
by Aurora B. Mol Carcinog. 2021;60:644-57.

29. LiuY, Liu Z, Tang H, Shen Y, Gong Z, Xie N, et al. The N(6)-methyladenosine (m(6)
A)-forming enzyme METTL3 facilitates M1 macrophage polarization through the
methylation of STAT1 mRNA. Am J Physiol Cell Physiol. 2019;317:C762-C75.

30. Wan BS, Cheng M, Zhang L. Insulin-like growth factor 2 mRNA-binding protein 1
promotes cell proliferation via activation of AKT and is directly targeted by
microRNA-494 in pancreatic cancer. World J Gastroenterol. 2019;25:6063-76.

31. Zhong L, Liao D, Zhang M, Zeng C, Li X, Zhang R, et al. YTHDF2 suppresses cell
proliferation and growth via destabilizing the EGFR mRNA in hepatocellular
carcinoma. Cancer Lett. 2019;442:252-61.

32. Ferrando A. Can one target T-cell ALL? Best Pr Res Clin Haematol. 2018;31:361-6.

33. Zheng R, Li M, Wang S, Liu Y. Advances of target therapy on NOTCH1 signaling
pathway in T-cell acute lymphoblastic leukemia. Exp Hematol Oncol. 2020;9:31.

34. Ma S, Xu J, Wang X, Wu QY, Cao J, Li ZY. et al. [Effect of ADAM10 inhibitor
GI254023X on proliferation and apoptosis of acute T-lymphoblastic leukemia
Jurkat cells in vitro and its possible mechanisms]. Zhongguo Shi Yan Xue Ye Xue
Za Zhi.2015;23:950-5.

35. Moellering RE, Cornejo M, Davis TN, Del Bianco C, Aster JC, Blacklow SC, et al.
Direct inhibition of the NOTCH transcription factor complex. Nature
2009;462:182-8.

36. Cui J, Tian J, Wang W, He T, Li X, Gu C, et al. IGF2BP2 promotes the progression
of colorectal cancer through a YAP-dependent mechanism. Cancer Sci.
2021;112:4087-99.

37. Liu J, Harada BT, He C. Regulation of Gene Expression by N(6)-methyladenosine in
Cancer. Trends Cell Biol. 2019;29:487-99.

ACKNOWLEDGEMENTS

We would like to acknowledge Prof. Yin-yuan Mo and Prof. Liu Yang for their kind
donate of IGF2BP2 plasmid, Prof. Hudan Liu for her technological support and ABLife
team for their helpful discussions. This work was supported by grants from the
Distinguished Taishan Scholars in Climbing Plan (tspd20210321), the National Natural
Science Foundation of China (31971061, 82070160, 82100176), the key Program of
Natural Science Foundation of Shandong Province (ZR2020KH016), the Natural
Science Foundation of Shandong Province (ZR2021LSWO012), the Clinical Practical
new Technology and Development Fund of Qilu Hospital, Shandong University
(2019-5) and the Independently Cultivate Innovative Teams of Jinan, Shandong
Province (2021GXRC050).

AUTHOR CONTRIBUTIONS

PF performed research, analyzed the data and wrote the manuscript; DC was
responsible for the design of the study, interpretation of data and writing of the
manuscript; XW, BL, YL, WL, JZ, and ZL performed research; YZ were responsible for
the Data set analysis, JY, BZ, JL, and CJ conceptualized the project and funded
the work.

SPRINGER NATURE



P. Feng et al.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41375-022-01651-9.

Correspondence and requests for materials should be addressed to Baobing Zhao,
Jingxin Li or Chunyan Ji.

Reprints and permission information is available at http://www.nature.com/
reprints

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

SPRINGER NATURE

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, 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://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Leukemia (2022) 36:2180-2188


https://doi.org/10.1038/s41375-022-01651-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Inhibition of the m6A reader IGF2BP2 as a strategy against T-nobreakcell acute lymphoblastic leukemia
	Introduction
	Materials and methods
	iRIP-seq library preparation and sequencing
	MeRIP-qPCR
	Molecular docking

	Results
	IGF2BP2 is highly expressed in T-nobreakALL
	IGF2BP2 promotes cell survival and impairs chemotherapy sensitivity in T-nobreakALL
	Transcriptome-wide iRIP-sequence assays identify potential targets of IGF2BP2 in T-nobreakALL
	IGF2BP2 regulates NOTCH1 mRNA stability through m6A modification
	Knockdown of IGF2BP2�significantly decreases the leukemia burden in human T-nobreakALL xenografts
	Small-molecule inhibition of IGF2BP2 as a strategy against T-nobreakALL

	Discussion
	Conclusion
	References
	Acknowledgements
	ACKNOWLEDGMENTS
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




