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drives the oncogenic potential of fusion genes in pediatric
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Abstract

Acute lymphoblastic leukemia (ALL), the most common type of pediatric leukemia, is frequently driven by fusion genes
generated by chromosomal rearrangements. Compared with wild-type genes, many oncogenic fusions show increased ex-
pression and sustained functional activity that drives tumorigenesis. However, the mechanisms by which chromosomal
rearrangements lead to functional enhancement remain largely elusive. In addition, although large-scale sequencing has
identified numerous fusion events, the functional significance of most remains unclear. Here, we demonstrate that enhanced
MRNA stability represents an important tumorigenic mechanism for oncogenic fusions, including classical PAX5 fusions.
Based on this mechanism, we characterize a novel oncogenic fusion, STK38-PXT1, which exhibits upregulated STK38 mRNA
levels and drives the development of ALL. Mechanistically, the increased mRNA stability results primarily from enhanced
N6-methyladenosine modification of oncogenic fusions, which is attributable to “gene truncation” (as in PAX5 fusions) and
“partner collaboration” (as in STK38-PXTT). Furthermore, the m6A reader IGF2BP3 is crucial for maintaining the high mRNA
stability of oncogenic fusions. We further propose venetoclax as an innovative and clinically available therapy for ALL driv-
en by these oncogenic fusions characterized by high mRNA stability. Our study not only highlights mRNA stabilization as a
crucial mechanism by which oncogenic fusions drive tumorigenesis, but also presents a promising therapeutic strategy for
patients with ALL.

Introduction

Acute lymphoblastic leukemia (ALL) is the most common
type of pediatric cancer and is a hematologic malignancy with
multiple subtypes.? Clinically, it is categorized into genetically
distinct subgroups mainly based on chromosomal rearrange-
ment-induced specific gene fusions, such as ETV6-RUNXI,
PAX5 fusions, and so on.? Currently, chemotherapy is still used
as the standard therapy, which poses significant long-term
toxic risks such as cardiotoxicity.* While BCR-ABL1-targeted
therapy exemplifies the success of fusion-driven treatment,®®
most ALL fusions lack effective targeted strategies. Elucidat-
ing the mechanism by which chromosome rearrangements
lead to abnormal function of wild-type genes will help to
put forward new targeted strategies.

The current focus of fusion research primarily lies in in-
dividual studies of each fusion,™ leading to a lack of
universality in research on carcinogenic mechanisms and
intervention strategies. We ponder whether it is feasible
to uncover a relatively universal oncogenic mechanism for
fusions, which could potentially serve as a foundation for
developing a generalized therapeutic strategy for interven-
ing in different fusions. Meanwhile, although large-scale
sequencing reveals many uncharacterized fusions in ALL,"
their clinical relevance remains unclear. It is urgent to rap-
idly identify oncogenic fusions from complex events. Thus,
we also wonder whether the identification of oncogenic
fusions can be achieved based on this framework.

Protein function is precisely regulated at multiple levels,
including transcription, post-transcriptional, translation,
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and post-translational regulation. Compared to wild-type
genes, various oncofusions exhibit continuously enhanced
function to drive tumorigenesis. Several mechanisms have
been suggested to account for the functional enhancement
of oncogenic fusions. First, fusions such as P2RY8-CRLF2
can significantly activate transcription through promoter
exchange, where the 5’ untranslated region of P2RY8 trig-
gers the obvious transcriptional upregulation of CRLF2.?
Second, fusion proteins such as MLL-AF9 are more stable
than wild-type proteins due to the loss of post-transla-
tional ubiquitination.” Third, kinase fusions such as ABL,
ALK and RET fusions exhibit sustained kinase activation
by dimerization.® However, the underlying mechanism by
which chromosomal rearrangements lead to functional
enhancement still remains largely elusive. So far, the regu-
latory mechanisms of fusion proteins in post-transcriptional
regulation, such as mRNA stability, have not been reported.
The N6-methyladenosine (m6A) modification plays a pivotal
role in modulating mRNA stability;™ abnormal alterations in
m6A methylation and its modulators (writers, erasers and
readers) have been reported to be closely associated with
cancer.®'” However, it remains completely unknown whether
m6A modification regulates the mRNA stability of fusions,
thereby participating in the tumorigenicity of oncofusions.
In addition, the molecular events such as mRNA degrada-
tion and stabilization that occur through m6A modification
rely on m6A readers.”® Among them, YTH domain-contain-
ing proteins generally destabilize m6A-containing mR-
NA, whereas m6A-containing mRNA can be stabilized by
other m6A reader proteins such as IGF2BP.*2° Based on
these, we suspect that the mRNA stability regulated by the
m6A modification would be a potential critical oncogenic
mechanism for fusions, and m6A readers, especially those
that can stabilize oncogenic fusions, may hold promise as
therapeutic targets in cancer.

In this study, we propose a model for the first time sug-
gesting that chromosomal rearrangements enhance mRNA
stability of fusions to drive leukemogenesis, and identify a
novel oncogenic fusion STK38-PXT1. Mechanistically, mRNA
stability of oncofusions, including classical PAX5 fusions
and the new STK38-PXT1, increases due to enhanced m6A
modification, mainly driven by gene truncation and partner
collaborations. Furthermore, we propose venetoclax as a
promising drug for the treatment of patients with onco-
fusion-driven ALL.

Methods

Fusions and gene expression of acute lymphoblastic
leukemia samples

The fusion information and gene expression of 679 samples
in TARGET ALL were supplied by the Therapeutically Appli-
cable Research to Generate Effective Treatments (TARGET)
portal (https:/ocg.cancer.gov/programs/target). The fusion
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information and gene expression of 172 samples in our
ALL cohort were obtained from the Children’s Hospital of
Zhejiang University School of Medicine (CNpALL).

mRNA expression analysis of partner genes in patients
with fusions

Fusions were first separated into left (L) and right (R) part-
ners. Then the log (FC) and -log, (P_val) values were calcu-
lated by the different level of expression between patients
harboring or not certain fusions using the R packages dplyr
and tidyverse (code: https:/github.com/bingshaowei/ALL).

Animal studies

Four- to six-week-old female nude mice were purchased
from Ziyuan@, China. BaF3 cells were transduced with
PMSCV, STK38(WT) or STK38-PXT1 lentivirus. Then, BaF3
cells (1x10°8 cells) were injected subcutaneously into the
nude mice. The tumor formation rate was recorded daily.
Tumors were monitored for 150 days before polymerase
chain reaction (PCR)/Sanger sequencing validation. Female
NSG mice (4-6 weeks old) were purchased from Nanfang
Model Animal Center (China). A total of 6x10° transduced
BaF3 cells were injected via the tail vein into the NSG mice.
Peripheral blood was collected 45 days after transplanta-
tion, and the percentage of mouse CD19-positive (mCD19%)
cells was analyzed by flow cytometry, and overall survival
was recorded. For treatment studies, venetoclax (100 mg/
kg) was administered once daily by oral gavage.

Methylated RNA immunoprecipitation and quantitative
polymerase chain reaction procedure

The target gene was transfected into HEK293T or BaF3 cells,
and mRNA was extracted for m6A-IP using an m6A-specif-
ic antibody. The immunoprecipitation mixture, containing
magnetic beads, RNase inhibitor, mRNA, IP buffer, and
antibody, was incubated at 4°C for 4 hours, washed, and
eluted. The purified mRNA was then quantified by quanti-
tative polymerase chain reaction (QPCR) using the primers
listed in Online Supplementary Table S1.

Drug screening of Food and Drug Administration-
approved antitumor drugs in the BaF3 cells

PAX5-ETV6 and STK38-PXT1 BaF3 cells were treated with
Food and Drug Administration (FDA)-approved drugs at
clinical concentrations for 72 hours, with viability measured
by CellTiter-Glo 2.0 (Promega, Beijing, China).

Statistical analysis and reproducibility

All the data are presented as the mean * standard deviation.
The statistical significance of differences between groups
was determined by unpaired two-tailed Student t test
analysis, one-way analysis of variance (ANOVA) with Tukey
tests or two-way ANOVA. P values >0.05 are considered not
statistically significant; other P values are denoted as follows
*P<0.05, **P<0.01, ***P<0.001, #¥P<0.05, #P<0.01, ##P<0.001.
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Ethical approval

Written informed consent from patients and approval from
the Institutional Research Ethics Committee of the hospital
were obtained before the use of these clinical materials
for research purposes. The Animal Research Committee
at Zhejiang University approved all animal studies and
animal care was provided in accordance with institution-
al guidelines. All methods were performed in accordance
with relevant guidelines and regulations, including the
Declaration of Helsinki.

Additional methods
Further details of the methods are provided in the Online
Supplementary Methods.

Results

Chromosome rearrangement-enhanced mRNA stability
contributes to the carcinogenic activity of classical
oncofusion genes

We introduced two ALL RNA-sequencing datasets: the
TARGET ALL database (679 samples from cases of high-risk
B-cell ALL/acute leukemia of ambiguous lineage) and our
CNpALL cohort from China Children’s Hospital (172 pedi-
atric B-cell ALL patients) (Figure 1A). We identified a total
of 1,318 fusions (29 classical and 1,289 unknown fusions)
in TARGET ALL and CNpALL (Figure 1B). The frequency of
classical fusions was different between the TARGET ALL
database and our ALL cohort which may be due to differ-
ences in patient population coverage, as the TARGET ALL
did not encompass the entire spectrum of ALL samples
(Figure 1C). The fusion characteristics of our ALL cohort are
consistent with those of the reported primary ALL sample
set." We then compared the mRNA levels of partner genes
in samples carrying oncofusions with those in all samples
to evaluate the potential role of mRNA regulation in fusions.
As shown in Figure 1D, among 29 classical fusions, the
obvious mMRNA level upregulation of the partner gene was
found in 25 classical fusions, including eight fusions with
upregulation of both left and right partner genes (Cluster
1), three fusions with only left partner genes upregulated
(Cluster I1), and 14 fusions with only right partner genes
upregulated (Cluster IlI). Among them, the high expression
of P2RY8 in P2RY8-IGH was reported in the literature,?
and the high expression of CRLF2 in P2RY8-CRLF2 result-
ed from promoter exchange.” These results suggest that
MRNA upregulation may be an important regulator of the
oncogenicity of gene fusions.

Next, we further analyzed the expression of L and R genes in
patients without the corresponding fusion. Results showed
that the upregulation of partner R in classical fusions was
highly positively correlated with the L/R ratio (R?>=0.6705),
whereas that of partner L was not (R?=0.0545) (Figure 1E).
These results demonstrate that the mRNA upregulation of
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partner R in classical fusions is primarily a consequence of
promoter exchange, whereas the increased mRNA level of
partner L may be attributed to alternative regulatory mech-
anisms. Numerous studies have highlighted the crucial role
of mMRNA stability in the regulation of gene mRNA levels.??
We then used actinomycin D to inhibit mRNA synthesis
and determined the mRNA degradation rate of fusions. As
shown in Figure 1F and Online Supplementary Figure S1A, the
MRNA half-life of PAX5-ETV6 was significantly longer than
that of PAX5(WT) both in pro-B BaF3 and HEK293T cells.
Similarly, another classical fusion in Cluster | (TCF3-PBX7)
also exhibited a markedly longer mRNA half-life compared
with that of TCF3(WT) (Figure 1G). These results indicate
that the enhanced mRNA stability may contribute to the
increased partner L expression of classical fusions, thereby
improving the carcinogenic activity of oncofusions.

A novel STK38-PXT1 oncofusion is identified in acute
lymphoblastic leukemia based on mRNA upregulation
Besides classical oncogenic fusions, we also identified var-
ious functionally unknown fusions (Figure 1B). It is worth
noting that among patients with fusions, 67.37% and 43.02%
of patients had unknown fusions in TARGET and CNpALL,
which were mutually exclusive with classical oncogenic
drivers. We, therefore, also calculated the fold change in
MRNA levels of partner genes in unknown fusion-carrying
samples compared to no corresponding fusion-carrying
samples. As shown in Figure 2A, B, among the 1,318 fusion
genes, left partner genes (partner L) of 131 fusions and right
partner genes (partner R) of 168 fusions showed enhanced
MRNA levels, whereas there was only one fusion with de-
creased mRNA levels of a partner gene. Among them, 43
fusions (Cluster I) showed mRNA upregulation of both left
and right partner genes, 88 fusions (Cluster II) exhibited
only enhanced mRNA levels of left partner genes, and 125
fusions (Cluster IIl) displayed only increased mRNA levels
of right partner genes (Figure 2C, Online Supplementary
Figure S2).

Since chromosome rearrangement-enhanced mRNA sta-
bility may contribute to carcinogenic activity of fusions, we
speculated that we could search for novel oncogenic fusions
based on the phenomenon of increased mRNA stability.
Based on the possibility that mRNA upregulation of partner
L in fusions may result from mRNA stability regulation, we
first analyzed the unknown fusions with increased mRNA
levels of partner L. As shown in Figure 2D, with the anno-
tations about whether the fusion was detected in other
databases, including ChimerSeq, TCGA_StarF2019, Mitel-
man, ChimerKB, ChimerPub and so on, we listed the top ten
recurrent fusions. Notably, increased mRNA level of STK38
was found in ALL compared with normal bone marrow, and
it was further enhanced in patients with unknown fusion
STK38-PXT1 (Figure 3A). STK38 kinase, which functions in
DNA damage repair, cell cycle and apoptosis, is reported
to be closely associated with the development of tumors.??
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Figure 1. Chromosome rearrangement-enhanced mRNA stability contributes to carcinogenic activity of classical oncofusion genes.
(A) Schematic diagram of the sample information, fusion identification and analysis process. (B) The fusion information from 679 acute
lymphoblastic leukemia (ALL) samples in the TARGET ALL (Therapeutically Applicable Research to Generate Effective Treatments)
database and 172 primary samples from a clinical pediatric leukemia sample cohort at the Children’s Hospital of Zhejiang University
School of Medicine (CNpALL). The fusion genes in samples were identified by STAR-Fusion based on whole-transcriptome sequencing.
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(C) Difference in the frequency of classical oncofusions between the TARGET ALL database and our Chinese CNpALL cohort. (D) The
MRNA expression of partner genes (partner L and R) in patients with classical fusions and without the corresponding oncofusion. Red:
Cluster I, fusions with mRNA upregulation of both L and R partner genes. Yellow: Cluster IlI, fusions with only enhanced mRNA levels
of L partner genes. Blue: Cluster lll, fusions with only increased mRNA levels of R partner genes. Gray: Cluster |V, fusions without in-
creased mRNA levels of L or R partner genes. (E) The correlation analysis between partner mRNA upregulation in fusions and the
expression of wild-type (WT) gene. The fold change (FC) (fusion/no fusion) was calculated by comparing the mRNA level of the partner
gene in samples with fusion and that in other samples. The FC(Gene L/R) was calculated by comparing the mRNA levels of the part-
ner genes in samples without fusions. (F) The mRNA half-life (t,,) of PAX5(WT) and PAX5-ETV6. Genes were overexpressed in BaF3
cells, and mRNA synthesis was inhibited with actinomycin D (5 ug/mL). Samples were collected to extract mRNA at the indicated
times after treatment with actinomycin. The t, , was calculated by simple linear regression. (G) The mRNA t, , of TCF3(WT) and TCF3-
PBX1. (F, G) Data are represented as mean * standard deviation (N=3). The significance analysis was conducted by two-way analysis
of variance. *P<0.05, **P<0.01 vs. indicated. NS: not statistically significant; B-ALL: B-cell acute lymphoblastic leukemia; ALAL: acute
leukemia of ambiguous lineage; FPKM: fragments per kilobase of transcript per million mapped reads.
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Figure 2. The prediction of potential oncofusions based on increased mRNA level of left partner genes. (A, B) mRNA level analy-
sis of partner genes in acute lymphoblastic leukemia with classical and unknown fusions. The fold change (FC) was calculated
by comparing the mRNA level of partner genes in samples with fusions and that in other samples without the corresponding
fusion. The P value (P_val) was calculated by a two-tailed unpaired Student t test between samples with fusions and all samples.
(A) The mRNA expression of left (L) partner genes in patients with fusions. (B) The mRNA expression of right (R) partner genes in
patients with fusions. (C) The 256 fusions with significant mRNA regulation of partner genes. Red: Cluster I, fusions with mRNA
upregulation of both L and R partner genes. Yellow: Cluster II, fusions with only enhanced mRNA levels of L partner genes. Blue:
Cluster I, fusions with only increased mRNA levels of R partner genes. (D) The top ten recurrent unknown fusions with increased
MRNA level of L partner genes. The recurrent fusions were identified through database comparison, including ChimerSeq, TC-
GA_StarF2019, Mitelman, ChimerKB, ChimerDB_PubMed, ChimerPub and other databases.

Moreover, we found the mRNA level of STK38 was highest
in ALL among 17 cancer types (Figure 3B). We, therefore,
wondered whether STK38-PXT1 could directly drive the
occurrence of ALL due to hyper-activation of STK38.

To verify this hypothesis, we first confirmed the presence
of the STK38-PXT1 fusion in the patient by reverse tran-
scriptase PCR (RT-PCR) analysis and Sanger sequencing
(Figure 3C). We then demonstrated that the mRNA half-life
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Figure 3. A novel STK38-PXT1 oncofusion identified in acute lymphoblastic leukemia based on mRNA upregulation. (A) The mR-
NA expression levels of the STK38 gene in three different sample groups. Normal BM: healthy bone marrow samples collected
by us; Other ALL: acute lymphoblastic leukemia samples without STK38-PXT1 in our clinical pediatric leukemia sample cohort
at the Children’s Hospital of Zhejiang University School of Medicine (CNpALL); STK38-PXT1: four samples specifically carrying the
STK38-PXT1 fusion in our CNpALL cohort. (B) The mRNA expression levels of the STK38 gene in different types of cancer cell lines
from the Cancer Cell Line Encyclopedia (CCLE) database. (C) Schematic diagrams of wild-type STK38 protein, wild-type PXT1
protein, and STK38-PXT1 fusion protein. (D) The mRNA half-life of STK38(WT) and STK38-PXT1 in BaF3 cells. Data are represent-
ed as mean * standard deviation (N=3). (E) Percentage of mCD19* cells in peripheral blood of NSG mice 45 days after intravenous
transplantation of BaF3 cells transduced with PMSCV control or STK38-PXT1 lentivirus (N=5). (F) Kaplan-Meier overall survival
curves of NSG mice transplanted with BaF3 cells expressing PMSCV control or STK38-PXT1 (N=5). (A, D-F) The significance anal-
ysis was conducted using one-way analysis of variance (ANOVA), two-way ANOVA, an unpaired Student t test, or log rank test,
*P<0.05; **P<0.01; ***P<0.001 vs. indicated. FPKM: fragments per kilobase of transcript per million mapped reads; BM: bone
marrow; ALL: acute lymphoblastic leukemia; AML: acute myeloid leukemia; MPN: myeloproliferative neoplasm; NHL: non-Hodgkin
lymphoma; HL: Hodgkin lymphoma; BLCA: bladder carcinoma; ATC: anaplastic thyroid cancer; COAD: colorectal adenocarcinoma;
ESCA: esophageal squamous cell carcinoma; ES: Ewing sarcoma; DG: diffuse glioma; UCEC: uterine corpus endometrial carci-
noma; LIHC: liver hepatocellular carcinoma; HNSC: head and neck squamous cell carcinoma; PRAD: prostate adenocarcinoma;
NSCLC: non-small cell lung cancer; LNT: lung neuroendocrine tumor; RCC: renal cell carcinoma.

of STK38-PXT1 was significantly longer than that of STK38(WT)
both in BaF3 and HEK293T cells (Figure 3D, Online Supple-
mentary Figure S1B). To further investigate the oncogenic
transformation activity of the STK38-PXT1 fusion, we sub-
cutaneously injected BaF3 cells transduced with vector-PM-
SCV virus, STK38(WT) and STK38-PXT1. As shown in Online
Supplementary Figure S2A, tumors were detected only in
nude mice injected with STK38-PXT1-overexpressing BaF3
cells, while no tumor was observed in mice injected with
STK38(WT) or PMSCV-transduced cells. Notably, we detect-
ed the presence of the STK38-PXT1 fusion in transplanted

tumors using RT-PCR analysis and Sanger sequencing (On-
line Supplementary Figure S2B). Furthermore, we designed
a bone marrow transplantation model to further examine
whether the STK38-PXT1 fusion can promote leukemogen-
esis. As shown in Figure 3E, the proportion of mCD19* cells
in peripheral blood was markedly higher in the STK38-PXT1
group than in the PMSCV control group. Meanwhile, mice in-
jected with STK38-PXT1-overexpressing BaF3 cells exhibited
significantly shortened survival (Figure 3F). Together, this is
the first identification of a novel fusion gene, STK38-PXT1,
which may drive oncogenic transformation in ALL.
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The STK38-PXT1 fusion drives leukemogenesis through
p-catenin signaling activation

To study the carcinogenic process of STK38-PXT1, we first
evaluated its effect on the proliferation and colony forma-
tion of ALL cell lines (NALM-6 and REH) as well as the pro-B
BaF3 cell line. Results showed that STK38-PXT1 obviously
promoted the proliferation and colony-forming capacity of
NALM-6 and REH cells (Figure 4A, B, Online Supplementary
Figure S3A, B). Additionally, STK38(WT) overexpression also
promoted cell proliferation. Combined with in vivo carcino-
genic transformation results, we suspect that STK38 kinase
itself may play a tumor-promoting effect in ALL, and the
STK38-PXT1 fusion can drive the leukemogenesis directly.
Next, we performed differential gene analyses in BaF3 cells
transfected with PMSCV, STK38(WT) and STK38-PXT1. As
shown in Figure 4C, compared with PMSCV, STK38-PXT1
and STK38(WT) commonly upregulated 1,321 genes and
downregulated 1,702 genes (Cluster II). STK38-PXT1 spe-
cifically upregulated 1,855 and downregulated 1,030 genes
(Cluster II1), while STK38(WT) specifically upregulated 1,715
and downregulated 1,207 genes (Cluster I). In Cluster Il, we
identified various proliferation-associated genes, which
may account for the ability of both STK38(WT) and STK38-
PXT1 to promote cell proliferation in vitro (Figure 4D, left).
We also observed a large number of genes specifically
upregulated only in STK38-PXT1 (Cluster Ill), which may
be key drivers of the oncogenicity of STK38-PXT1 (Figure
4D, right). Meanwhile, STK38-PXT1 obviously promoted
the proliferation and clonogenesis capacity of BaF3 cells,
while the kinase mutant STK38-PXT1(K118R) did not (Figure
4E, Online Supplementary Figure S4A, B). We, therefore,
analyzed the differentialpathway of-STK38-PXT1 and ST-
K38(WT) as well as their K118R mutants. As displayed in
Figure 4F, gene set variation analysis in hallmark pathways
demonstrated that various cancer-related pathways were
activated by STK38-PXT1, such as WNT_BETA_CATENIN_SIG-
NALING, NOTCH_ SIGNALING, and KRAS_ SIGNALING_UP,
but not by STK38-PXT1(K118R) indicating that the kinase
activity of STK38 may be associated with the tumorigenic
effects of the fusion. Furthermore, enrichment of WNT_BE-
TA_CATENIN_SIGNALING was also observed in STK38-PXT1
fusion-carrying leukemia samples compared with other
ALL samples (Figure 4G). We, therefore, suspected that
the STK38-PXT1 fusion might drive leukemogenesis by
activating Wnt-p-catenin signaling.

Given that phosphorylation of GSK3p at Ser9 facilitates the
transcriptional activation of f-catenin,* we assessed the
effect of STK38-PXT1 on GSK3p phosphorylation. Results
showed that the level of p-GSK3p (Ser9) was markedly in-
creased in STK38-PXT1-overexpressing cells compared to
STK38-overexpressing cells (Online Supplementary Figure
$4C), suggesting that the increased p-GSK3p (Ser9) might
contribute to the activation of B-catenin signaling in the
STK38-PXT1-positive ALL cells. To further investigate the
potential mechanism, we performed proteomic analyses
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to characterize the binding proteins of STK38-PXT1 versus
STK38(WT). The results showed that STK38-PXT1 exhibited
increased association with several proteins, with the top five
being RPS18, GNB2L1, RPS25, HNRNPD and AGL (Online Sup-
plementary Figure S4D, E). Among them, GNB2L1 (also known
as RACK1) is reported to bind and stabilize PKC,?>? which has
been reported to promote GSK3p phosphorylation at Ser9.%”
Based on this, we hypothesize that enhanced interactions
with proteins such as RACK1 may contribute to increased
GSK3p (Ser9) phosphorylation and activation of $-catenin
signaling during STK38-PXT1-induced leukemogenesis.

The mRNA stability upregulation of fusions is attributable
to enhanced m6A modification due to gene truncation
and partner collaboration

To further investigate the molecular mechanism underlying
the mRNA stability upregulation of fusions, we chose the
classical fusion PAX5-ETV6 and the newly identified fusion
STK38-PXT1 as the research subjects. Given that the gen-
eration of a fusion involves two steps, gene truncation due
to chromosomal breakage and partner collaboration due to
aberrant chromosomal recombination (Figure 5A), we first
determined the mRNA level of partner genes in fusions con-
taining left or right genes. For PAX5-ETV6, we analyzed the
MRNA level in the different fusion genes with PAX5 or ETV6
from a pan-cancer database (Online Supplementary Figure
S5A). Results showed that, as for PAX5-ETV6, the expres-
sion of PAX5 gene was significantly upregulated in all other
PAX5 fusions, whereas the level of ETV6 fusion partners was
unchanged (Figure 5B), indicating that the gene truncation
may contribute to the increased mRNA level in PAX5 fusions.
Meanwhile, no significant change of STK38 expression was
observed in other STK38 fusions, whereas the level of the
PXT1fusion partner was upregulated in different PXT1 fusions
(Figure 5C, Online Supplementary Figure S5B), suggesting
that the PXT1 partner may help to enhance the mRNA level
of partners such as STK38. To further investigate the role of
gene truncation and partner collaboration in the increased
MRNA stability of PAX5-ETV6 and STK38-PXT1 fusions, we
introduced PAX5(N) and STK38(N), which represent the
N-terminal fragments of PAX5 in the PAX5-ETV6 fusion and
STK38 in the STK38-PXT1 fusion, respectively. As shown in
Figure 5D and Online Supplementary Figure S5C, the mRNA
half-life of PAX5-ETV6 as well as PAX5(N) was significantly
longer than that of PAX5(WT) both in BaF3 and HEK293T
cells. For STK38-PXT1, the mRNA half-life of STK38-PXT1
was significantly longer than that of STK38(WT), while that
of STK38(N) was not (Figure 5E, Online Supplementary Figure
S5D). Collectively, these findings indicate that gene truncation
and partner collaboration may regulate the mRNA stability
of PAX5 fusion and STK38-PXT1.

Given that m6A modification is an important way to mod-
ulate mRNA stability, we compared the m6A modification
level of the fusion gene and the truncated gene by methyl-
ated RNA immunoprecipitation (MeRIP) assay (Online Sup-
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Figure 4. The STK38-PXT1 fusion drives leukemogenesis through p-catenin signaling activation. (A) Proliferation curve of NALM-6
cells overexpressing STK38-PXT1 and STK38(WT). (B) The colony-forming ability of NALM-6 cells overexpressing STK38(WT), and
STK38-PXT1. (C, D) Venn diagram (C) and heatmap (D) of differential gene analysis between STK38-PXT1 and STK38(WT). The dif-
ferential gene analysis was performed by comparing the gene expression profiles in BaF3 cells transfected with STK38-PXT1 and
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were transfected with lentivirus PMSCV, STK38(WT), STK38(K118R), STK38-PXT1, and STK38-PXT1(K118R). (F) Gene set variation
analysis hallmark enrichment across PMSCV, STK38(WT), STK38(K118R), STK38-PXT1, and STK38-PXT1(K118R). (G) Top: gene set
enrichment analysis (GSEA) hallmark enrichment between samples with STK38-PXT1 and other acute lymphoblastic leukemia
(ALL) samples in our CNpALL cohort. Bottom: GSEA plots depicting enrichment of Wnt-f-catenin signaling in the transcriptional
profiling of samples with STK38-PXT1 and other ALL samples in our ALL cohort. (A, B, E) Data are represented as mean * standard
deviation (N=3). The significance analysis was conducted using one-way or two-way analysis of variance. NS=P>0.05; *P<0.05;
**%*P<0.001 vs. PMSCV. WT: wild-type; FPKM: fragments per kilobase of transcript per million mapped reads; GSVA: gene set
variation analysis; CNpALL: clinical pediatric leukemia sample cohort at the Children’s Hospital of Zhejiang University School of
Medicine; NES: normalized enrichment score.
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plementary Figure S5E). The results showed that the m6A
modification level of PAX5-ETV6 and PAX5(N) was higher
than that of PAX5(WT) in BaF3 and HEK293T cells (Figure
6A, Online Supplementary Figure S5F). Meanwhile, the m6A
modification level of STK38-PXT7 was higher than that of
STK38(WT) and STK38(N) (Figure 6B, Online Supplementary
Figure S5G). These results were highly consistent with the
MRNA stability changes observed in PAX5-ETV6 and STK38-
PXT1. Thus, we further analyzed the potential m6A modi-
fication sites within PAX5-ETV6 and STK38-PXT1. We first

used the m6A prediction tool SRAMP to identify putative
methylation sites within both PAX5-ETV6 and STK38-PXT1
fusions, and then we generated point mutant constructs
at predicted adenines to find the potential m6A sites. For
PAX5-ETV6, predicted potential methylation sites were A43
and A48 in the PAX5 segment and A614, A843, A1322 and
A1437 in the ETV6 segment (Online Supplementary Table
S3). Given the comparable m6A levels between PAX5(WT)
and PAX5(N), we hypothesized that the functional m6A
sites may be located on the PAX5 segment. mRNA stabili-
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ty assays and MeRIP-gqPCR assay results showed that the
A48T mutation markedly reduced the half-life and m6A
enrichment of PAX5 transcripts, whereas the A43T muta-
tion did not have a no significant effect (Figure 6C, D). For
STK38-PXT1, predicted m6A sites were located exclusively
within the STK38 segment (A545, A565, A602, A662, AG81,
A689, A708 and A727) (Online Supplementary Table S4).
Based on SRAMP scores, we selected the top two sites to
evaluate. The results showed that both A727T and A708T
mutations significantly reduced mRNA stability and m6A
modification of STK38-PXT7 compared with the wild-type
STK38 (Figure 6E, F). Taken together, these results suggest
that enhanced m6A modification due to gene truncation
and partner collaboration may contribute to the enhanced
MRNA stability of fusions.

The m6A reader IGF2BP3 is responsible for maintaining
the high stability of fusion mRNA

The m6A modification level is regulated by m6A methyl-
transferases (writers) and demethylases (erasers), and its
regulation of mMRNA stability requires reader proteins.'® We
suspect that key m6A readers stabilizing oncofusions could
be promising therapeutic targets. Thus, we first analyzed
the expression of m6A modulators (writers, erasers and
readers) in ALL samples carrying PAX5 fusions and STK38-
PXT1 fusions. Interestingly, the m6A reader /IGF2BP3 was
specifically upregulated in both PAX5 fusion and STK38-
PXT1 fusion samples (Figure 7A, B, Online Supplementary
Figure S6A) and compared with other classical oncofusions,
patients carrying PAX5 fusions showed the highest level of
IGF2BP3 (Figure 7C). In addition, the /IGF2BP3 upregulation
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in KMT2A fusions is consistent with the literature.?® Fur-
thermore, shiIGF2BP3 reduced mRNA stability of PAX5(N)
and PAX5-ETV6 but not PAX5(WT) (Figure 7D), and the mRNA
half-life of STK38-PXT1 rather than STK38(WT) and STK38(N)
was markedly shortened by shIGF2BP3 (Figure 7E). These
results indicate that IGF2BP3 may be the crucial reader for
regulating the high mRNA stability of these fusions.

Next, to identify the potential therapeutic effect of I1G-
F2BP3 in ALL driven by fusions with high mRNA stability,
we investigated the effect of silencing IGF2BP3 in the pro-
liferation of PAX5-ETV6- and STK38-PXT1-overexpressing
BaF3 cells. As shown in Figure 7F, G, we found that com-
pared with PAX5(WT), shigf2bp3 (#1 and #2) had a stron-
ger inhibitory effect on cell proliferation on PAX5-ETV6
as well as PAX5(N). Similar to PAX5-ETV6, the inhibition
rate of shigf2bp3 in the STK38-PXT1-overexpressing BaF3
cells was higher than that in STK38(WT)-overexpressing
BaF3 cells, while this enhanced inhibitory effect was not
observed in STK38(WT)-overexpressing BaF3 cells (Figure
7H). These results suggest IGF2BP3 as a novel candidate
for therapeutic intervention for patients with ALL driven
by these fusions with stabilized mRNA.

Given that IGF2BP3 was elevated in PAX5 fusion and
STK38-PXT1-positive ALL (Online Supplementary Figure
S6A), we assessed whether other IGF2BP3 target genes
were upregulated. Although IGF2BP3 can stabilize c-MYC
in KMT2A-rearranged ALL,?”® c-MYC was not increased in
our fusion-positive cells (Online Supplementary Figure
S6B). Comparing upregulated genes in these patients with
IGF2BP3 RIP-sequencing data revealed 125 overlapping
candidates, including various cancer-related genes (Online
Supplementary Figure S6C, D), which may represent poten-
tial IGF2BP3 targets in this subset of ALL. Meanwhile, we
also explored potential mechanisms underlying /IGF2BP3
upregulation in these patients. We found that BRD4, a re-
ported transcriptional activator of IGF2BP3,*° was signifi-
cantly elevated in both fusion-positive subtypes (Online
Supplementary Figure S6E) and in IGF2BP3-high versus
IGF2BP3-low ALL samples (Online Supplementary Figure
S6F), suggesting that BRD4 upregulation may contribute
to IGF2BP3 overexpression in this context.

Venetoclax specifically inhibits mRNA high-stability
fusion-driven acute lymphoblastic leukemia

Based on the above finding that shIGF2BP3 could effectively
inhibit the cell proliferation-promoting ability of PAX5-
ETV6 and STK38-PXT1, targeting IGF2BP3 may be the ideal
strategy for treatment of these fusion-driven ALL. Due to
the lack of approved IGF2BP3 inhibitors, we next searched
for potential clinically accessible marketed drugs with
potential efficacy against PAX5-ETV6- or STK38-PXT1-re-
arranged ALL. First, we evaluated the inhibition rate of
102 FDA-approved antitumor drugs in the BaF3 cells that
overexpressed PAX5-ETV6 and STK38-PXT1. The results
showed that the inhibition rate of venetoclax in the PAX5-
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ETV6 group was 30.63% higher than that in the PAX5(WT)
group, ranking second among 102 antitumor drugs (Figure
8A). For STK38-PXT1, the inhibition rate of venetoclax in
the STK38-PXT1 cells was 48.78% higher than that in the
STK38(WT) group, ranking first among 102 antitumor drugs
(Figure 8B). Additionally, we also analyzed the drug-re-
sponse profiles according to /IGF2BP3 expression levels in
ALL cells, and found that venetoclax cytotoxicity was sig-
nificantly greater in /IGF2BP3-high cells (Figure 8C, Online
Supplementary Figure S7A, B). Thus, we hypothesized that
venetoclax may represent a potential therapeutic agent
for PAX5-ETV6- or STK38-PXT1-positive ALL.
Furthermore, we assessed the apoptosis-inducing effect
of venetoclax in PAX5-ETV6- and STK38-PXT1-overex-
pressing cells. The results showed that compared with
vector-PMSCV (22.54+1.30%) and PAX5(WT) (28.3717.52%),
the apoptosis rate of PAX5-ETV6 cells upon exposure to
venetoclax was further enhanced (70.85+3.45%) (Figure 8D,
Online Supplementary Figure S7C). Similarly, a higher rate
of venetoclax-induced apoptosis was observed in STK38-
PXT1 cells (57.34+£3.58%) than in STK38(WT) (28.79+£2.98%)
and vector-PMSCV (15.71£0.59%) cells (Figure 8E, Online
Supplementary Figure S7D). Consistently, dose-dependent
apoptosis induction by venetoclax was observed in both
PAX5-ETV6- and STK38-PXT1-overexpressing cells (Online
Supplementary Figure S7E). These results indicate that
venetoclax exhibited selective cellular activity-inhibitory
and apoptosis-inducing effects on BaF3 cells carrying
PAX5-ETV6 and STK38-PXT1.

To explore the underlying mechanism, we first assessed
the expression of BCL2 in BaF3 cells stably expressing
either PAX5-ETV6 or STK38-PXT1 fusion genes. The re-
sults showed that the expression of BCL2 as well as other
apoptotic players in cases carrying PAX5 fusions or STK38-
PXT1 was comparable to that in the remaining patients
(Online Supplementary Figure S8A, B). We then performed
gene set enrichment analysis comparing PAX5 fusion and
STK38-PXT1 fusion-positive versus fusion-negative cases.
We found that the OXIDATIVE_PHOSPHORYLATION (OX-
PHOS) pathway was significantly downregulated in both
PAX5-ETV6- and STK38-PXT1-positive samples (Figure
8F, G). This is noteworthy as previous studies have shown
that reduced OXPHOS activity is strongly associated with
heightened venetoclax sensitivity in AML.*-** Considering
all these findings together, we hypothesize that decreased
OXPHOS activity is a key vulnerability that contributes to
the enhanced venetoclax sensitivity observed in PAX5-
ETV6- or STK38-PXT1-expressing cells.

Finally, we evaluated the antileukemic activity of venetoclax
in vivo using NSG mouse xenograft models established by
intravenous engraftment of BaF3 cells expressing PAX5-
ETV6 or STK38-PXT1. The results showed that venetoclax
significantly suppressed the expansion of circulating mCD19*
cells in both leukemia models (Figure 8H) and significantly
prolonged the overall survival of leukemic mice (Figure 81),
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Figure 7. The m6A reader IGF2BP3 is responsible for maintaining the high stability of fusion mRNA. (A) The differentially expressed
genes of acute lymphoblastic leukemia (ALL) patients with PAX5 fusions. Compared with 657 ALL samples without PAX5 fusions,
the differential gene expression volcano plot of 22 ALL samples with a PAX5 fusion in the TARGET database. (B) The differentially
expressed genes of ALL patients with the STK38-PXT1 fusion. Compared with 168 ALL patients, the differential gene expression
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volcano plot of four patients with the STK38-PXT1 fusion in our ALL database. (C) The expression levels of /IGF2BP3 in ALL sam-
ples with different classical oncofusions. (D) The effect of shIGF2BP3 on the mRNA half-life of PAX5(WT), PAX5(N) and PAX5-ETVG6.

(E) The effect of shIGF2BP3 on the mRNA half-life of STK38(WT), STK38(N) and STK38-PXT1. (D, E) The mRNA half-life (t

1/2) was

detected by an actinomycin D experiment and calculated by simple linear regression. (F) The silencing effect of shigf2bp3 on
BaF3 cells. (G) The proliferation-inhibitory effect of shigf2bp3 on BaF3 cells overexpressing vector-PMSCV, PAX5(WT), PAX5(N)
and PAX5-ETV6. (H) The proliferation-inhibitory effect of shigf2bp3 on BaF3 cells overexpressing vector-PMSCV, STK38(WT), ST-
K38(N) and STK38-PXT1. (D-H) Data are represented as mean * standard deviation (N=3). The significance analysis was conduct-
ed using one-way or two-way analysis of variance. NS=P>0.05; *P<0.05; **P<0.01; ***P<0.001 vs. indicated.
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Figure 8. Venetoclax specifically inhibits mRNA high-stability fusion-driven acute lymphoblastic leukemia. (A) Selective sensi-
tivity of BaF3 cell lines overexpressing PAX5-ETV6 to antitumor drugs compared with the sensitivity of those expressing PAX5(WT).
(B) Selective sensitivity of BaF3 cell lines overexpressing STK38-PXT1 to antitumor drugs compared with the sensitivity of those
expressing STK38(WT). (A, B) Relative inhibition rate (%): the inhibition ratio of the indicated fusion gene group to the respective
wild-type. (C) Z-score, the mean sensitivity score, of 23 acute lymphoblastic leukemia (ALL) cell lines to venetoclax. IGF2BP3
Low: Z-score of nine cell lines with low levels of IGF2BP3 expression, marked in black; /IGF2BP3 High: Z-score of 14 cell lines with
high levels of IGF2BP3 expression, marked in red. (D) The apoptosis rate-induced by venetoclax in the BaF3 cells overexpressing
vector-PMSCV, PAX5(WT) and PAX5-ETV6. (E) The apoptosis rate induced by venetoclax in the BaF3 cells overexpressing vec-
tor-PMSCV, STK38(WT) and STK38-PXT1. (D, E) Apoptosis of cells induced by 2 uM venetoclax was investigated by flow cytometry
with annexin V — propidium iodide double staining. (F) Gene set enrichment analysis (GSEA) hallmark pathway overlap in PAX5
fusion and STK38-PXT1-positive ALL. Left: Venn diagram of significantly enriched hallmark gene sets in PAX5 fusion-positive
versus fusion-negative patients and in STK38-PXT1-positive versus fusion-negative patients. Right: shared hallmark pathways
uniquely enriched in both fusion-positive groups, displayed with normalized enrichment scores (NES) for each comparison;
color intensity reflects statistical significance (-log,, P value). (G) GSEA enrichment plots for the HALLMARK_OXIDATIVE_PHOS-
PHORYLATION pathway in PAX5 fusion-positive versus fusion-negative patients and STK38-PXT1-positive versus fusion-negative
patients. (H, ) /n vivo antileukemic activity of venetoclax in NSG mouse models of PAX5-ETV6- and STK38-PXT1-driven leukemia.
NSG mice were intravenously engrafted with BaF3 cells overexpressing PAX5-ETV6 or STK38-PXT1, and treated with venetoclax
(100 mg/kg/day by oral gavage) (N=5 per group). (H) Percentages of mCD19* cells in peripheral blood at day 45 after transplanta-
tion. (I) Kaplan-Meier curves for overall survival. (D, E) Data are represented as mean * standard deviation (N=3). (C-E, H, I) The
significance analysis was conducted using a two-tailed unpaired Student t test, two-way analysis of variance or log rank test.

NS=P>0.05; *P<0.05; ***P<0.001 vs. indicated; ¥P<0.05; ##P<0.01; ##P<0.001 vs. indicated.

confirming its potent in vivo efficacy. Collectively, these
results demonstrate that venetoclax exerts potent and
selective antileukemic activity against PAX5-ETV6- and
STK38-PXT1-driven ALL.

Discussion

Emerging evidence suggests that m6A methylation plays a
critical role in cancer through various mechanisms. Alter-
ations in m6A modification of various tumor-promoting genes
such as BRD4, MYC, SOCS2 and EGFR are important in cancer
pathogenesis and progression.® Here, we first report that
the m6A modification alteration is important for oncogenic
fusions. Both the well-established oncogenic fusion PAX5-
ETV6 and the novel oncofusion STK38-PXT7 show upregulated
MRNA stability compared with wild-type PAX5 and STK38.
Interestingly, we found that the increased mRNA stability
separately results from gene truncation and partner collab-
oration. It has been reported that exon architecture controls
MRNA m6A suppression through exon junction complexes.®
It is possible that gene truncation may lead to the loss of
interaction between exon junction complexes and mRNA,
followed by m6A modification upregulation. For STK38-PXT1,
inclusion of PXT1 may rewire the protein-protein interaction
landscape, which may be associated with increased stability
of the STK38 mMRNA. Future work is needed to define how
PAX5 C-terminal truncation and the PXT1 partner promote
m6A modification of these fusions.

While gene fusion events in cancers have been extensively
documented, their oncogenic functions remain largely un-
known.*¢ Currently, the approaches to identify key oncogenic
fusions are mainly based on clinical information and unique
transcriptional characteristics. For example, we have pre-
viously identified a novel gene fusion RUNX1-ZNF423 in a
1-year-old male patient with acute myeloid leukemia with

repeated relapses and chemoresistance.®” St. Jude Children’s
Research Hospital illustrated a new oncogenic subtype with
DUX4 fusion that was marked by a unique paradigm of tran-
scription factor deregulation in leukemia.®® A study about the
transcriptional landscape of B-cell ALL based on an interna-
tional study of 1,223 cases identified a new ZNF362 fusion.*
Here, combined with enhanced mRNA levels and mutual
exclusivity with classical oncogenic drivers, we discovered
a novel oncogenic fusion STK38-PXT1. In addition, we also
identified 256 fusions, such as TRDV2-TRAC, FBRSL1-NOC4L
and others, with enhanced partner mRNA levels, whose
function needs further investigation.

STK38 is composed of 13 exons, with exons 1-3 encoding the
N-terminal regulatory domain and exons 3-11 encoding the
kinase domain.*® The STK38-PXT1 fusion protein retains all
N-terminal regulatory domains and portions of the kinase
domain (exons 3-8). Our RNA-sequencing analysis indicated
that activation of the f-catenin pathway may contribute to the
oncogenic mechanism of STK38-PXT1. Moreover, combined
with the proteomic data, we hypothesize that enhanced in-
teractions between STK38-PXT1 and proteins such as RACK1
may contribute to increased GSK3p phosphorylation at Ser9
and the activation of p-catenin signaling during leukemo-
genesis. Certainly, these interactions and their relationship
to B-catenin activation need further in-depth investigation.
Abnormal alterations in m6A modification have been re-
ported to be closely associated with leukemia, especially
acute myeloid leukemia. Multiple m6A modulators, such
as writer METTL16,* erasers FTO*>* and ALKBH5,*% and
readers YTHDF1,*¢ YTHDC1,* IGF2BP2*® and IGF2BP3,*® have
been reported to regulate the progression of acute my-
eloid leukemia. Our study showed that IGF2BP3 may be
the ideal target for PAX5-ETV6 or STK38-PXT1 fusion-driven
ALL. Therefore, pharmacological inhibition of IGF2BP3, for
example with the small-molecule inhibitor AE-848, may
represent a promising treatment strategy.®® Furthermore,
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we showed that these fusion-positive ALL cells exhibit
sensitivity to venetoclax. We found a marked suppression
of OXPHOS in fusion-positive cases rather than BCL2 up-
regulation. It has been reported that low OXPHOS activity
strongly correlates with heightened venetoclax sensitivity
in leukemia.?™** Mechanistically, leukemic cells with intrin-
sically low OXPHOS rely heavily on BCL-2 to maintain mito-
chondrial outer membrane integrity; inhibition of BCL-2 in
such cells rapidly triggers mitochondrial outer membrane
permeabilization, cytochrome-c release, caspase activation,
and prompt apoptosis.’ Collectively, these findings suggest
that reduced OXPHOS activity represents a metabolic vul-
nerability that underlies the increased venetoclax sensitivity
of PAX5-ETV6- or STK38-PXT1-expressing cells.
Collectively, our findings unveil novel oncogenic mechanisms
underpinned by m6A modification and mRNA stability in fu-
sion genes. These insights not only facilitate the discovery of
novel oncogenic fusions, but also pave the way for innovative
strategies aimed at unraveling oncogenic fusion events.
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