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Abstract 

Background  Despite the use of targeted therapeutic approaches, T-cell acute lymphoblastic leukemia (T-ALL) is still 
associated with a high incidence of complications and a poor prognosis. Indisulam (also known as E7070), a newly 
identified molecular glue compound, has demonstrated increased therapeutic efficacy in several types of cancer 
through the rapid degradation of RBM39. This study aimed to evaluate the therapeutic potential of indisulam in T-ALL, 
elucidate its underlying mechanisms and explore the role of the RBM39 gene.

Methods  We verified the anticancer effects of indisulam in both in vivo and in vitro models. Additionally, the con‑
struction of RBM39-knockdown cell lines using shRNA confirmed that the malignant phenotype of T-ALL cells 
was dependent on RBM39. Through RNA sequencing, we identified indisulam-induced splicing anomalies, and prot‑
eomic analysis helped pinpoint protein changes caused by the drug. Comprehensive cross-analysis of these findings 
facilitated the identification of downstream effectors and subsequent validation of their functional roles.

Results  Indisulam has significant antineoplastic effects on T-ALL. It attenuates cell proliferation, promotes apopto‑
sis and interferes with cell cycle progression in vitro while facilitating tumor remission in T-ALL in vivo models. This 
investigation provides evidence that the downregulation of RBM39 results in the restricted proliferation of T-ALL cells 
both in vitro and in vivo, suggesting that RBM39 is a potential target for T-ALL treatment. Indisulam’s efficacy is attrib‑
uted to its ability to induce RBM39 degradation, causing widespread aberrant splicing and abnormal translation 
of the critical downstream effector protein, THOC1, ultimately leading to protein depletion. Moreover, the presence 
of DCAF15 is regarded as critical for the effectiveness of indisulam, and its absence negates the ability of indisulam 
to induce the desired functional alterations.
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Background
T-cell acute lymphoblastic leukemia (T-ALL) is a hema-
tologic malignancy that exhibits aggressive characteris-
tics. It is characterized by the abnormal proliferation of 
immature T cells in the bone marrow and lymphoid tis-
sues [1]. The application of treatment strategies inspired 
by approaches used for pediatric patients has led to 
improved remission rates in T-ALL patients; however, 
the prevalence of complications, including those of the 
central nervous system (CNS), remains higher in T-ALL 
patients than in patients with other ALL subtypes [2]. 
Therefore, therapeutic approaches based on the genomic 
landscape have the potential to provide novel solutions 
and improve the survival of patients with T-ALL.

During the transition from precursor to mature mRNA, 
different splicing modalities facilitate the generation of 
multiple unique mature mRNAs from a single gene via 
complex protein regulatory mechanisms. This form of 
regulation is referred to as alternative splicing. The dif-
ferential expression of splicing factors plays an important 
role in cancer pathogenesis, contributing to many aspects 
of cancer such as oncogenic transformation, cancer pro-
gression, responses to anticancer therapy, and therapeu-
tic resistance [3]. Genes encoding regulatory factors for 
precursor mRNA splicing are frequently upregulated in 
oncogenic contexts [4–6], and there is a prevailing view 
that interventions targeting spliceosome activity may 
offer therapeutic benefits to a broader cohort of cancer 
patients [7].

The field of targeted protein degradation is at the fore-
front of contemporary pharmacological research and 
development. Researchers developed indisulam (E7070), 
a molecular glue compound that targets splicing factor 
proteins. This aryl sulfonamide anticancer drug binds the 
U2AF-related splicing factor RNA-binding motif protein 
39 (RBM39) to the CRL 4-DCAF15 E3 ubiquitin ligase, 
inducing rapid proteasomal degradation, abnormal RNA 
splicing, and cell death. RBM39 is also known as hepato-
cellular carcinoma 1 (HCC1), CAPER or CAPERα [8, 9]. 
Studies have demonstrated that the malignant pheno-
types of acute myeloid leukemia [10], breast cancer [11], 
colorectal cancer [12], and lung cancer [13] are main-
tained via RBM39. Moreover, accumulating evidence 
indicates that RBM39 primarily modulates the selec-
tive splicing of a diverse set of genes by facilitating exon 
inclusion and intron exclusion. Evidence derived from 

publicly available datasets robustly demonstrates that 
numerous lymphoma and leukemia cell line models show 
pronounced sensitivity to the therapeutic agent indisu-
lam [14]. Additionally, previous research has shown that 
indisulam is a viable and safe therapeutic option for the 
treatment of AML [10].

The effects of indisulam on T-ALL have not yet been 
studied, and the role of its target, RBM39, in T-ALL is 
still unknown. Therefore, our study aimed to determine 
whether indisulam can also serve as an effective drug for 
treating T-ALL and to investigate the critical role of its 
target RBM39 and the key molecular mechanisms under-
lying its efficacy.

Materials and methods
Cell lines and cell culture
Human T-ALL cell lines, J.gamma1, Jurkat, MOLT4, and 
6T-CEM cells, were purchased from Shanghai Zhong 
Qiao Xin Zhou Biotechnology Co., Ltd. The Chinese 
Academy of Sciences Cell Bank supplied CCRF-CEM 
and HUT78 cells. MV-4-11, U-937, Kasumi-1, and K-562 
cells were obtained from the National Collection of 
Authenticated Cell Cultures in Shanghai, China. All cell 
lines were cultured in the recommended media. Addi-
tionally, 293FT cells (from the cell repository of the Chi-
nese Academy of Sciences) were maintained in complete 
growth DMEM (BasalMedia, K211107). The authenticity 
of the cell lines was verified through short tandem repeat 
DNA profiling, and routine mycoplasma testing was con-
ducted using the MycoAlert Kit.

Determination of cell viability
Indisulam was solubilized in DMSO to create a 10 MM 
stock solution, which was then added to tissue culture 
media to achieve the desired final concentration. To 
determine the half-maximal inhibitory concentration 
(IC50), cells (1 × 10^4 cells/well) were treated with dif-
ferent concentrations of indisulam (MCE, HY-13650), 
ranging from 10 to 80  nM, for 72  h. Primary leukemia 
cells from children’s bone marrow were isolated by Ficoll-
Hypaque centrifugation and seeded in 96-well plates. 
For cell proliferation, each group (2000 cells/well) was 
assessed using a CCK-8 assay (APExBIO, K1018) on 
days 2, 4, 6, and 8, and the absorbance was measured at 
450  nm with a Bio-Rad microplate absorbance reader 
(Bio-Rad).

Conclusion  Our study revealed that indisulam, which targets RBM39 to induce tumor cell apoptosis, is an effective 
drug for treating T-ALL. Targeting RBM39 through indisulam leads to mis-splicing of pre-mRNAs, resulting in the loss 
of key effectors such as THOC1.

Keywords  Indisulam, RBM39, T-ALL, RNA splicing, THOC1
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Apoptosis assay
Apoptosis assay performed using BD Annexin V Stain-
ing Kit (BD Pharmingen, 556547) following the manu-
facturer’s instructions. Briefly, Cells were treated with 
indisulam or vehicle control for 24 or 48  h, collected 

and rinsed with cold PBS. Cells were resuspended in 
1 × binding buffer and 5 µl of annexin V and propidium 
iodide (PI) were added. After gentle mixing, cells were 
incubated for 15  min in the dark and then analyzed 
by flow cytometry (Beckman, Beckman Galios™ Flow 

Fig. 1  T-ALL cell lines demonstrate sensitivity to indisulam. a Aryl sulfonamides, exemplified by indisulam (yellow), act as molecular glue 
compounds, facilitating the convergence of the E3 ubiquitin ligase DCAF15 with RBM39, resulting in polyubiquitination and degradation 
of the protein. Depletion of RBM39 leads to aberrant splicing events. b Median area under the curve (AUC) across 26 tumor cell lines, with data 
sourced from the CTD2 network [14]; c The AUC values were determined for 10T-ALL cell lines and compared to those of non-T-ALL cell lines (all 
other cancer types, n = 744). d The drug sensitivity of the J.gamma1, Jurkat, CCRF-CEM, MOLT-4, 6T-CEM, and HUT78 cell lines following treatment 
with gradient concentrations of indisulam for 48 h
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Cytometer) with 300 µL of 1 × binding buffer added to 
each tube.

Western blot analysis
Whole-cell lysates were harvested using RIPA buffer 
(Beyotime, P0013). Cell lysates with the same concen-
tration of protein were loaded on a pre-cast protein gel 
(GenScript, M42015C) and then transferred to a PVDF 
membrane (Merck Millipore, IPVH00010). Subsequently, 
the membranes were blocked at room temperature using 
5% skim milk in TBST (1 × TBS, 0.1% Tween 20) and 
then probed with primary antibodies overnight at 4  °C. 
Membranes were incubated with secondary antibodies 
for 1 h the next day, and chemiluminescent signals were 
detected. The primary antibody information is detailed in 
Supplementary Table 1.

Lentivirus preparation and infection
Short hairpin RNA (shRNA) sequences targeting RBM39, 
THOC1 and EZH2 were encoded in pLKO.1-puro lentivi-
ral vectors supplied by IGE Biotechnology Ltd. Guangzhou, 
China. Envelope and packaging plasmids for lentivirus pro-
duction were purchased from Addgene (pMD2.G: #12259; 
psPAX2: #12260; Cambridge, MA, USA). pMD2. G, 
psPAX2, and the transfer plasmid were cotransfected into 
293FT cells using polyethyleneimine (PEI) reagent (Sigma-
Aldrich, 49553-93-7) at a ratio of 4:3:1. After 6 h, the cul-
ture medium was completely replaced with fresh medium. 
T-ALL cells were then infected with lentivirus concentrated 
in the presence of 5  μg/mL Polybrene (Sigma-Aldrich) 
for 24  h. Stable cell lines were selected using puromycin 
(Sigma-Aldrich). Target sequence information is provided 
in Supplementary Table 1.

RNA preparation and gel electrophoresis
Total RNA was extracted using the FastPure Cell/Tis-
sue Total RNA Isolation Kit V2 (Vazyme, RC112-01). 
cDNA was prepared in a 25 μl reaction from 1000 ng of 
total RNA using M-MLV reverse transcriptase (Promega, 
M170A, M531A), RiboLock RNase inhibitor (Thermo 
Fisher, EO0381), random primers (Genewiz) and a dNTP 
mixture (Takara, 4019) along with an ABI PCR appara-
tus (Thermo Fisher, Applied Biosystems). A One-drop 

OD-1000 spectrophotometer was used to determine 
RNA concentration and purity. Endpoint PCR was used 
to assess exon skipping in EZH2 and THOC1. In total, 
cDNA was amplified with 2 × Taq Plus Master Mix II 
(Vazyme, P213) and then separated by gel electrophoresis 
(2% agarose). The primer information is provided in Sup-
plementary Table 1.

Quantitative real‑time PCR (qRT‒PCR)
qRT-PCR was performed in triplicate (n = 3) on a Light-
Cycler 480 Real-Time System manufactured by Roche. 
LightCycler® 480 SYBR Green I Master Mix (Roche, 
04707516001) was used. The delta-delta Ct method was 
used to calculate relative expression levels between cell 
lines according to standard procedures. The primer infor-
mation is provided in Supplementary Table 1.

Cell cycle analysis
Cells (300,000 per well) were plated into 6-well culture 
plates and exposed to Indisulam for 48  h. Cells were 
then harvested by centrifugation at 800  rpm for 4  min 
at 4  °C, then fixed in 75% ethanol overnight. Samples 
were resuspended in PI solution (0.05  mg/ml PI, 0.1% 
sodium citrate, and 0.1% Triton X-100) and incubated at 
room temperature for 20 min. A Beckman Gallios™ Flow 
Cytometer (Beckman) was used to determine the distri-
bution of cells in each cell cycle phase.

CRISPR‑mediated inactivation of DCAF15
To generate stable DCAF15-knockout cell lines using 
the Cas9/CRISPR system, the Cas9 gene was initially 
delivered into T-ALL cells through lentivirus transduc-
tion, followed by puromycin selection. Single guide 
RNAs (sgRNAs) targeting DCAF15 were then cloned 
and inserted into the Lenti-CRISPR plasmid provided 
by GENECHEM. Cas9-expressing cells were transduced 
with either sgRNA-DCAF15 or nontargeting control 
sgRNA (sgNC) lentiviral particles. Lentivirus preparation 
was conducted using a previously described method.

Soft agar colony formation analysis
Agarose gels of 0.7% and 1.2% (SIGMA, A9045-10G) 
and 2 × RPMI 1640 medium (YuChun, YC-1010) 

Fig. 2  Indisulam is highly efficacious in in vitro models of T-ALL. a Fluorescence microscopy images of the T-ALL cell lines J.gamma1 and Jurkat 
after 48 h of treatment with 1 μM and 5 μM indisulam, respectively. b Cell proliferation curves within 72 h after treatment with 1 μM and 5 μM. 
c Cell cycle analysis was conducted on J.gamma1 and Jurkat cells labeled with PI after 48 h of treatment with DMSO or varying concentrations 
of indisulam. d Flow cytometry analysis was performed to assess apoptosis in T-ALL cells after 24 h of treatment with DMSO or various 
concentrations of indisulam utilizing Annexin V and PI staining. The percentage of apoptotic cells was subjected to statistical evaluation. e 
Western blot analysis was performed to validate the protein expression changes occurring in the J.gamma1 and Jurkat cell lines after treatment 
with indisulam for 24 and 48 h, respectively

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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supplemented with 20% FBS, penicillin, and streptomy-
cin were prepared. A mixture of equal parts 1.2% agarose 
gel and medium was added to the bottom of a plate, and a 
mixture of equal parts 0.7% agarose gel and medium was 
added as a second layer. After solidification of the bottom 
gel layer, the top layer of gel and cells were added. The 
plate was incubated at 37 °C with 5% CO2, and fresh cul-
ture medium was added every 3 days. After 2–3 weeks, 
the cells were fixed and stained with 4% paraformalde-
hyde (Beyotime, P0099) and Giemsa (Beyotime, C0131), 
and the number of colonies was counted.

Animal experiments
All animal protocols (CAM-SU-AP: JP-2018-1) were 
thoroughly reviewed and approved by the Animal Care 
and Use Committee of Soochow University Pediatric 
Clinic. Four- to five-week-old NOD scid gamma (NSG) 
mice (Shanghai Model Organisms Center, Inc.) were used 
in the experiments. The mice were randomly assigned to 
different groups.

For indisulam efficacy studies in in  vivo models, an 
indisulam (MCE, HY-13650) stock solution was diluted 
in SBE-β-CD (MCE, HY-17031) to achieve a final con-
centration of 12.5 mg/kg. SBE-β-CD was added to saline 
in advance to obtain a 20% cosolvent. NSG mice were 
intravenously injected with 2 million luciferase-express-
ing J.gamma1 cells. Upon disease onset, as measured by 
bioluminescent imaging, the mice were intraperitoneally 
injected with either 12.5  mg/kg indisulam or vehicle 
(1% DMSO) (n = 6/group) once daily for 5  days on and 
2 days off. Whole-body bioluminescent imaging was con-
ducted by intraperitoneally injecting luciferin (GOLD-
BIO, 115144-35-9) at a concentration of 50 mg/kg, with 
imaging performed 5 min postinjection using a Berthold 
imaging apparatus every 10 days.

For the shRNA xenograft study, J.gamma1-expressing 
luciferase cells were transduced with shRNA lentiviral 
particles targeting RBM39. Following a 48-h incubation 
period, puromycin (1 μg/ml) was added for selection pur-
poses, with the incubation period extended to 72 h. Two 
million cancer cells were intravenously injected into NSG 
mice (n = 6/group), and imaging was performed every 
10 days. Following euthanasia via CO2 inhalation, bone, 

hepatic, and splenic tissue samples were collected for fur-
ther experimentation, including CD45+ cell detection via 
flow cytometry analysis, hematoxylin and eosin staining, 
and immunohistochemical analyses.

RNA sequencing and data processing
RNA isolation, library preparation, transcriptomic 
sequencing (Illumina NovaSeq 6000), and data cleans-
ing were carried out by Novogene Bioinformatics Tech-
nology Co., Ltd. (Beijing, China). The 150 bp paired-end 
reads were aligned to the GENCODE v29 gene refer-
ence and the hg38 genome using STAR software (version 
2.7.10a) with the parameters --outFilterMultimapNmax 
1 --outFilterMismatchNoverReadLmax 0.04 --alignEnd-
sType EndToEnd. Transcriptome assembly and abun-
dance analysis were performed with StringTie software 
(version 2.1.7). We utilized the rMATS software (version 
4.1.2) for the analysis of alternative splicing in the RNA-
seq dataset, encompassing the classification of splicing 
events, as well as the quantitative and differential analysis 
of alternative splicing events.

Protein identification and quantification by LC–MS/MS
Sample preparation
Protein samples were frozen with liquid nitrogen, 
ground, and mixed with lysis buffer. Next, the solution 
was sonicated on ice and centrifuged to remove debris. 
The supernatant was collected for subsequent analysis. 
For trypsin digestion, proteins were precipitated with 
TCA, centrifuged, washed with acetone, and dried. The 
peptides were redissolved in TEAB, dispersed ultra-
sonically, digested with trypsin overnight, reduced with 
dithiothreitol, alkylated with iodoacetamide, and desalted 
using a Strata X SPE column.

LC‒MS/MS analysis
Peptides were separated on a reversed-phase column 
using a solvent gradient and then analyzed with a tim-
sTOF™ Pro mass spectrometer in dia-PASEF mode. The 
process involved a 20-min gradient, an electrospray volt-
age of 1.75 kV, and MS/MS scans between 300–1500 and 
400–8500 m/z with a 7 m/z isolation window. Data-inde-
pendent acquisition (DIA) data were analyzed with the 

(See figure on next page.)
Fig. 3  Indisulam treatment elicits a significant response in T-ALL in vivo models. a Schematic diagram of the in vivo experiment. b Imaging 
of the mice was performed every ten days. c Comparison of fluorescence values between the two groups of mice, which served as an indicator 
of the extent of leukemia burden in the mice. d Kaplan-Meier curves illustrating the survival rates of NSG mice following indisulam treatment. 
e Body weight changes in the two preclinical leukemia mouse models. f After the incubation of mouse liver, spleen and bone marrow 
cells with an anti-human CD45 antibody, the percentage of positive cells was quantitatively assessed and subjected to statistical analysis. 
g Representative images of mouse bone marrow and liver immunohistochemical staining. Immunohistochemistry was used to determine 
the RBM39-positive regions and Ki67-positive regions
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Fig. 3  (See legend on previous page.)
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DIA-NN search engine (v.1.8) against the Homo_sapi-
ens_9606_SP_20231220.fasta database (20,429 entries) 
plus reverse decoys. The parameters included trypsin/P 
cleavage with ≤ 1 missed cleavage, N-terminal Met exci-
sion, carbamidomethyl on Cys as a fixed modification, 
and an FDR < 1%.

Statistics and reproducibility
For statistical comparisons, we performed unpaired Stu-
dent’s t tests and one-way analysis of variance (ANOVA). 
Survival curves were compared using the log-rank test. 
The data were analyzed in GraphPad Prism (v9.2.0) 
and R. The data shown were obtained from representa-
tive experiments with similar results. Data with statisti-
cal significance are indicated by the following symbols: * 
p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

Results
Indisulam exerts significant antitumor effects on T‑cell 
acute lymphoblastic leukemia (T‑ALL)
Indisulam, an aryl sulfonamide drug, functions as a 
“molecular glue” by connecting the U2AF-related splic-
ing factor RBM39 to the CRL4-DCAF15 E3 ubiquitin 
ligase. The recruitment of RBM39 to CRL4-DCAF15 
results in the ubiquitination of RBM39, which is then 
degraded by the proteasome, leading to splicing abnor-
malities within treated cells (Fig. 1a). Researchers from 
the CTD2 network discovered that sensitivity to indisu-
lam was notably greater in cancer cell lines originating 
from hematopoietic and lymphoid (HL) cells [14]. This 
finding suggests that indisulam may exhibit better ther-
apeutic effects on tumors arising from HL cell-derived 
tumors [12]. Consequently, our preliminary research 
focused on evaluating the susceptibility of tumors aris-
ing from HL cells to indisulam, utilizing data from 
publicly accessible databases. By assessing drug sen-
sitivity, which was quantified through the area under 
the curve (AUC) values arranged in ascending order, it 
was observed that T-ALL cells ranked prominently in 
terms of sensitivity (Fig.  1b, Supplementary Table  2). 
Additionally, compared to non-T-ALL cell lines, T-ALL 
cell lines were significantly more sensitive to indisulam 
(Fig. 1c).

Following the initial observations, we treated six estab-
lished T-ALL cell lines with indisulam in laboratory set-
tings. After a 48-h treatment period, we performed cell 
viability assays and calculated the IC50 values. Remark-
ably, four of these cell lines exhibited notable sensitivity 
to the drug. Specifically, J.gamma1 and Jurkat cells were 
the two most sensitive cell lines (Fig. 1d). Additionally, we 
evaluated the sensitivity of AML cell lines, and our find-
ings aligned with earlier research outcomes (Supplemen-
tary Figure 1) [15].

Indisulam inhibits cell growth, disrupts the cell cycle, 
and induces cell apoptosis in vitro
We conducted a thorough evaluation of the efficacy of 
indisulam in ameliorating T-ALL by treating two T-ALL 
cell lines, namely, J.gamma1 and Jurkat cells, with indisu-
lam at concentrations of 1 μmol and 5 μmol, respectively. 
Within 48 h post-indisulam administration, fluorescence 
microscopy revealed that a significant proportion of the 
T-ALL cells died (Fig.  2a). Continuous viability assays 
conducted 72 h after drug administration demonstrated 
a marked decrease in the viability of all tested cell lines in 
a time-dependent manner (Fig. 2b). Western blot analysis 
confirmed a dose-dependent decrease in the proliferation 
marker protein c-Myc following drug exposure (Fig. 2e). 
Additionally, PI staining indicated that indisulam induced 
cell cycle arrest, significantly increasing the proportion 
of T-ALL cells in the G2 phase while reducing the pro-
portion of cells in the G1 phase (Fig. 2c, Supplementary 
Figure  2a). This finding demonstrated that indisulam 
inhibits cell proliferation by regulating the cell cycle pro-
cess. Exposure to lethal doses of indisulam for 48 h sig-
nificantly increased the percentage of apoptotic T-ALL 
cells (Fig.  2d). Notably, although a significant reduction 
in the target protein RBM39 was observed after 24  h 
of drug treatment (Fig.  2e), apparent cell apoptosis was 
not evident (Supplementary Figure  2b). Further evalua-
tion of apoptosis-related proteins, such as cleaved-PARP 
and cleaved-caspase8, through Western blot analysis 
revealed a notable increase in all treated cells, validating 
the results of previous experiments (Fig. 2e). In summary, 
the findings show that indisulam exhibits profound anti-
tumor activity in T-ALL in vitro models.

Fig. 4  Indisulam exerts its anticancer effects by targeting RBM39. a Transcriptomic data revealed differences in RBM39 expression 
between individuals diagnosed with T-ALL and healthy subjects. The T-ALL data is from GSE110637 and the normal data is from whole blood 
in GTEx. b The protein expression levels of RBM39 in different cell lines. The first six were T-ALL cell lines, while the last five were AML cell lines. c 
The knockdown efficiency of RBM39 was evaluated in the J.gamma1 cell line and Jurkat cell line by Western blotting.table. d The knockdown 
efficiency of RBM39 was evaluated in the J. gamma1 cell line and Jurkat cell line by qRT‒PCR. e Moreover, RBM39 knockdown significantly inhibited 
the proliferation of J. gamma1 and Jurkat cells. f Flow cytometry analysis indicated that RBM39 depletion led to a notable increase in apoptosis. g 
The knockdown of RBM39 affects cell colony formation and proliferation. h Western blot analysis validated the protein alterations occurring in the J.
gamma1 and Jurkat cell lines following shRNA-mediated knockdown

(See figure on next page.)
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Fig. 4  (See legend on previous page.)
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Indisulam has a significant inhibitory effect on T‑ALL 
and has fewer toxic side effects in vivo
To further assess the therapeutic efficacy of indisulam, a 
preclinical model of T-ALL was established by utilizing 
J.gamma1 cells. The experimental protocol is delineated 
in Fig.  3a. Indisulam was administered intraperitoneally 
at a dose of 12.5  mg/kg [16], while the control group 
received the same volume of a vehicle solution through 
the same route. The treatment protocol included five 
consecutive days of administration followed by a two-day 
break, and this cycle was repeated twice.

Every ten days after the start of treatment, in vivo imag-
ing was performed using the NightOWL In Vivo Imaging 
System to monitor the leukemia burden based on fluo-
rescence intensity. Compared with the control group, the 
indisulam-treated group displayed a significant decrease 
in fluorescence intensity at four distinct time points post-
treatment, demonstrating a substantial suppression of 
J.gamma1 cell proliferation in  vivo (Fig.  3b-c). A com-
parison of the survival times of the two groups revealed 
that indisulam can prolong the lifespan of mice. (73 ± 1.7 
vs. 42.5 ± 0.6  days, P = 0.0067) (Fig.  3d). Importantly, 
no notable differences in body weight were observed 
between the two groups, indicating the absence of sig-
nificant side effects from indisulam treatment (Fig.  3e). 
Flow cytometric analysis of the liver, spleen, and bone 
marrow from the mice stained with a human CD45+ 
antibody revealed a significant decrease in the percentage 
of cells that were positive for J.gamma1, underscoring the 
efficacy of the drug in these tissues (Fig.  3f ). Moreover, 
HE staining and immunohistochemical analyses of the 
mouse bone, liver, and spleen tissues revealed a notice-
able reduction in tumor cell infiltration (Supplementary 
Figure 3) and decreased expression of Ki67 and RBM39 
(Fig.  3g). These results collectively highlight the dura-
ble antitumor efficacy of indisulam in an in vivo T-ALL 
model, confirming its potential as an effective therapeu-
tic agent.

Knocking down the indisulam target RBM39 has anticancer 
effects on T‑ALL in vitro
Our aim was to ascertain whether the anticancer effects 
of indisulam on T-ALL are mediated via RBM39. In 
comparison to healthy tissue samples, RBM39 mRNA is 

significantly upregulated in 60T-ALL samples (Fig.  4a, 
Supplementary Table  3). This elevated expression of 
RBM39 was further validated through Western blotting 
in various T-ALL cell lines, including Jurkat, J.gamma1, 
6T-CEM, CCRF-CEM, MOLT-4, and HUT-78 (Fig.  4b). 
To further explore this relationship, we knocked down 
RBM39 in two T-ALL cell lines (J.gamma1 and Jur-
kat) via shRNA constructs and confirmed the efficacy 
of the knockdown at both the mRNA and protein lev-
els (Fig.  4c-d). Upon RBM39 knockdown, we noted a 
significant decrease in the proliferation rate of T-ALL 
cells (P < 0.001) (Fig. 4e), accompanied by a correspond-
ing downregulation of the proliferation-related pro-
tein c-Myc (Fig.  4h). This effect was accompanied by 
a pronounced suppression of colony formation and 
proliferation (Fig.  4g). Flow cytometric analysis indi-
cated an increase in apoptosis among T-ALL cell lines 
after RBM39 suppression (Fig.  4f, Supplementary Fig-
ure  4). Moreover, the decrease in RBM39 levels led to 
an increase in the levels of the apoptosis-inducing pro-
teins cleaved-PARP and cleaved-caspase8 (Fig. 4h). Col-
lectively, these findings underscore the critical role of 
RBM39 in the survival of T-ALL cells, demonstrating 
that the anticancer effects of indisulam are mediated via 
RBM39.

Knocking down RBM39 markedly impedes T‑ALL 
progression in vivo
The suppression of leukemia progression through 
RBM39 knockdown has been demonstrated, leading 
to the initiation of in-depth in  vivo investigations. We 
knocked down RBM39 in J.gamma1 cells and transfected 
them with a luciferase reporter before transplantation 
into NSG mice (Fig. 5a). The in vivo fluorescence values 
represented leukemia burden. Compared with control 
treatment, RBM39 knockdown resulted in a significant 
reduction in J.gamma1 cell expansion in vivo at four time 
points (Fig. 5b). The line chart of the tumor fluorescence 
data illustrates that the fluorescence values of the RBM39 
knockdown group was markedly lower than those of the 
control group (Fig. 5c). Survival analysis between the two 
groups indicated a pronounced increase in the lifespan of 
mice in the RBM39-suppressed group (Fig. 5d). Examina-
tion of fluorescence in the liver, spleen, and bone marrow 

(See figure on next page.)
Fig. 5  In vivo experiments validated the role of RBM39 in T-ALL. a Conceptual representation of a T-ALL cell xenograft model featuring the injection 
of RBM39-depleted cells with luciferase reporter activity. b Fluorescence images of mice captured at four distinct time points. c Statistical analysis 
of in vivo fluorescence intensity in both mouse groups. d Kaplan‒Meier curves displaying the survival duration of the mice. e Fluorescence images 
of mouse liver, spleen, and bone, followed by quantitative analysis of fluorescence intensity. f Flow cytometry analysis revealed the proportion 
of human CD45-positive cells in mouse tissues. g Immunohistochemistry was used to determine the Ki67-positive regions. h Hematoxylin and eosin 
staining assessment of bone marrow, liver, and spleen in the two groups
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Fig. 5  (See legend on previous page.)
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of mice implanted with RBM39-suppressed cells revealed 
a significant decrease in leukemia burden compared to 
that in control mice (Fig.  5e). Additionally, there was a 
significant decrease in the number of leukemia cells in 
the RBM39 group compared to the control group, which 
was indirectly indicated by the proportion of anti-human 
CD45+ cells (Fig.  5f ). Immunohistochemical assess-
ments also revealed a decrease in Ki67-positive prolif-
erating cells in the RBM39-suppressed group (Fig.  5g, 
Supplementary Figure 5). Moreover, detailed histological 
analyses of liver and spleen samples confirmed reduced 
infiltration of RBM39-suppressed J.gamma1 cells in these 
organs (Fig.  5h). In conclusion, these findings confirm 
that RBM39 deletion markedly impedes leukemia pro-
gression in vivo, highlighting its potential as a therapeu-
tic target in T-ALL management.

Mis‑splicing of mRNA is the mechanism by which targeting 
RBM39 through indisulam exerts anti‑cancer effects 
in T‑cell acute leukemia
According to previous research, high doses of indisulam 
can directly induce RNA splicing events within 16  h, 
bypassing signaling from indirect pathways [17]. To 
understand the impact of aberrant alternative splicing 
on protein levels, we performed transcriptomic and pro-
teomic analyses of the J.gamma1 cell line after indisulam 
treatment at a later time point (5 µM, 16 h). By utilizing 
rMATS for analysis, distinct patterns of exon and intron 
mis-splicing events were observed. Among all splicing 
events, 9429 instances of exon skipping were observed, 
representing the largest proportion of mis-splicing 
events (Fig.  6a, Supplementary Tables  4–8). Exon skip-
ping events were the most common mis-splicing event in 
exons, while intron retention events were the most com-
mon in introns (Fig.  6b). When compared with events 
of alternative splicing, we observed that downregulated 
proteins exhibited considerable overlap with transcripts 
exhibiting alternative splicing (208 of 411 downregulated 
proteins exhibited alternative splicing, representing 51% 

of the total, while 47 of 205 upregulated proteins demon-
strated alternative splicing, representing 23% of the total). 
In order to gain further insight into the pathways affected 
by this mechanism, the 208 target genes underwent 
enrichment analysis. This analysis revealed that path-
ways linked to both the cell cycle and ubiquitin-mediated 
proteolysis were particularly impacted by the mecha-
nism in question (Fig.  6c, Supplementary Tables  9–10). 
Through differential protein analysis between the control 
and drug-treated cohorts, 616 differentially expressed 
genes were identified (comprising 205 upregulated and 
411 downregulated genes) (Fig.  6d, Supplementary 
Table  11). In T-ALL cells treated with indisulam, a sig-
nificant number of pre-RNAs, such as those of EZH2, 
THOC1, TYMS, CDC25C, and THOC5, were observed 
to undergo exon skipping and intron retention events 
(Supplementary Figure 6). The exon skipping observed in 
EZH2 is consistent with the results of two previous stud-
ies (Fig. 6e) [12, 17]. Moreover, we are the first to discover 
a splicing disorder in THOC1 (Fig. 6f ). PCR assays were 
employed to confirm the dose- and time-dependent exon 
skipping (Fig.  6g-h). Subsequently, Western blot analy-
sis revealed the loss of EZH2 and THOC1 signals in the 
J.gamma1 and Jurkat cell lines after 48  h of drug treat-
ment (Fig. 6i). To confirm that these events are associated 
with the loss of RBM39 rather than lineage specificity, 
RNA was extracted from RBM39-knockdown T-ALL 
cells, and PCR was utilized to confirm the occurrence of 
similar mis-splicing events (Fig.  6j). In summary, these 
findings illuminate that indisulam exerts its antitumor 
effects through the targeted elimination of RBM39, lead-
ing to extensive mis-splicing of key downstream genes.

THOC1 is a critical downstream effector of indisulam 
and RBM39
By employing a radar chart for the visualization of pro-
tein expression variations, after RBM39, which exhibited 
the most pronounced disparity, THOC1 emerged as the 
protein with the greatest expression changes (Fig.  7a). 

Fig. 6  Indisulam mediates the elimination of RBM39, leading to widespread downstream mis-splicing events. a RNA-seq analysis of the types 
and numbers of alternative splicing events that occur after indisulam treatment. b RNA-seq analysis of the propensity for various types of events 
following indisulam treatment. c Overlap of splicing events (exon skipping and intron retention) with up- or downregulated proteins after 16 h 
of indisulam treatment. Gene Ontology analysis of mis-spliced downregulated proteins and pathway analysis. d Proteomic analysis, visualized 
with a volcano plot, highlighted upregulated (red) and downregulated (blue) proteins in J.gamma1 cells compared with those in control cells 
and indisulam-treated cells. e The number of RNA reads for EZH2 post-indisulam treatment was counted. The plot was generated with Integrative 
Genomics Viewer (IGV). The green box indicates the regions where mis-splicing events occurred. The arrow indicates the plot of custom 
primers used to detect exon skipping. f Count of RNA reads for THOC1 post-indisulam treatment. The plot was generated with IGV. The green 
box indicates the regions where mis-splicing events occurred. The arrow indicates the plot of custom primers used to detect exon skipping. 
g PCR analysis of EZH2 in J. gamma1 and Jurkat cells treated with indisulam. h PCR analysis of THOC1 in J.gamma1 and Jurkat cells treated 
with indisulam. i Western blot analysis of EZH2 and THOC1 after indisulam treatment. j PCR analysis of EZH2 and THOC1 in RBM39-knockdown cells 
following indisulam treatment

(See figure on next page.)
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Fig. 6  (See legend on previous page.)
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Additionally, Western blot analysis revealed the absence 
of THOC1 signals following RBM39 depletion (Fig. 7b). 
Additionally, CRISPR screening data from CCLE CRIS-
PRi revealed the dependence of T-ALL Jurkat cell sur-
vival on THOC1 (Fig.  7c, Supplementary Table  12). 
To delineate the biological function of THOC1 within 
the context of T-ALL, we engineered lentiviral shRNA 
vectors incorporating three unique sequences target-
ing THOC1. Notably, compared with the negative con-
trol (sh-NC), sh-THOC#1 and sh-THOC#2 effectively 
suppressed THOC1 expression in the T-ALL cell lines 
J.gamma1 and Jurkat (Fig.  7d-e). Suppressing THOC1 
expression notably hindered colony formation and prolif-
eration in T-ALL cells, concurrently increasing apoptosis 
rates (Fig.  7f-g, Supplementary Figure  7a-b). Addition-
ally, our Western blot analyses revealed to the upregula-
tion of cleaved PARP and cleaved caspase8 (Fig. 7i). This 
evidence supports the hypothesis that THOC1 acts as a 
critical downstream target in the mechanism of action of 
indisulam in T-ALL.

DCAF15 plays a crucial role in the degradation of RBM39
It has long been recognized that the expression of 
DCAF15 is a prerequisite for the action of sulfonamide-
based drugs, including indisulam. To highlight the criti-
cal function of DCAF15 in the mechanism of action of 
indisulam against T-ALL, we employed CRISPR-Cas9 
technology to generate DCAF15-null variants in both 
the J. gamma1 and Jurkat cell models. Under micro-
scopic observation, we noted that the knockout of 
DCAF15 rendered indisulam ineffective in inducing 
cytotoxicity in T-ALL cells (Fig. 8a). Remarkably, we did 
not observe the loss of RBM39 protein in cells lacking 
DCAF15 (Fig.  8d). Furthermore, in DCAF15-knockout 
clones, the inhibitory effect on proliferation and the pro-
motive effect on apoptosis exerted by indisulam were 
restored (Fig. 8b-c, Supplementary Figure 8). Moreover, 
the mis-splicing events of EZH2 and THOC1 induced 
by drug action were conspicuously absent in cells with 
DCAF15 deficiency (Fig.  8e). Consistently, protein loss 

resulting from exon skipping was also not observed 
(Fig.  8d). Compared to the other four cell lines, the 
6T-CEM and HUT78 cell lines were found to be less 
sensitive to indisulam. Despite RBM39 degradation after 
indisulam treatment, we did not observe the depletion of 
downstream THOC1 (Supplementary Figure 9a). Due to 
the lack of specificity in DCAF15 antibodies, it has been 
challenging to investigate whether the sensitivity to indi-
sulam is associated with the protein expression levels of 
DCAF15 [18]. Furthermore, PCR analysis indicated that 
this process was independent of DCAF15 mRNA expres-
sion (Supplementary Figure 9b). Therefore, we speculate 
that the resistance mechanism in HUT78 and 6T-CEM 
cells is due to the aberrant splicing of effector genes. In 
summary, our findings underscore the indispensable role 
of DCAF15 in the mechanism of action of aromatic sul-
fonamide drugs in T-ALL and its crucial contribution to 
subsequent downstream consequences.

Indisulam has potent antitumor effects on primary T‑cell 
acute leukemia cells
Three peripheral blood samples from diagnosed pediat-
ric T-ALL patient 3 were utilized to assess the sensitivity 
of primary pediatric T-ALL cells to indisulam treatment. 
Consistent with prior observations in cell lines, cell death 
was noted 72 h posttreatment (Fig. 9a), as was the absence 
of the target protein RBM39 according to the Western 
blot analysis (Fig. 9d). Apoptosis increased 48 h after drug 
administration (Fig.  9b). Furthermore, splicing events for 
EZH2 and THOC1 in primary cells posttreatment were 
confirmed, consistent with the cell line outcomes (Fig. 9c). 
These findings reinforce the therapeutic potential of indi-
sulam and lay the groundwork for its future clinical trans-
lation. Overall, indisulam recruits DCAF15 to bind to 
RBM39, leading to degradation of the RBM39 protein, 
which affects RNA alternative splicing and causes aber-
rant THOC1 splicing and other translational abnormalities. 
Deletion of THOC1 slows proliferation, increases apop-
tosis and disrupts the cell cycle in T-ALL cells, ultimately 
leading to T-ALL cell death (Fig. 9e).

(See figure on next page.)
Fig. 7  THOC1 was identified as a critical downstream target within the pharmacological mechanism of indisulam. a The radar chart illustrates 
the extent of protein expression differences. From the inside out, the first ring arranges differential proteins clockwise according to their P values 
from smallest to largest. The second ring displays the fold change of differential proteins between the experimental group and the control group 
after Log2 transformation, with pink indicating upregulation, light blue indicating downregulation, and larger dots representing greater fold 
changes. The fourth ring shows the average quantitative values of both groups. b Western blot analysis of EZH2 and THOC1 in RBM39-knockdown 
cells following indisulam treatment. c CRISPR screening data from CCLE CRISPRi revealed the dependence of T-ALL Jurkat cell survival on THOC1. 
d The knockdown efficiency of THOC1 was evaluated in the J. gamma1 cell line and Jurkat cell line by qRT‒PCR. e The knockdown efficiency 
of THOC1 was evaluated in the J. gamma1 cell line and Jurkat cell line by Western blotting. f Knockdown of THOC1 significantly inhibited 
the proliferation of J. gamma-1-expressing and Jurkat cells. g The knockdown of THOC1 affected cell colony formation and proliferation. h Flow 
cytometry analysis indicated that the depletion of THOC1 led to a notable increase in apoptosis. i Western blot analysis validated the protein 
alterations occurring in the J.gamma1 and Jurkat cell lines following shRNA-mediated knockdown
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Fig. 7  (See legend on previous page.)



Page 16 of 22Ji et al. J Exp Clin Cancer Res          (2024) 43:205 

Fig. 8  Essential role of DCAF15 in the mode of action of indisulam. a Representative images of DCAF15WT or DCAF15KO cells treated with vehicle 
or with 1 μm or 5 μm indisulam. b Cell growth was assessed after 72 h of treatment with indisulam using a CCK-8 assay. c The proportions 
of apoptotic DCAF15KO and DCAF15WT cells after drug treatment were measured by flow cytometry. d Western blot analysis confirmed the protein 
alterations caused by DCAF15 deficiency. e PCR analysis of EZH2 and THOC1 exon skipping in DCAF15KO and DCAF15WT cells treated with indisulam
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Discussion
T-ALL is a severe malignancy characterized by a high 
incidence of complications and a poor prognosis [19]. 
RNA alternative splicing plays a pivotal role in regulat-
ing cellular proliferation, survival, and differentiation, 
underpinning the integrity and functionality of cells [20]. 
Comprehensive CRISPR/Cas9 domain-focused screen-
ing targeting the RNA binding domains of 490 classical 
RBPs revealed a significantly upregulated network of 
physically interacting RBPs in AML, which is crucial for 
maintaining RNA splicing processes and AML cell sur-
vival [10]. Research indicates that out of the 58 and 45 
RBPs analyzed in HepG2 and K562 cells, respectively, 
approximately 60% strongly correlated with chromatin. 
This suggests that RBPs not only are involved in posttran-
scriptional modifications but also directly participate in 
transcriptional regulation [21].

Using rMATS, a method for quantitatively analyzing 
differential splicing events, to assess cluster splicing phe-
nomena between peripheral CD3+ T cells and T-ALL 
cells, it was observed that exon skipping events are mark-
edly more prevalent in T-ALL cells than in normal T cells 
[22]. In Moreover, the splicing regulatory gene SHQ1 
has been shown to facilitate the survival of T-ALL tumor 
cells via the NOTCH1-SHQ1-MYC pathway, in addition 
to its involvement in regulating aerobic glycolysis [23]. 
A preclinical study on T-ALL indicated that the splicing 
factor SF3B1 inhibitor E7107, when used in combination 
with chemotherapy drugs, exhibits a promising synergis-
tic antitumor effect [24]. Consequently, cancer treatment 
strategies focusing on the targeting of alternative splic-
ing genes are garnering increased attention among the 
research community.

Our research identified indisulam as an effective and 
safe targeted therapy for T-ALL. Indisulam, also known 
as E7070, was developed by Eisai Co., Ltd. Our research 
showed that it can induce G2 phase arrest in T-ALL 
cells, promoting apoptosis and inhibiting tumor cell pro-
liferation. In  vivo experiments demonstrated that drug 
treatment significantly extended the survival period of 
T-ALL-bearing mice. There is a marked reduction in the 
infiltration of leukemia cells into tissues such as the bone 
marrow and spleen. Moreover, throughout the treatment 

period, there were no significant changes in the body 
weight of the mice, nor were there any observed drug-
related tissue damage. Similar to our findings, studies 
on several solid tumors have also reported the effective 
antitumor activity of indisulam [25–27]. Researchers has 
investigated the cytotoxic effects of indisulam on neu-
roblastoma, which achieves antitumor activity through 
the regulation of selective splicing of enzymes involved 
in glutamine metabolism by controlling JMJD6 [16, 28, 
29]. The application of isotope tracing technology dem-
onstrated that indisulam causes metabolic disorders and 
mitochondrial dysfunction in the neuroblastoma Kelly 
cell line [17]. Research by Ting Han, Maria Goralski, 
et  al. revealed that indisulam exerts it effects by bind-
ing to DCAF15 and proposed that indisulam might have 
broader application prospects in hematologic tumors 
with high expression of DCAF15 [12]. A subsequent clin-
ical trial revealed that the response rate for patients with 
heavily pretreated AML treated with indirubin combined 
with idarubicin and cytarabine was 35% [30]. Therefore, 
our research provides a potential basis for the application 
of indisulam in treating T-ALL.

Our study also revealed that RBM39 is a key gene in 
T-ALL cell survival. By constructing in vivo and in vitro 
models with RBM39 interference, we found that RBM39 
is crucial for the proliferation and survival of T-ALL 
tumor cells. The expression of RBM39 in T-ALL tissues 
was significantly greater than that in normal tissues. 
Whether RBM39 has prognostic value in T-ALL is cur-
rently unclear. Currently, there are few functional stud-
ies on RBM39. Recent research has shown that RBM39 
mediates the increase in asparagine synthesis in liver can-
cer, leading to enhanced arginine uptake and the forma-
tion of a positive feedback loop to maintain high levels of 
arginine, thus promoting carcinogenic metabolism [31]. 
Our experimental data also revealed that RBM39 may 
regulate the metabolism of T-ALL cells. Bioinformat-
ics analysis revealed that the absence of RBM39 leads to 
significant changes in the glycine, serine, and threonine 
metabolism pathways, which is a question worth investi-
gating in the future.

Another finding of our study is that indisulam induces 
widespread dysregulation of alternative splicing, disrupting 

(See figure on next page.)
Fig. 9  Indisulam is cytotoxic to primary T-ALL cells. a The drug sensitivity of primary cells treated with gradient concentrations of indisulam 
for 48 h was determined. b Following a 48-h incubation with DMSO or various concentrations of indisulam, apoptotic activity in primary cells 
was quantified by flow cytometry. The percentage of apoptotic primary cells increased significantly in the indisulam-treated group. c PCR analysis 
of EZH2 and THOC1 in primary cells treated with indisulam. d Western blot analysis revealed that indisulam induced the degradation of the RBM39 
protein, decreased the level of the c-Myc protein, and increased the level of PARP in these primary T-ALL cells. e Pattern diagram. Indisulam recruits 
DCAF15 to bind to RBM39, leading to degradation of the RBM39 protein, which affects RNA alternative splicing and causes aberrant THOC1 splicing 
and other translational abnormalities. Deletion of THOC1 slows proliferation, increases apoptosis and disrupts the cell cycle in T-ALL cells, ultimately 
leading to T-ALL cell death
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the expression of proteins. By analyzing genes that undergo 
alternative splicing via RNA-seq and exhibit a decrease in 
protein levels after treatment with indisulam, we identified 
208 candidate genes, including THOC1, EZH2, CHEK1, 
CDK4, and TRIM27. Pathway analysis revealed that these 
genes mainly affect the cell cycle and ubiquitin-mediated 
proteolysis pathways. This finding is similar to previous 
findings in neuroblastoma [17].

Among the numerous downstream effector changes 
induced by indisulam, our database search revealed that 
the survival of the Jurkat cell line is highly dependent 
on the THOC1 gene. Moreover, among the top 25 pro-
teins according to p value, THOC1 ranks second only 
to the target protein RBM39. Therefore, we verified that 
THOC1 is an important downstream gene. Our experi-
mental results showed that after THOC1 is disrupted, the 
growth of T-ALL tumor cells significantly slows, apop-
tosis increases, and the cleavage of the apoptotic mole-
cule PARP significantly increases. Previous research has 
shown that the ribonucleoprotein encoded by THOC1 
plays a crucial role in regulating the balance of myeloid 
progenitor cell proliferation and apoptosis in adult mice 
[32], and THOC1 deficiency also inhibits the prolifera-
tion of hepatocellular carcinoma cells [33].

DCAF15 is the key gene determining the degradation 
of RBM39 by indisulam, a point that has been confirmed 
by our research and other scientific work. After knock-
ing out DCAF15, tumor cells become resistant to indisu-
lam, and even 5  µM indisulam cannot degrade RBM39, 
nor does it induce apoptosis in T-ALL tumor cells. 
These results suggest that the absence or low expres-
sion of DCAF15 in tumor cells is one of the mechanisms 
underlying the development of resistance to indisulam. 
Our research also revealed that in HUT78 and 6T-cem 
cells, the mRNA expression of DCAF15 is similar to that 
in other T-ALL cells, and RBM39 can be significantly 
degraded after treatment with indisulam. However, these 
two cell lines are resistant to indisulam, suggesting that 
the survival of some tumor cells does not depend on 
RBM39. Moreover, DCAF15 cannot fully predict the 
efficacy of the antitumor action of indisulam. Future 
research needs to focus on the mechanisms of resist-
ance to indisulam and on finding better molecular mark-
ers that can predict the antitumor effects of indisulam. 
A 2020 study on biomarkers in AML proposed a novel 
biomarker by quantitatively assessing splice alterations 
using PCR. The study used indisulam-dependent splic-
ing as a pharmacodynamic marker for treatment efficacy, 
a hypothesis that was validated in primary patient cells. 

Consequently, our research suggests that THOC1 may be 
considered a candidate factor for dependency splicing in 
future therapeutic applications [18].

In summary, our research identified a new candidate 
inhibitor for targeted therapy in T-ALL and validated 
RBM39 as an important survival-dependent gene in 
T-ALL. Through cross-analysis of RNA-seq and quanti-
tative proteomics data, we found that the drug induced 
widespread RNA alternative splicing and downregulated 
the expression of related proteins, among which THOC1 
and several other genes may be key factors involved in 
the antitumor effects of indisulam.

Conclusions
In conclusion, our findings indicate that indisulam rep-
resents a potent therapeutic agent for T-ALL that func-
tions through the targeted depletion of RBM39 to trigger 
tumor cell apoptosis. RBM39 has been identified as a crit-
ical oncogenic factor in T-ALL pathogenesis. The mecha-
nism of action of indisulam involves the degradation of 
RBM39, precipitating extensive mis-splicing events in 
pre-RNA that disrupt normal translation processes, ulti-
mately leading to the absence of the pivotal downstream 
effector THOC1.
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