
ORIGINAL ARTICLE

USP20 as a super-enhancer-regulated gene

drives T-ALL progression via HIF1A

deubiquitination

Ling Xua,b,†, Zimu Zhangc,†, Juanjuan Yua,†, Tongting Jia,†,

Jia Chenga,†, Xiaodong Feid,†, Xinran Chue, Yanfang Taof, Yan Xub,

Pengju Yanga, Wenyuan Liug, Gen Lic, Yongping Zhange, Yan Lib,

Fenli Zhangh, Ying Yangh, Bi Zhoua,i, Yumeng Wua,j, Zhongling Weie,

Yanling Chena, Jianwei Wangc, Di Wuc, Xiaolu Lic, Yang Yangc,

Guanghui Qianc, Hongli Yinc, Shuiyan Wue, Shuqi Zhangk, Dan Liul,

Jun-jie Fane, Lei Shim, Xiaodong Wangn, Shaoyan Hue,*, Jun Lue,*,

Jian Panc,*

aChildren’s Hospital of Soochow University, Suzhou 215003, China
bDepartment of Pediatrics, the Affiliated Hospital of Xuzhou Medical University, Xuzhou 221000 China
cInstitute of Pediatric Research, Children’s Hospital of Soochow University, Suzhou 215003, China
dDepartment of Radiology, Children’s Hospital of Soochow University, Suzhou 215003, China
eDepartment of Hematology, Children’s Hospital of Soochow University, Suzhou 215003, China
fDepartment of Traditional Chinese Medicine, Children’s Hospital of Soochow University, Suzhou 215003, China
gDepartment of Pediatrics, the Second Affiliated Hospital of Anhui Medical University, Hefei 230601, China
hClinical Medicine, Guizhou Medical University, Guiyang 550000, China
iDepartment of Pediatric, Suzhou Hospital of AnHui Medical University, Suzhou 234000, China
jDepartment of Pediatric, the First Affiliated Hospital of Bengbu Medical College, Bengbu 233004, China
kDepartment of Pediatrics, the First Affiliated Hospital of Wannan Medical College, Wuhu 241002, China
lDepartment of Blood Transfusion, Children’s Hospital of Soochow University, Suzhou 215003, China
mDepartment of Medicinal Chemistry, Jiangsu Key Laboratory of Drug Design and Optimization, China

Pharmaceutical University, Nanjing 210009, China
nDepartment of Orthopaedics, Children’s Hospital of Soochow University, Suzhou 215003, China

Received 12 November 2024; received in revised form 4 March 2025; accepted 9 March 2025

*Corresponding authors.

E-mail addresses: panjian2008@163.com (Jian Pan), drlujun_sz@163.com (Jun Lu), hsy139@126.com (Shaoyan Hu).
†These authors made equal contributions to this work.

Peer review under the responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2025.07.003

2211-3835 © 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese

Academy of Medical Sciences. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Chinese Pharmaceutical Association

Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsev ie r.com/ loca te /apsb
www.sc iencedirec t . com

Acta Pharmaceutica Sinica B 2025;15(9):4751—4771



KEY WORDS

T-ALL;

Super enhancer;

USP20;

HIF1A;

GSK2643943A;

H3K27ac ChIP-seq;

Transcription regulation;

Potential target

Abstract T-cell acute lymphoblastic leukemia (T-ALL) is a highly aggressive hematologic malignancy

with a poor prognosis, despite advancements in treatment. Many patients struggle with relapse or refrac-

tory disease. Investigating the role of the super-enhancer (SE) regulated gene ubiquitin-specific protease

20 (USP20) in T-ALL could enhance targeted therapies and improve clinical outcomes. Analysis of his-

tone H3 lysine 27 acetylation (H3K27ac) chromatin immunoprecipitation sequencing (ChIP-seq) data

from six T-ALL cell lines and seven pediatric samples identified USP20 as an SE-regulated driver gene.

Utilizing the Cancer Cell Line Encyclopedia (CCLE) and BloodSpot databases, it was found that USP20

is specifically highly expressed in T-ALL. Knocking down USP20 with short hairpin RNA (shRNA)

increased apoptosis and inhibited proliferation in T-ALL cells. In vivo studies showed that USP20 knock-

down reduced tumor growth and improved survival. The USP20 inhibitor GSK2643943A demonstrated

similar anti-tumor effects. Mass spectrometry, RNA-Seq, and immunoprecipitation revealed that USP20

interacted with hypoxia-inducible factor 1 subunit alpha (HIF1A) and stabilized it by deubiquitination.

Cleavage under targets and tagmentation (CUT&Tag) results indicated that USP20 co-localized with

HIF1A, jointly modulating target genes in T-ALL. This study identifies USP20 as a therapeutic target

in T-ALL and suggests GSK2643943A as a potential treatment strategy.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

T-ALL is a highly aggressive form of leukemia characterized by

the clonal proliferation of abnormal T lymphocytes. It accounts

for approximately 15%1 of ALL cases in children and 25% in

adults2. T-ALL presents greater clinical challenges than B-cell

acute lymphoblastic leukemia due to its poor treatment

response, higher relapse rates, increased risk of progression to

refractory leukemia, and a long-term survival rate of less than

10%3. Therefore, studying the pathogenesis of T-ALL may pro-

vide crucial insights for developing targeted therapies essential for

improving clinical outcomes.

Recent studies have highlighted the pivotal role of deubiqui-

tinating enzymes (DUBs) in tumor progression. Among the

various subfamilies of DUBs, ubiquitin-specific peptidases (USPs)

are the largest and have been found to be involved in tumor

progression4. USP7, one of the earliest identified DUBs in T-ALL,

stabilizes the tumor suppressor protein p53 by removing ubiquitin

(Ub) chains, enhancing its anticancer function5. USP7 also regu-

lates various oncogenes, such as Notch1, by deubiquitination, thus

promoting their stability and influencing the Notch signaling

pathway, which enhances T-ALL cell proliferation6. This dual role

positions USP7 as a potential therapeutic target. Additionally,

USP1 is aberrantly expressed in T-ALL and is essential for its

survival, with the USP1/PLK1/LDHA axis playing a significant

role in glycolysis and disease progression7. USP44, by interacting

with WD repeat domain 5 (WDR5), inhibits its ubiquitination,

thereby promoting T-ALL growth8. Further investigation into the

mechanisms by which DUBs contribute to T-ALL will inform the

discovery of novel targeted treatments, a vital step toward better

therapeutic efficacy.

In 2013, Young’s lab introduced the concept of SEs, highly

active enhancers enriched with transcription factors (TFs),

cofactors, and histone modifications9, such as H3K27ac, a marker

for SEs10. SEs exhibit higher activity than normal enhancers and

play a crucial role in cell-specific gene expression and differen-

tiation, impacting tumor cell phenotype and function11,12. SEs

have been closely linked to the development of various cancers,

such as pancreatic cancer, where they regulate transforming

growth factor beta receptor 2 expression, impacting transforming

growth factor beta signaling13. In breast cancer, the loss of

H3K27ac-SEs contributes to its tissue-specific tumor-suppressive

functions14. In colorectal cancer, SEs drive the activation of the

homeobox B cluster (HOXB) gene cluster, particularly the onco-

gene HOXB8, influencing prognosis15. SEs also regulate key

transcription factors in esophageal adenocarcinoma, such as E74-

like ETS transcription factor 3, krüppel-like factor 5, GATA

binding protein 6, and ETS homologous factor, enhancing

esophageal adenocarcinoma cell proliferation and survival16. SEs

also play key roles in hepatocellular carcinoma17, multiple

myeloma18, and B-cell acute lymphoblastic leukemia19. Our pre-

vious studies revealed that SE-associated tetratricopeptide repeat

domain 8 (TTC8) in neuroblastoma (NB) altered paired-like ho-

meobox 2B distribution and activated mitogen-activated protein

kinase (MAPK) signaling, promoting tumorigenesis20. The

bromodomain-containing protein 4 (BRD4) inhibitor GNE987,

targeting SEs, demonstrated anticancer effects in NB21. The

identification of hub genes driven by SEs has attracted significant

research interest due to their association with various cancers,

presenting potential therapeutic targets.

In leukemia, Sanda’s group22-24 conducted enhancer analysis

on primary leukemic samples from adult T-cell leukemia/lym-

phoma (ATL) and identified several oncogenes associated with

SEs, such as T-cell lymphoma invasion and metastasis 2, inter-

feron regulatory factor 4 (IRF4), nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-kB), and tumor protein p73

(TP73), which promote ATL progression. Mansour et al.25

discovered a mutation upstream of the T-cell acute lymphocytic

leukemia protein 1 (TAL1) gene’s transcription start site that

generates a super enhancer, leading to overexpression of the

oncogene and promoting T-ALL development. Smith et al.26

found that mebendazole targets the myeloblastosis oncogene

(MYB)-dependent oncogene TAL1 5′SE, inducing MYB protein

degradation and T-ALL cell death. These findings underscore the
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critical role of SEs in leukemia pathogenesis. Our previous

research, using H3K27ac ChIP-seq data from acute myeloid leu-

kemia (AML) clinical samples and cell lines, identified SE-

regulated oncogenes, such as acidic nuclear phosphoprotein 32

family member B (ANP32B), which enhances v-myc avian mye-

locytomatosis viral oncogene homolog (MYC) through histone

acetylation, promoting AML proliferation27. Down-regulation of

SE-associated genes, including lymphoblastic leukemia-derived

sequence 1 (LYL1), was observed following GNE-987 treat-

ment28. Our previous study revealed that the BRD4 inhibitor

GNE-987 effectively inhibits T-ALL progression by targeting SE-

related genes29 and highlights the high expression and crucial role

of the SE-regulated gene FYN binding protein 1 in T-ALL30.

Therefore, investigating SE-regulated genes in T-ALL is essential

for understanding its molecular mechanisms and developing tar-

geted therapies.

This study screened the DUB family based on H3K27ac ChIP-

seq data from pediatric clinical samples and T-ALL cells, identi-

fying USP20 as an SE-regulated DUB in T-ALL. It has been

shown to deubiquitinate proteins, such as D2, HIF1A, and ß2-AR,

thereby influencing important cellular processes, including Wnt

signaling, HIF1A signaling, NF-κB signaling, tumorigenesis, and

tumor progression31. USP20 is often detrimental in cancer therapy

and overexpressed in various tumors. Recent studies have revealed

its significant role in the tumorigenesis of breast cancer, colon

cancer, lung cancer, gastric cancer, and ATL4. Specific inhibition

of USP20 activity presents a promising approach for novel tumor

therapy. For instance, the small molecule inhibitor GSK2643943A

has demonstrated its ability to inhibit USP20’s deubiquitinating

activity32. However, the specific mechanism of USP20 in T-ALL

remains unknown. Our study uncovered that knocking down

USP20 using shRNA increased T-ALL cell apoptosis and inhibi-

ted cell proliferation. In vivo, USP20 knockdown reduced tumor

growth and prolonged survival in mice. The USP20 inhibitor

GSK2643943A exhibits similar antitumor effects. Our findings

deepen the understanding of T-ALL’s basic biology and clinical

features and propose a potential new therapeutic strategy, making

USP20 a promising target in T-ALL treatment and offering new

directions for future clinical interventions.

2. Methods and materials

2.1. Cell culture

Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd. supplied

the J.gamma1, 6T-CEM, MOLT-4, and Jurkat human leukemia cell

lines. HUT78 and CCRF-CEM came from the Chinese Academy of

Sciences Cell Bank. Complete RPMI 1640 media (VivaCell,

Shanghai, China) supplemented with 10% FBS (Biological In-

dustries, CT, USA) was used to cultivate these cells. HEK293FT

cells were obtained from the Cell Bank of the Chinese Academy of

Sciences and maintained in DMEM (VivaCell, Shanghai, China)

supplemented with 10% fetal bovine serum (Biological Industries,

CT, USA). All cell lines underwent authentication by STR analysis

and testing for mycoplasma using the MycoAlert kit.

2.2. Lentivirus generation and infection

IGE Biotechnology LTD in China synthesized and integrated

shRNA into the pLKO.1 vector, with the sequences provided in

Supporting Information Table S1. A total of 15 μg, consisting of

target and packaging plasmids (psPAX2: #12260; pMD2.G:

#12259) in a 4:3:1 ratio, was transfected into 293FT cells using

PEI reagent. Six hours later, the medium was replaced with fresh

DMEM, and the virus suspension was collected after 48 h and

subsequently filtered. T-ALL cells were exposed to lentivirus with

1 μg/mL Polybrene for 24 h. Stable T-ALL cell lines were

established by selection with 1 μg/mL puromycin (ST551). For

USP20 overexpression, the Flag-tagged USP20 CDS was cloned

into pLVX-EF1α-IRES-puro. HEK293FT cells were transfected

with target and packaging plasmids (a total of 15 μg, in a ratio of

2:2:1) using a PEI reagent. Lentivirus was utilized to infect T-ALL

cells, resulting in the acquisition of USP20-overexpressing T-ALL

cell lines after puromycin selection. Overexpression of HIF1A,

catenin beta 1 (CTNNB1), runt-related transcription factor 1

(RUNX1), and ETS proto-oncogene 1 (ETS1) was also obtained by

lentiviral transduction.

2.3. CRISPR-mediated silencing of USP20

To establish stable knockout cell lines using the dCas9/CRISPR

system, Jurkat and J.gamma1 cells were initially transfected with

lentiviruses containing the dCas9 gene and subsequently subjected

to puromycin selection. Subsequently, small guide RNAs

(sgRNAs) targeting USP20 were cloned into a Lenti-CRISPR

plasmid synthesized by IGE Biotechnology LTD (Guangzhou,

China). The dCas9-expressing cells were subsequently transduced

with either sgRNA-USP20 or non-targeted control sgRNA

(sg-NC) lentiviral particles. The preparation of the lentiviral par-

ticles was conducted by IGE Biotechnology LTD (Guangzhou,

China) following a previously described method, and the target

sequence information is provided in Supporting Information

Table S2.

2.4. RNA purification, cDNA generation, and qRT-PCR

FastPure Cell/Tissue Total RNA Isolation Kit V2 (Vazyme,

Nanjing, China) was used to extract total RNA. Subsequently, the

High-Capacity cDNA Reverse Transcription Kit (Applied Bio-

systems, Waltham, MA, USA) was used to reverse transcribe 2 μg

of total RNA into cDNA. The LightCycler® 480 SYBR® Green I

Master Mix on a LightCycler® 480 Real-Time System (Roche,

Grunzak, Germany) was used for quantitative real-time polymer-

ase chain reaction (qRT-PCR). The 2—ΔΔCT technique was used to

quantify relative gene expression, normalizing Ct values to

GAPDH. Gene expression was averaged from three replicates.

Supporting Information Table S3 lists primer sequences.

2.5. Western blotting analysis

The following antibodies were used: USP20 (Proteintech, 17491-

1-AP, Wuhan, China), ß-actin (Proteintech, 66009-1-Ig, Wuhan,

China), PARP (CST, 9542S, Danvers, USA), cleaved caspase-3

(CST, 9661S, Danvers, USA), cleaved caspase-8 (CST, 9746S,

Danvers, USA); c-Myc (CST, 9402S, Danvers, USA); Flag

(Sigma, F1804, St. Louis, MO, USA), HIF1A (Santa Cruz

Biotechnology, sc-3515, Dallas, TX, USA), HA-Tag (CST, 3724S,

Danvers, USA), IgG (Abcam, ab172730, Cambridge, MA, USA),

ß-Catenin (CST, 9582S, Danvers, USA), GFP (Proteintech,

66002-1-Ig, Wuhan, China), GAPDH (Abcam, ab128915,
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Figure 1 Identification of the T-ALL SE regulatory gene USP20, which exhibits high expression in T-ALL and correlates with poor prognosis.

(A) H3K27ac ChIP-seq analysis of six T-ALL cell lines and seven patients with T-ALL, as well as data from six patients with T-ALL from the

GEO dataset, were analyzed to screen for potential super-enhancer (SE) driver genes in the USP family. (B) An enrichment near USP20 was

identified, indicating a high likelihood of super-enhancers. This was observed when comparing the H3K27ac ChIP-seq results from our six T-ALL
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Cambridge, MA, USA), LDB1 (Abcam, ab96799, Cambridge,

MA, USA), BRD4 (E2A7X) Rabbit mAb (CST, 13440, Danvers,

USA).

2.6. Cell proliferation experiment

Infected cells from the experimental and control groups were

seeded at 3 × 103 per well into 96-well plates following puromycin

screening. Proliferation was evaluated using the Cell Counting Kit-

8 (APExBIO, K1018-1, Houston, USA) by adding CCK-8 reagent

to each well on Days 1, 3, and 5. Absorbance at 450 nm was

measured using a spectrometer (Thermo, Waltham, MA, USA) to

determine cell activity. To determine the IC50 of GSK2643943A,

cells were treated with GSK2643943A (30 nmol/L—4 μmol/L), for

24 h at a density of 1 × 104 cells per well, with each concentration

replicated at least three times per cell line.

2.7. Soft agar clone formation assay

The bottom gel was prepared using 1.2% agarose gel and

2 × RPMI 1640 (YuChun, YC-1010, Shanghai, China) with 20%

FBS. Following solidification, 100 μL of cell suspension from sh-

NC and sh-USP20 groups was added to the soft agar medium in 6-

well plates (5 × 103 cells/mL). The upper gel consisted of 0.7%

agarose gel with 2 × RPMI 1640 and 20% bovine serum. Plates

were then incubated at 37 ◦C with CO2 for about 14 days, fol-

lowed by fixation with 4% paraformaldehyde (Beyotime, P0099,

Shanghai, China) for 24 h, staining with Giemsa (Beyotime,

C0131, Shanghai, China), and subsequent colony counting.

2.8. Cell apoptosis assay

After puromycin selection, the infected cells were washed with cold

1 × PBS. Subsequently, the samples were resuspended in

1 × Annexin V binding buffer and labeled with FITC-Annexin V

antibody and PI solution according to the instructions provided in the

FITC-Annexin V apoptosis kit manual (BD Biosciences, 556547,

San Jose, CA, USA). Cell apoptosis was evaluated using the Beck-

man Gallios™ Flow Cytometer (Beckman, Krefeld, Germany).

2.9. Luciferase reporter assay

The USP20-SE candidate enhancer was divided into three com-

ponents, E1—E3 (Supporting Information Table S4). Candidate

enhancer constituents in the USP20-SE were cloned into the

luciferase reporter vector pGL3-Promoter (Promega, Madison,

WI, USA). The vectors were transfected into the J.gamma1 cell

line using Lipofectamine 3000 (Thermo Fisher Scientific,

L3000001, Waltham, MA, USA). A Renilla luciferase control

vector was co-transfected to enable normalization. Luciferase

activity was assessed 48 h post-transfection using the Dual-

Luciferase Reporter Assay System (Promega, E1910, Madison,

WI, USA).

2.10. Cell cycle analysis

Cells were harvested, washed with cold PBS, and then fixed in

70% ethanol overnight. Subsequently, cell cycle analysis was

performed according to the manufacturer’s protocol using the

“Cell Cycle and Apoptosis Analysis Kit” (Beyotime, C1052,

Shanghai, China). Flow cytometry (Beckman Gallios™ Flow

Cytometer) (Beckman, Krefeld, Germany) was utilized to deter-

mine the distribution of cells in different phases of the cell cycle.

2.11. RNA sequencing and data processing

BGI Tech Service Co., Ltd. (Shenzhen, China) isolated the RNAs,

prepared the library, sequenced the transcripts, and filtered the

data. The 150 bp paired-end reads were aligned to the hg38

genome (Ensembl) employing HISAT2 software (version 2.2.0).

StringTie software (version 2.1.2) was utilized for transcriptome

assembly and abundance analysis. Differentially expressed genes

were detected using the R/Bioconductor package DESeq2. Gene

set enrichment analysis (GSEA) was performed using the R/Bio-

conductor package clusterProfiler, utilizing Hallmarks gene sets

sourced from the Molecular Signatures Database (MSigDB).

2.12. In vivo experiments

All animal studies were approved by the Animal Care Committee

of Suzhou College (approval number: CAM-SU-AP#: JP-2018-1).

Female NSG mice aged 5 weeks (Shanghai Model Organisms

Center, Inc., Shanghai, China) were randomly separated into two

groups (n > 6 per group) to test USP20 function in vivo. The tail

vein was infused with 2 × 106 J.gamma1 cells expressing firefly

luciferin and either Sh-NC or Sh-USP20 in 100 μL PBS for each

animal. On Days 0, 19, 29, 36, and 43 post-injection, tumor-

bearing animals received 50 mg/kg intraperitoneal D-fluorescein

sodium salt (GoldBio, 115144-35-9, St. Louis, MO, USA). IVIS

(In Vivo Imaging Systems) imaging measured tumor radiance

uptake utilizing Berthold imaging equipment (Berthold Technolo-

gies GmbH & Co. KG, Bad Wildbad, Germany). After CO2

inhalation, mice were sacrificed, and liver, splenic, and bone tissues

were taken for flow cytometry analysis with CD45 detection,

paraffin embedding, hematoxylin and eosin (H&E) staining, and

immunohistochemistry (IHC). To research GSK2643943A in vivo,

NSG mice were randomly split into two groups (n > 6 per group).

The tail vein of each mouse received an injection of 2 × 106 J.

gamma1 cells expressing firefly luciferin (100 μL PBS). On Days

0 and 10 post-injection, D-fluorescein sodium salt was intraperi-

toneally injected for fluorescence imaging. Two days later, the

experimental group received intraperitoneal injections of 15 mg/kg

GSK2643943A while the control group received 15 mg/kg 5%®

cell lines, seven patients with T-ALL, and T cells from the GEO dataset using the IGV visualization tool. However, no enrichment near USP20

was observed in the H3K27ac ChIP-seq data of CD34+ HSC from the GEO dataset. (C) Data from the GEO dataset GSE26713 revealed

significantly higher mRNA expression of USP20 in patients with T-ALL (n � 117) than in bone marrow samples (n � 7) from healthy donors.

(D) Data from the GEO dataset GSE13159 also showed significantly higher mRNA expression of USP20 in T-ALL (n � 165) than bone marrow

samples from non-leukemic individuals and healthy bone marrow (n � 71). (E) Knockdown of BRD4 in T-ALL cells resulted in decreased

expression of USP20 mRNA levels (n � 3). (F) Our center’s clinical data showed that survival rates were lower for individuals with T-ALL who

expressed higher levels of USP20. Data are presented as mean ± SD; non-significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001, and

****P < 0.0001.
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HS15 (solvent for GSK2643943A), once daily for 10 times (with a

2-day interval). Imaging continued on Days 16, 23, 29, and 36

using the Berthold imaging system. Liver, spleen, bone, renal, and

intestinal samples were harvested for further analysis.

2.13. CUT&Tag assay and data processing

CUT&Tag assays were conducted using the Hyperactive Universal

CUT&Tag Assay Kit for Illumina (Vazyme, TD903, Nanjing,

China) following the manufacturer’s instructions. Antibodies

against IgG, USP20, and HIF1A were employed. DNA was

extracted and amplified with i5 and i7 primers in TruePrep Index

Kit V2 for Illumina (Vazyme, TD202, Nanjing, China). Libraries

were purified with VAHTS DNA Clean Beads (Vazyme, N411,

Nanjing, China) and sequenced by Novogene Bioinformatics

Technology Co., Ltd. (Beijing, China). The 150 bp paired-end

reads were aligned to the hg38 (Ensembl) genome using Bowtie2

(version 2.4.4) with parameters –end-to-end– very-sensitive –no-

mixed –no-discordant. Duplicates were removed using Picard

tools. Peaks were called using MACS (version 3.0).

2.14. Immunoprecipitation

Jurkat and J.gamma1 cells transfected with USP20-Flag over-

expression constructs were lysed using NP-40 lysis buffer

(Beyotime, P0013F, Shanghai, China) and protein inhibitor. After

incubation for half an hour at 4 ◦C, the samples were centrifuged,

and the upper layer was extracted. A portion of the supernatant

was denatured with a loading buffer and used as input. The

remaining supernatant was incubated with Protein A/G beads

along with either Flag or IgG antibodies overnight at 4 ◦C. Sub-

sequently, the samples were centrifuged, and the pellets were

washed with TBST before being subjected to mass spectrometry

analysis or resuspended in loading buffer for Western blot. For the

co-immunoprecipitation experiment on 293FT cells transfected

with plasmids, Beaver Bio’s Protein A/G IP kit was utilized. The

process involved cell lysis, collection of supernatant, magnetic

bead pretreatment, antibody binding, and antigen precipitation.

Antigen elution was performed using a loading buffer, followed by

magnetic separation and collection for Western blot analysis.

2.15. Human tissue samples, ChIP-seq, and SE analysis

This research was authorized by the Human Care Committee of

Soochow University (approval number: 2023CS106). Written

informed consent was obtained from all patients’ legal guardians.

Bone marrow samples from newly diagnosed pediatric T-ALL

patients underwent ChIP assays following standard procedures28.

Cells were fixed, lysed, and fragmented into chromatin pieces

ranging from 300 to 800 bp. The chromatin was then incubated

with an H3K27ac antibody, and the resulting antibody—chromatin

complexes were isolated and purified. DNA sequencing was per-

formed by BGI, with alignment to the hg38 genome reference.

Super enhancers were identified using the ROSE software. Our

sequencing and processed data files were submitted to the Gene

Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)

repository, GSE267758 (T-ALL1, T-ALL2, T-ALL3, T-ALL4,

T-ALL5, T-ALL6, T-ALL7, and J.gamma1 ChIP-seq),

GSE165207 (T-ALL Hi-ChIP).

2.16. Statistical analysis

Results from various experiments were reported as the average

value plus or minus the standard error of the mean. The statistical

analysis involved the use of two-tailed, unpaired Student’s t-tests

for comparing two groups, and one-way analysis of variance

(ANOVA) followed by Sidak’s multiple comparison test for

assessing numerous groups. “NS” denotes non-significant.

P < 0.05 was regarded as statistically significant: *P < 0.05,

**P < 0.01, ***P < 0.001, and ****P < 0.0001. We performed

GraphPad Prism 8.0 software (GraphPad Software Inc., La Jolla,

CA, USA) for all statistical analyses.

Additional methodological details can be found in the Sup-

porting Information (Supporting Information and Methods

section).

3. Results

3.1. Identification of USP20 as an SE-regulated gene in T-ALL,

associated with high expression and poor prognosis

To identify genes associated with SEs in T-ALL, we analyzed

H3K27ac ChIP-seq data from six T-ALL cell lines (Jurkat, J.

gamma1, CCRF, MOLT3, MOLT4, PF382) (Supporting Informa-

tion Table S5) and seven patients with T-ALL (Supporting Infor-

mation Tables S6 and S7). Using ROSE software, we mapped the

SE landscape across these 13 samples. Among the USP family

genes, USP4, USP5, USP7, USP20, USP36, USP44, and USP49

were found to overlap with or be flanked by SEs in multiple samples

(Fig. 1A, Supporting Information Figs. S1 and S2). Further analysis

of six H3K27ac ChIP-seq samples from patients with T-ALL in the

GEO dataset GSE155339 supported USP20 as an SE-driven gene

(Fig. 1A). Notably, USP20 was recognized as a potential SE-driven

gene in over 90% of the samples. Consistent patterns were observed

at the USP20 locus in six T-ALL cell lines, seven patients with

T-ALL, and three T-cell samples (GSE18927), but not in CD34+

HSC (GSE231486) (Fig. 1B). Data from the GEO dataset

GSE26713 revealed that patients with T-ALL exhibited signifi-

cantly higher USP20 mRNA expression than normal bone marrow

(NBM) (Fig. 1C). Additionally, data from GSE13159 demonstrated

that USP20 mRNA expression was notably elevated in patients with

T-ALL compared to bone marrow samples from non-leukemic and

healthy individuals (Fig. 1D). Analysis of the CCLE database

indicated that USP20 mRNA expression levels ranked the highest

among T-ALL cell lines compared to other cancer types (Sup-

porting Information Fig. S3A). BloodSpot data also confirmed high

expression of USP20 in T-ALL (Fig. S3B), suggesting a significant

role for USP20 due to its specific high expression in T-ALL. To

establish the specificity of shBRD4’s effects, we measured the

mRNA levels of USP20, USP44, and other non-SE-driven USP

family members (Supporting Information Fig. S4A). Following

BRD4 knockdown in T-ALL cells, the USP20 mRNA and USP20

protein levels were reduced (Fig. 1E and Fig. S4B), with similar

results observed using a BRD4 inhibitor (GNE987), indicating

regulation of USP20 by SEs (Fig. S4C).

Cyclin-dependent kinase 7 (CDK7) is also a marker of SE.

Applying CDK7 inhibitor (CDK7-IN-4) in T-ALL cells resulted in

decreased expression of USP20 mRNA levels (Fig. S4D). Western

blot analysis revealed high levels of USP20 in peripheral blood T

lymphocytes of children with T-ALL and T-ALL cell lines
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Figure 2 Regulation of USP20 by related super enhancers. (A) The ChIP-seq gene location reflected the ATAC and H3K27ac signals at the

USP20 gene location. The figure shows the Hi—C interaction in T-ALL, labeling three candidate enhancer regions (E1, E2, and E3) for USP20.

(B) The study evaluated the transfection efficiency of Jurkat and J.gamma1 cells with the dual-luciferase reporter carrier incorporating NC or

USP20-enhancer components (n � 3). (C) A schematic demonstrates the use of dead Cas9 fused to a transcriptional repressor domain (KRAB) to

inhibit constitutive enhancers of USP20. (D) Western blot results of Jurkat and J.gamma1 cells after transfection with sgRNA-dCas9 vectors are

presented. (E) The mRNA expression levels of USP20 in Jurkat and J.gamma1 cells after transfection with sgRNA-dCas9 vectors are shown

(n � 3). (F) CCK8 assays were used to evaluate the survival rate of Jurkat dCas9, Jurkat, J.gamma1 dCas9, and J.gamma1 cells upon transfection

with non-targeting negative control and E3-targeting sgRNAs to assess cellular viability (n � 3). Data are presented as mean ± SD; non-

significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 3 The pivotal role of master transcription factors in regulating SE-driven USP20 expression. (A) IGV plots of CUT&Tag show the

signals of H3K27ac, ATAC, and TFs in the USP20 gene locus super-enhancer in the T-ALL cell line (J.gamma1). (B) The activity of the E3

luciferase reporter was assessed in the T-ALL cell lines (Jurkat, J.gamma1) following the knockdown of RUNX1 and ETS1 (n � 3). (C) mRNA

level of USP20 in the T-ALL cell lines (Jurkat, J.gamma1) following individual master TF knockdown (RUNX1 and ETS1) is shown via qRT-PCR
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(Fig. S4E). Specifically, elevated expression was noted in the J.

gamma1, 6T-CEM, and Molt4 cell lines. Based on clinical data

from our center, we analyzed the survival rates of 24 children with

low USP20 expression and 54 children with high USP20 expres-

sion in T-ALL. The results demonstrated a significantly lower

survival rate among the high-expression group than the low-

expression group, with a statistically significant difference

(Fig. 1F). The clinical characteristics of the patients are detailed in

Supporting Information Table S8. We investigated the fact that

USP4 deficiency inhibits cell proliferation and increases apoptosis

in T-ALL (Fig. S4F—S4J). In conclusion, our study is the first to

identify USP20 as an SE-regulated gene highly expressed spe-

cifically in T-ALL. Furthermore, elevated USP20 expression is

associated with poor prognosis in children with T-ALL, high-

lighting its important pathogenic role.

3.2. Pivotal role of master transcription factors in the

regulation of SE-driven USP20 expression

We analyzed publicly available Hi-ChIP data from T-ALL to

confirm broad associations between USP20 enhancers and pro-

moters. These connections are illustrated by connecting lines

above the ChIP-seq profiles in Fig. 2A. Within the USP20-SE, we

identified three candidate component enhancers (E1—E3) as well

as a negative control region (Fig. 2A). These candidate enhancers

were cloned into the pGL3-promoter luciferase reporter vector and

transfected into Jurkat and J.gamma1 cell lines. E3 demonstrated

the highest reporter activity, consistent with its high H3K27ac

signal (Fig. 2B). Based on these findings, we concluded that the

E3 component enhancer is the main active unit of the USP20 SE.

To confirm the transcriptional function of the enhancer compo-

nent, we utilized CRISPR intervention to specifically repress the

USP20 E3 cis-regulatory element using sgRNAs targeting the

dCas9/KRAB cluster (Fig. 2C). The sgRNA2, sgRNA4+5, and

sgRNA6+7 targeting E3 significantly reduced USP20 protein and

USP20 mRNA expression (Fig. 2D and E). Inhibition of USP20

SE activity led to significant suppression of cell growth when

sgRNA-dCas9/KRAB was transfected into Jurkat and J.gamma1

cells; however, transfection with sgRNA alone had no remarkable

impact on cell proliferation (Fig. 2F and Supporting Information

Fig. S5A). Additionally, we added the data on the effects of

inhibiting USP20 SE activity using sgRNA-dCas9/KRAB on the

proliferation and progression of T-ALL in vivo (Fig. S5B). The

fluorescence signal level in the E3-sgRNA group showed a sig-

nificant decrease compared to that in the sg-NC group (Fig. S5B).

To further explore the upstream mechanism, we performed a

series of CUT&Tag analyses against T-ALL master TFs. The

analysis examined the occupancy of these master TFs (RUNX1,

ETS1, ERG, ETV6, and ELF1) in J.gamma1 and 6T-CEM cells,

revealing multiple enrichment sites within the SE region of

USP20, with enhancer region E3 showing the most significant

enrichment (Fig. 3A, Supporting Information Figs. S6 and S7,

Tables S9 and S10). To confirm that T-ALL master TFs directly

promote USP20 expression through the SE, we first knocked down

RUNX1 and ETS1, two master TFs in T-cell regulation. Next, to

assess enhancer activity, the pGL3-promoter vector with the

USP20-E3 element was transfected into Jurkat and J.gamma1

cells. Consistent with our hypothesis, the knockdown of master

TFs significantly decreased USP20-E3 luciferase activity

compared to control groups (Fig. 3B). Additionally, at the mRNA

level, the absence of any of the master TFs (RUNX1, ETS1, ERG,

ETV6, and ELF1) consistently and significantly downregulated

USP20 expression (Fig. 3C, Supporting Information Fig. S8A).

Besides, overexpression of RUNX1 and ETS1 increases the

expression of USP20 (Fig. S8B—S8E). An analysis of expression

data from the samples of patients with T-ALL in the GEO data-

base (GSE13159, GSE26713) showed a significant positive cor-

relation between the expression levels of USP20 and the master

TFs RUNX1 and ETS1 (Fig. 3D). These results suggest that master

TFs RUNX1 and ETS1 cooperatively regulate USP20 transcription

by directly occupying its SE regions in T-ALL.

3.3. USP20 knockdown inhibited T-ALL proliferation and

progression in vitro and in vivo

To investigate the role of USP20 in T-ALL, in vitro experiments

were conducted by transfecting three T-ALL cell lines (Jurkat, J.

gamma1, and Molt4) with USP20-targeting shRNA (sh-USP20#1,

sh-USP20#2, and sh-USP20#3) and control shRNA (sh-NC).

Significant decreases in USP20 protein and USP20 mRNA

expression levels were observed in cells transfected with USP20

shRNA (#2 and #3) compared to the control group, as determined

via Western blot and qRT-PCR analyses (Fig. 4A and B). The

colony-forming ability of T-ALL cells was significantly reduced

following USP20 knockdown in a soft agar assay (Supporting

Information Fig. S9A). PI staining demonstrated that USP20

knockdown caused cell cycle arrest, resulting in a significant in-

crease in G2/M phase cells while decreasing G1/S phase cells,

thereby inhibiting cell proliferation (Fig. S9B). Furthermore, the

USP20 knockdown group exhibited a considerable decrease in cell

proliferation compared to the sh-NC group (P < 0.001) (Fig. 4C).

Additionally, the USP20 knockdown group exhibited significant

growth restriction leading to cellular death compared to the sh-NC

group (Supporting Information Fig. S10A). Apoptosis was

assessed via flow cytometry, showing that USP20 deficiency

induced apoptosis in Jurkat, Molt4, and J.gamma1 cell lines

(Fig. 4D and Fig. S10B). Consistent with these findings, Western

blot analysis revealed downregulation of USP20 expression fol-

lowed by the cleavage of apoptotic proteins PARP, caspase-3

(Fig. 4E), and caspase-8 (Fig. S10C). Besides, overexpression of

USP20 increased USP20 mRNA and USP20 protein expression

and enhanced cell proliferation in vitro (Fig. S10D—S10F).

In vivo, the effect of USP20 knockdown was examined by intra-

venously injecting J.gamma1 cells transfected with shUSP20 or

sh-NC into NSG mice through the tail vein after tagging the cells

with luciferase (Fig. 4F). The fluorescence signal level in the sh-

USP20 group showed a significant decrease compared to that in

the sh-NC group (Fig. 4G and H). Fluorescence imaging of liver,

spleen, and bone samples from mice revealed a substantial

decrease in tumor burden in the USP20 knockdown group

compared to that in the control group (Supporting Information

Fig. S11A). Survival analysis indicated a substantial median

analysis (n � 3). (D) Transcript levels of USP20, RUNX1, and ETS1 show a strong positive correlation in T-ALL cases (GSE13159 n � 165,

GSE26713 n � 117), as indicated by a scatter plot. Data are presented as mean ± SD; non-significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001,

and ****P < 0.0001.
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Figure 4 USP20 knockdown inhibited T-ALL proliferation and progression in vitro and in vivo. (A) Western blotting verified the USP20

knockdown levels in the cells. (B) In Jurkat, Molt4, and J.gamma1 cells infected with sh-NC, sh-USP20#2, and sh-USP20#3, the levels of USP20

mRNA were measured using qRT-PCR (n � 3). (C) The CCK-8 assay was used to calculate the cell proliferation rates of Jurkat, Molt4, and J.

gamma1 cells following USP20 knockdown (n � 3). (D) Using flow cytometry, the apoptotic levels in infected Jurkat, Molt4, and J.gamma1 cells

4760 Ling Xu et al.



survival advantage for the sh-USP20 mice (Fig. 4I). The sh-

USP20 group exhibited a marked decrease in the proportion of

bone, liver, and spleen CD45+ cells (Fig. S11B), while white light

photos of liver and spleen from both groups were obtained

(Fig. S11C). No noticeable loss of body weight was observed in

the mice of either group (Fig. S11D). Moreover, H&E staining of

mouse liver, spleen, and bone marrow revealed a marked decrease

in tumor cells in the USP20 knockdown group compared to

controls (Fig. S11E). IHC staining for Ki67 further supported

these findings, demonstrating an inhibitory effect on tumor

development within the liver, spleen, and bone marrow following

USP20 knockdown (Fig. S11F). In conclusion, the consistent

outcomes from both in vitro and in vivo investigations demonstrate

that USP20 knockdown exerts an anti-tumor effect against T-ALL.

In vitro experiments within a T-ALL mouse model (L1210)

indicated that Usp20 knockdown significantly inhibited T-ALL

cell proliferation while increasing apoptosis rates (Supporting

Information Fig. S12A—S12D).

3.4. USP20 inhibitor GSK2643943A inhibited T-ALL

proliferation and progression in vitro and in vivo

The chemical structure of GSK2643943 is demonstrated in Sup-

porting Information Fig. S13A. Shanghai Sijie Biomedicine Co.,

Ltd. has identified small-molecule compounds with high affinity

for binding to the USP20 protein through virtual screening

(Fig. S13B). The results demonstrate that GSK2643943 exhibits a

strong affinity for USP20, supporting its potential as a candidate

inhibitor targeting USP20 (Fig. S13C). The small-molecule in-

hibitor of USP20, GSK2643943A, has demonstrated the ability to

inhibit cell proliferation and induce apoptosis. When applied at

various concentration gradients, GSK2643943A exhibited strong

inhibitory effects on four T-ALL cell lines and two normal CD8+

T cell samples, as evidenced by their respective cell viability

curves and IC50 values shown in Fig. 5A. The effect of

GSK2643943A on the proliferation of CD34+ cells is added in

Supporting Information Fig. S14A. Additionally, a dose-

dependent reduction in c-Myc expression was observed, along

with increased cleavage of PARP and caspase-3 in the Jurkat, 6T-

CEM, and J.gamma1 cell lines following GSK2643943A treat-

ment (Fig. 5B). Notably, there were no changes in the levels of

USP20 protein expression. Furthermore, flow cytometry analysis

indicated a dose-related increase in apoptotic cells upon

GSK2643943A treatment (Fig. 5C, Fig. S14B). GSK2643943A

also caused cell cycle arrest by increasing the proportion of

T-ALL cell lines in the G2 phase while decreasing those in the G1

phase, as demonstrated by PI staining (Fig. 5D and Fig. S14C). To

investigate the anti-neoplastic function of GSK2643943A in mice,

a T-ALL mouse model was established using J.gamma1 luciferase

cells (Fig. 5E). When GSK2643943A was administered to mice,

the fluorescent signal intensity was significantly lower than that in

the control group (Fig. 5F and G). Additionally, in mice treated

with GSK2643943A, infiltration of the liver, spleen, and bone

marrow was notably reduced compared to that in the control group

(Supporting Information Fig. S15A and S15B). A comparison of

survival times between the two groups revealed that the

GSK2643943A group had a prolonged lifespan (Fig. 5H).

Furthermore, there was a significant decrease in the percentage of

CD45+ cells in the bone marrow, liver, and spleen in the

GSK2643943A treatment group compared to that in the control

(Fig. 5I and Fig. S15C). White light photographs of the liver and

spleen from mice in both groups were obtained (Fig. S15D),

showing no statistically significant difference in body weight be-

tween the groups (Fig. S15E). After dissecting the mice to obtain

samples from their liver, spleen, bone marrow, intestine, and

kidney, HE staining revealed a significant reduction in tumor cells

within the liver, spleen, and bone marrow in the GSK2643943A-

treated group (Fig. S15F). Notably, no obvious pathological

changes were observed in the kidney post-treatment, and intestinal

damage appeared less severe (Supporting Information Fig. S16A).

The lack of significant variations in body weight among all par-

ticipants tested indicated that GSK2643943A caused minimal

damage to their organs. Moreover, there was a significant reduc-

tion in Ki67-positive cells within the livers, spleens, and bone

marrow of those treated with GSK2643943A (Fig. S15G). In

conclusion, GSK2643943A inhibited the proliferation and pro-

gression of T-ALL similarly to USP20 knockdown, both in vitro

and in vivo. With established T-ALL treatment guidelines, we

selected cytarabine (Ara-C), glucocorticoids (dexamethasone),

etoposide (VP-16), anthracycline (daunorubicin), and

GSK2643943A for a combination tria33. Experimental results

showing how GSK2643943A works with other chemotherapeutic

agents failed to show synergy (Fig. S16B).

3.5. Analysis of the molecular mechanisms of USP20 inhibition

on proliferation and progression in T-ALL cells

Using J.gamma1 control shRNA and USP20-knockdown cells, we

performed RNA-seq analysis to identify possible downstream

genes regulated by USP20 in T-ALL (Supporting Information

Table S11). In the USP20-knockdown group, 588 genes were

downregulated and 502 genes were upregulated (log2FoldChange

>1.0, FDR <0.05) (Fig. 6A). Gene set enrichment analysis

(GSEA) with Hallmark signatures revealed significant enrichment

for hypoxia, glycolysis, and MYC-target genes in the USP20-

knockdown and control groups (Fig. 6B and C, Supporting In-

formation Table S12). Following USP20 knockdown, a heatmap

displayed the expression levels of genes involved in the MYC,

hypoxia, and glycolysis pathways (Fig. 6D). A qRT-PCR study

demonstrated that following USP20 knockdown, the expression

levels of genes involved in the MYC, hypoxia, and glycolysis

pathways, such as ODC1, LDHA, and PGK1, were significantly

reduced (Fig. 6E). Additionally, c-Myc protein levels were

downregulated following USP20 knockdown in J.gamma1, Jurkat

and Molt4 (Fig. 6F and Supporting Information Fig. S17A). MYC

mRNA levels were downregulated following USP20 knockdown

in Jurkat and Molt4 (Fig. S17B). MYC-target genes are crucial

for T-ALL survival34. There is a close relationship between

were determined (n � 3). (E) Western blot analysis revealed upregulation of PARP and cleaved caspase-3 in T-ALL cells following USP20

knockdown. (F) Schematic diagram depicting the experimental design. (G) Relevant luminescence images for the USP20 knockdown group and

the control group were obtained on days 0,19, 29, 36, and 43. (H) Histogram showing the bioluminescence signal values at various times for the

two mouse groups (n � 5). (I) The sh-USP20-treated group showed longer survival than the control group (n � 6). Data are presented as

mean ± SD; non-significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 5 The USP20 inhibitor GSK2643943A inhibited T-ALL proliferation and progression in vitro and in vivo. (A) Effects of GSK2643943A

in T-ALL cells and T cells were detected using CCK-8 assays, which revealed robust inhibition of tumor cell growth in all three T-ALL cell lines

(n � 3). (B) Western blot analysis showed that PARP, cleaved caspase-3, and C-MYC proteins were stressed in Jurkat, 6T-CEM, and J.gamma1

cells after GSK2643943A treatment, while USP20 protein levels remained unchanged. (C) Flow cytometry demonstrated that GSK2643943A

treatment induced more apoptotic cells in a dose-dependent manner in Jurkat and J.gamma1 (n � 3). (D) Application of GSK2643943A in Jurkat
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hypoxia and glycolytic pathways. Under hypoxic conditions, cells

regulate gene expression by activating hypoxia-inducible factors,

which promote genes involved in the glycolytic pathway. This

pathway produces ATP and metabolites to sustain cell survival

and function under hypoxic conditions. T-ALL cells are highly

proliferative with increased demands for energy and metabolites,

therefore, both the hypoxia and glycolytic pathways play

important roles in maintaining tumor cell survival and

proliferation35.

3.6. USP20 promoted the progression of T-ALL by

deubiquitinating modified HIF1A and regulating gene

transcription through HIF1A

Using mass spectrometry and software analysis, 16 potential target

proteins of USP20, including HIF1A, PLK1, and CTNNB1, were

identified (Supporting Information Table S13). Among these tar-

gets, HIF1A and CTNNB1 stood out based on unique peptides,

coverage, and intensity (Fig. 7A and Supporting Information

Fig. S18A—S18C). By combining RNA-seq data with a litera-

ture review, we focused on the relationship between USP20 and

HIF1A. Overexpressing USP20 in Jurkat and J.gamma1 cells

revealed interactions between USP20 and HIF1A or CTNNB1 via

Co-IP experiments (Fig. 7B and Supporting Information

Fig. S19A). Furthermore, knockdown of USP20 in Jurkat, J.

gamma1, and 6T-CEM cells resulted in a significant reduction of

HIF1A or CTNNB1 protein levels, while mRNA levels remained

unaffected (Fig. 7C and D, Fig. S19B and S19C). Additionally, the

USP20 inhibitor GSK2643943A led to a concentration-dependent

decrease in HIF1A or CTNNB1 protein levels (Fig. S19D). We

hypothesize that USP20 stabilizes HIF1A by regulating its ubiq-

uitination. This was supported by the observation that the pro-

teasome inhibitor MG-132 reversed the downregulation of HIF1A

post-USP20 knockdown in Jurkat and J.gamma1 cells (Fig. 7E),

indicating proteasomal degradation of HIF1A. Further evidence

comes from our findings that USP20 knockdown in Jurkat and J.

gamma1 cells accelerated HIF1A degradation following cyclo-

heximide (CHX) treatment, whereas USP20 overexpression pro-

longed its half-life (Fig. 7F, Fig. S19E and S19F). These results

suggest that USP20 stabilizes HIF1A by inhibiting its proteasomal

degradation. As USP20 functions as a deubiquitinating enzyme, it

is hypothesized that USP20 maintains the stability of HIF1A by

inhibiting K48-linked polyubiquitination. To assess the impact of

USP20 on HIF1A ubiquitination levels, we overexpressed USP20

in Jurkat and J.gamma cells, respectively. Our findings indicate

that the forced expression of USP20 significantly reduces k48-

linked polyubiquitination associated with HIF1A (Fig. 7G).

Besides, Flag-NC, Flag-USP20, GFP-HIF1A, and Ub (wild-type),

Ub-K48 (containing only lysine 48 on the Ub molecule), and

Ub-K63 (containing only lysine 63 on the Ub molecule) were

co-expressed in HEK293FT cells. Western blot assays revealed

high ubiquitination of HIF1A protein in cells (Supporting

Information Fig. S20, lane 1), while USP20 overexpression

markedly reduced HIF1A ubiquitination (Fig. S20, lane 2).

Furthermore, overexpression of USP20 significantly decreased

K48-linked polyubiquitination on HIF1A compared to K63-linked

polyubiquitination (Fig. S20, lanes 3 and 4). These results suggest

that USP20 stabilizes HIF1A by inhibiting K48-linked poly-

ubiquitination. Furthermore, we conducted CUT&Tag experi-

ments to analyze the regulatory roles of USP20 and HIF1A in

T-ALL (Supporting Information Fig. S21A and S21B, Support-

ing Information Tables S14 and S15). USP20 binding sites in J.

gamma1 cells significantly overlapped with HIF1A sites (Fig. 8A

and B), further validating that USP20 can regulate gene tran-

scription through HIF1A, affecting key genes such as SLC2A1,

PER1, CIC, MAZ, PKM, CASP9, and DLG4 (Fig. 8C, Fig. S21C).

4. Discussion

T-ALL is a highly aggressive hematologic malignancy prone to

chemoresistance and relapse. Refractory T-ALL has a survival rate

of <10%. Factors, such as genetic mutations, immunophenotypic

heterogeneity, treatment resistance, dysregulation of apoptosis,

bone marrow microenvironment, and specific patient factors

(including age, gender, and genomic traits), contribute to its poor

prognosis. Abnormal gene activation or inactivation (e.g.,

NOTCH1, MYC, TAL1) and pathways (Notch, Wnt/ß-catenin, NF-

κB) cause T-cell abnormalities and promote T-ALL progres-

sion34,36,37. Understanding the pathogenesis of T-ALL and

discovering new targeted therapies is crucial.

Several studies have demonstrated the involvement of SEs in

solid tumors and blood cancers, with their composition and

function evolving throughout tumorigenesis. Genes driven by SEs

are crucial targets for cancer therapies. In this study, we conducted

an in-depth exploration of SE function in T-ALL. Meanwhile, the

role of SEs in various other tumor types has also drawn consid-

erable interest. For instance, the Holliday junction recognition

protein (HJURP) plays a role in tumor formation by protecting

chromosome stability. In multiple myeloma with t (4;14) posi-

tivity, HJURP overexpression, a SE driver gene, promotes pro-

liferation and inhibits apoptosis, making it a promising therapeutic

target18. Similarly, sphingosine kinase 1 is a key enzyme in the

sphingosine pathway, catalyzing the generation of sphingosine-1-

phosphate with pro-survival and pro-proliferative functions. In

hepatocellular carcinoma, SE drives the aberrant activation of

sphingosine kinase 1, contributing to the high expression of this

gene, which accelerates the growth and malignant transformation

of cancer cells17. Targeting the SE complex holds potential for

hepatocellular carcinoma treatment. HOXB8 is a member of the

HOX gene family and is thought to promote self-renewal of

cancer cells by regulating cell cycle and cell proliferation-related

genes. The oncogenic effects of HOXB8 in colorectal cancer are

also driven by SEs, whose aberrant activation results in sustained

expression of the gene, thereby driving tumor initiation and

and J.gamma1 cells resulted in changes to the cell cycle profile as measured by PI staining (n � 3). (E) Schematic diagram of the experimental

design. (F) Bioluminescence imaging on Days 0, 16, 23, 29, and 36 revealed differences between the GSK2643943A group and the vehicle group

(n � 5). (G) Histograms showing the bioluminescence signal values at various times for the two mouse groups (n � 5). (H) The GSK2643943A

group showed longer survival compared to the untreated group (n � 6). (I) Compared to untreated samples, the number of human CD45-positive

cells in the liver and spleen was greatly reduced after treatment with GSK2643943A (n � 3). Data are presented as mean ± SD; non-significant

(ns), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Figure 6 Analysis of the molecular mechanisms of USP20 inhibition on proliferation and progression in T-ALL cells. (A) Genes from RNA-

seq data that were differentially expressed between the USP20 knockdown and untreated groups were found using a volcano plot analysis;

upregulated and downregulated genes are represented by red and blue, respectively. (B) KEGG pathway enrichment study. (C) GSEA plots
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progression15. We also found that the expression level of the

SE-regulated gene TTC8 was significantly upregulated in NB,

which activates the MAPK pathway and promotes the onset and

progression of NB, making TTC8 a potential therapeutic target.

LYL1, a transcription factor, promotes carcinogenesis by regu-

lating the differentiation and proliferation of hematopoietic stem

cells. ANP32B, by modulating the pathways of apoptosis inhibi-

tion and DNA damage repair, enhances the adaptability of tumor

cells to harsh environments and promotes cancer progression.

Meanwhile, we have found that LYL1 and ANP32B genes are also

regulated by SEs in AML to promote AML progression27,28.

Taken together, aberrant activation of genes driven by SEs is a key

mechanism for the development of multiple tumors, and targeting

these SEs and their downstream regulated genes may be an

effective therapeutic strategy for multiple cancers.

Sanda et al. identified the crucial roles of SE-related onco-

genes T-cell lymphoma invasion and metastasis 2, IRF4, and

TP73 in ATL22-24. Mansour et al. highlighted a SE triggering

TAL1’s significance in T-ALL25, with recent studies further

exploring the role of SE-driven TAL1 in T-ALL26. These collec-

tive studies underscore the importance of SE-driven genes as

potential therapeutic targets in T-ALL. Our research delves into

the functions and mechanisms of SE-driven genes in T-ALL.

Using H3K27ac ChIP-seq analysis of six T-ALL cell lines and

seven T-ALL pediatric samples, we identified USP20 as the most

frequently occurring member of the USP family linked to SE and

particularly strongly expressed in T-ALL, based on the CCLE

database and BloodSpot. Comparative analysis with CD34+ HSC

ChIP-seq and GSE data revealed significant overexpression of

USP20 in T-ALL versus normal myeloid cells, particularly

CD34+ HSCs. While previous studies have highlighted the sig-

nificance of USP7 in T-ALL6, our data revealed its presence

within SEs in cell lines but not in patient samples, confirmed

across patient data from GEO. Additionally, other SE-regulated

USP family members, such as USP5, USP36, USP44, and

USP49, are implicated in various tumors38. Our study identified

USP20, USP44, and USP4 as SE-regulated genes in T-ALL.

USP44 has been clearly studied in T-ALL8. A study reveals an

important regulatory function of USP4 in HSC regeneration and

leukemia progression39, consistent with our findings that knock-

down of USP4 suppresses proliferation and promotes apoptosis in

T-ALL. We therefore focused on USP20 and demonstrated its

significant role in T-ALL pathogenesis. Clinical data from our

center further emphasize the correlation between high USP20

expression and poor prognosis in pediatric T-ALL, suggesting its

potential as a treatment target and prognostic marker. Addition-

ally, our investigation into CUT&Tag data of T-ALL cell lines

unveiled RUNX1 and other upstream regulatory genes of USP20,

a novel finding yet to be reported.

USP20 plays a crucial role in regulating protein stability

through various signaling pathways and is involved in important

biological processes, such as the cell cycle, proliferation, and

apoptosis4. Recent research has also highlighted its involvement in

non-tumor diseases, including antiviral immunity, metabolic dis-

orders, and neurological conditions31. USP20 interacts with

vesicle-associated membrane protein-associated proteins to deu-

biquitinate and stabilize reticulophagy regulator 1 in specific

endoplasmic reticulum areas, promoting reticulophagy40. Addi-

tionally, it regulates autophagy in HECT and RLD domain-

containing E3 ubiquitin protein ligase 2-related neuro-

developmental disorders41. Furthermore, USP20 is implicated in

various cancers, promoting breast, lung, and colon cancer while

inhibiting gastric cancer and ATL4. In T-ALL, our study revealed

that knockdown of USP20 reduced cell colony development and

proliferation while enhancing apoptosis and prolonging mouse

survival in a T-ALL mouse model, suggesting a promoting role for

USP20 in T-ALL. The USP20 inhibitor GSK2643943A has shown

promising results by reducing fat levels in the liver, blood, and

fatty tissue32 as well as exhibiting anticancer effects by preventing

the downregulation of oncolytic herpes simplex virus type 1, strain

T1012G viral transmission in an oral squamous cell tumor cell

line42. Our experiments demonstrated that GSK2643943A

increased apoptosis, inhibited proliferation, and prolonged sur-

vival in a T-ALL mouse model. Furthermore, histopathological

examination of various tissues and changes in body weight sug-

gest minimal toxic side effects of GSK2643943A, making it a

viable option for T-ALL clinical treatment. These findings indi-

cate that targeting USP20 could be an excellent approach for

T-ALL treatment.

The ubiquitin—proteasome system regulates protein quality

control in eukaryotes via ubiquitination (catalyzed by E1, E2, E3

enzymes) and deubiquitination (mediated by DUBs). Ubiquitina-

tion tags substrates with polyubiquitin chains for proteasomal

degradation, while DUBs reverse this by cleaving ubiquitin link-

ages. The balance between these processes maintains protein ho-

meostasis43. The mechanism of USP20 has been the focus of

several studies. In cervical cancer, the USP20—p62 pathway af-

fects NF-κB-mediated proliferation, while in breast cancer, USP20

stabilizes extracellular signal-regulated kinase 3 protein, aiding

cell migration4. ß-Catenin was discovered by Wu et al.44 to be a

substrate for USP20, showing its upregulation in various cancers

(colon, osteosarcoma, cervical, breast, and colorectal) via the Wnt

pathway, enhancing cell proliferation, migration, and invasion.

Additionally, in esophageal cancer, USP20 stabilizes MCL1 by

eliminating its K48 linker ubiquitin chain, leading to chemo-

resistance and affecting prognosis45. Our study investigated the

deubiquitinating role of USP20 in T-ALL. We identified sixteen

proteins that interact with USP20, including HIF1A and

CTNNB1, through mass spectrometry and web-based software

analysis. ß-Catenin (encoded by CTNNB1), as a known substrate

for USP2044, is essential for MYC enhancer activity, with ß-cat-

enin being key to Notch-driven MYC upregulation and a potential

target in T-ALL therapy34. We confirmed the interaction between

USP20 and stabilization of ß-catenin through deubiquitination in

T-ALL using the Co-IP assay and analysis post-USP20 knock-

down. Consequently, we hypothesize that USP20 regulates MYC

showed that T-ALL cells treated with USP20 knockdown had gene enrichment in the MYC, hypoxia, and glycolysis signaling pathways. (D)

Heatmap showing the expression levels of associated genes in MYC, hypoxia, and glycolysis in J.gamma1 cells treated with USP20 knockdown.

(E) qPCR analysis revealed that the expression levels of related genes, such as ODC1, LDHA, and VEGFA, were decreased. (F) Following USP20

knockdown in J.gamma1 cells, c-Myc was downregulated in WB analysis. Data are mean ± SD, non-significant (ns), *P < 0.05, **P < 0.01,

***P < 0.001, and ****P < 0.0001.
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Figure 7 USP20 promotes the progression of T-ALL by deubiquitinating modified HIF1A. (A) Using mass spectrometry and software analysis,

16 potential target proteins of USP20 were identified. The top 10 genes were sorted based on unique peptides, coverage (%), and intensity, with

HIF1A leading the list. (B) Western blotting detected USP20, Flag, and HIF1A proteins after immunoprecipitation with the Flag antibody was

applied to Jurkat and J.gamma1 cells overexpressing USP20. (C) The amounts of USP20, HIF1A, and ß-actin proteins in Jurkat and J.gamma1
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via ß-catenin, which affects MYC transcription and protein levels,

and thus plays an important role in T-ALL. RNA-seq of T-ALL

cells after USP20 knockdown indicated its role in hypoxia path-

ways. Furthermore, we verified that HIF1A is a substrate for

USP20 involved in its proteasome-mediated degradation. Inhibi-

tion of USP20 with GSK2643943A reduced HIF1A dose-

dependently, confirming it as a substrate for USP20. Our ubiq-

uitination experiments showed that USP20 primarily affects K48-

linked polyubiquitination of HIF1A, maintaining its protein sta-

bility by inhibiting this modification.

HIF1A serves as a crucial transcription factor in cellular

adaptation to hypoxia, regulating genes involved in angiogenesis,

glycolysis, cell proliferation, and survival. Hypoxia and genetic

alterations are believed to cause its overexpression in many ma-

lignancies, where it promotes tumor cell survival and invasion46.

In a mouse model of T-ALL induced by NOTCH1, the HIF and

Wnt/ß-catenin signaling pathways synergize to maintain leukemia

stem cells47. NOTCH1 signaling is essential for HIF1A-induced

T-ALL proliferation and invasion48. The NOTCH and Wnt/ß-

catenin pathways are vital regulators in T-ALL, suggesting that the

HIF1A pathway also holds significance in T-ALL. Under low

oxygen conditions, the HIF1A protein stabilizes, translocates to

the nucleus, binds to hypoxia-responsive elements, and triggers

downstream gene transcription. Our CUT&Tag analysis of USP20

and HIF1A in J.gamma1 cells revealed their nuclear co-

localization and co-regulation of downstream genes, such as

glucose transporter 1 (GLUT1), period circadian regulator 1

(PER1), and capicua transcriptional repressor (CIC ). IL-7 upre-

gulates GLUT1/solute carrier family 2 member 1 (SLC2A1) in

T-ALL cells, enhancing glucose uptake and cell growth49.

Reduced O-GlcNAcylation decreases GLUT1 via HIF1A loss,

lowering glycolysis and causing endoplasmic reticulum stress50.

CIC inactivation is crucial in T-ALL51. These previously unstud-

ied genes provide valuable insights into the pathogenesis of T-

ALL.

Although our study provides new insights into SE-driven

USP20 in T-ALL, we recognize that there are limitations to the

study. Our study focused on T-ALL, and further research is

needed to determine whether these findings generalize to other

cancer types. Future studies should include a wider range of

tumor types to validate the broad and specific role of SEs in

different cancers. In our follow-up study, we will select eSpCas9

as the high-fidelity Cas9 variant because of its high specificity,

extensive validation, and extensive validation. Other commonly

used high-fidelity Cas9 variants are HF-Cas9, HypaCas9, Sniper-

Cas9, xCas9 and evoCas9. Mismatched sgRNAs can be designed

to reduce off-target activity by strategically incorporating nucle-

otide mismatches at specific positions while maintaining on-target

efficiency. Experimental validation methods may include

luciferase reporter assays to quantify cleavage efficiency at mis-

matched targets, genome-wide sequencing to detect rare off-target

mutations, or T7 Endonuclease I assays to confirm cleavage at

predicted sites. These approaches collectively enable systematic

evaluation of CRISPR-Cas9 specificity and refinement of sgRNA

design.

L1210 cells are a mouse leukemia cell line derived from

lymphoma in DBA/2 mice. Although L1210 cells originate from

mouse lymphocytic leukemia rather than T-ALL, they recapitulate

critical features of human T-ALL, such as rapid proliferation,

impaired apoptosis, and comparable drug sensitivity. These shared

characteristics, along with their utility in studying broader leu-

kemia mechanisms (e.g., drug resistance and immune evasion52),

establish L1210 as a valuable experimental model for T-ALL

research. So far, our research has only conducted in vitro experi-

ments and lacks in vivo studies. In future studies, we will optimize

the in vivo experimental design.

While GSK2643943A is a recognized USP20 inhibitor, its

detailed pharmacological mechanisms remain poorly character-

ized in the literature. Currently, no studies report its synergistic

effects with chemotherapy agents such as cytarabine, dexameth-

asone, etoposide, or daunorubicin; furthermore, there are no in-

vestigations into the interactions between these four chemotherapy

drugs and USP20. We speculate that several factors may

contribute to the absence of observed synergistic effects between

GSK2643943A and the tested chemotherapy drugs. These factors

could include drug—drug interactions, competition at target sites,

or differing pharmacological mechanisms. USP20 is a deubiqui-

tinase that plays a crucial role in maintaining protein stability by

removing ubiquitin chains from target proteins. It regulates

signaling pathways associated with cell proliferation, metabolism,

and apoptosis, including HIF-1α, AMPK, and mTOR.

GSK2643943A acts as an inhibitor of USP20, leading to increased

ubiquitination of target proteins, promoting their degradation. This

may interfere with the efficacy of chemotherapy drugs that depend

on these pathways. GSK2643943A might compete with chemo-

therapeutic agents (e.g., daunorubicin) for CYP450-mediated

metabolism, potentially altering their pharmacokinetics, efficacy,

or toxicity profiles. Inhibition of USP20 may alter the stability of

cell cycle regulatory proteins, thereby affecting the sensitivity of

chemotherapy agents (such as etoposide) to specific phases of the

cell cycle. In summary, GSK2643943A may attenuate synergistic

interactions with chemotherapy agents by disrupting signaling

pathways related to USP20 as well as metabolic pathways or

target mechanisms. However, it should be noted that our current

findings are preliminary. Future studies are needed to compre-

hensively investigate the synergistic effects and underlying

mechanisms between GSK2643943A and clinically used drugs

in vivo.

cells that stably expressed sh-NC, sh-USP20#2, and sh-USP20#3 were measured via WB analysis. (D) In Jurkat and J.gamma1 cells that stably

expressed sh-NC, sh-USP20#2, and sh-USP20#3, the mRNA levels of USP20 and HIF1A were measured using qRT-PCR (n � 3). Data are

mean ± SD, non-significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (E) Twenty micromolar MG-132 was incubated for

6 h with sh-NC, sh-USP20#2, and sh-USP20#3 stably expressed in Jurkat and J.gamma1 cells. The protein levels of USP20, HIF1A, and ß-actin

were measured via Western blotting. (F) For the specified periods, 100 μg/mL CHX was applied to Jurkat and J.gamma1 cells that either

overexpressed USP20 (Flag-USP20) or stably expressed the empty vector (Flag). Afterward, USP20, HIF1A, and ß-actin protein levels were

assessed using Western blotting. (G) HIF1A was immunoprecipitated from Jurkat and J.gamma1 cells stably expressing empty vector (Flag) or

USP20 overexpression (Flag-USP20), respectively, followed by Western blotting of the precipitated proteins with the antibody specifically for

k48-linked ubiquitin (Ub-k48).
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Figure 8 USP20 regulates gene transcription through HIF1A. (A) A heatmap produced by CUT&Tag research revealed that USP20 and HIF1A

were occupied in the J.gamma1 cell line. (B) Distribution of HIF1A and USP20 peaks within a ±1000 bp window of USP20 binding sites. (C)

CUT&Tag IGV graphs displaying the H3K27ac signal, ATAC signal, and gene locus signal for USP20 and HIF1A in the T-ALL cell line (J.

gamma1), highlighting potential target genes, such as SLC2A1, PER1, CIC, and MAZ.
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5. Conclusions

We identified USP20 as an SE-regulated gene that exhibits high

expression and plays a crucial role in T-ALL. USP20 stabilizes the

HIF1A protein by removing its K48-linked polyubiquitinated

chain through its deubiquitinating enzyme activity. Additionally,

USP20 and HIF1A co-localize with genes, such as GLUT1, PER1,

and CIC, to promote T-ALL progression. The specific inhibitor of

USP20, GSK2643943A, demonstrates anti-tumor effects similar

to those observed with USP20 knockdown in T-ALL with fewer

side effects. Therefore, GSK2643943A represents a potential

candidate for T-ALL therapy, highlighting USP20 as a promising

target in T-ALL treatment.
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Jiménez G, et al. Inactivation of Capicua in adult mice causes T-cell

lymphoblastic lymphoma. Genes Dev 2017;31:1456—68.

52. Li M, Lu M, Lai Y, Zhang X, Li Y, Mao P, et al. Inhibition of acute

leukemia with attenuated Salmonella typhimurium strain VNP20009.

Biomed Pharmacother 2020;129:110425.

USP20 as a super-enhancer-regulated gene drives T-ALL progression 4771


