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Integrative network analysis 
reveals USP7 haploinsufficiency 
inhibits E‑protein activity 
in pediatric T‑lineage acute 
lymphoblastic leukemia (T‑ALL)
Timothy I. Shaw1,9, Li Dong1,9, Liqing Tian1, Chenxi Qian1, Yu Liu1, Bensheng Ju1, 
Anthony High2, Kanisha Kavdia2, Vishwajeeth R. Pagala2, Bridget Shaner1, Deqing Pei3, 
John Easton1, Laura J. Janke4, Shaina N. Porter5, Xiaotu Ma1, Cheng Cheng3, 
Shondra M. Pruett‑Miller5, John Choi4, Jiyang Yu1, Junmin Peng2,6, Wei Gu7, A. Thomas Look8, 
James R. Downing4 & Jinghui Zhang1*

USP7, which encodes a deubiquitylating enzyme, is among the most frequently mutated genes 
in pediatric T‑ALL, with somatic heterozygous loss‑of‑function mutations (haploinsufficiency) 
predominantly affecting the subgroup that has aberrant TAL1 oncogene activation. Network 
analysis of > 200 T‑ALL transcriptomes linked USP7 haploinsufficiency with decreased activities of 
E‑proteins. E‑proteins are also negatively regulated by TAL1, leading to concerted down‑regulation 
of E‑protein target genes involved in T‑cell development. In T‑ALL cell lines, we showed the physical 
interaction of USP7 with E‑proteins and TAL1 by mass spectrometry and ChIP‑seq. Haploinsufficient 
but not complete CRISPR knock‑out of USP7 showed accelerated cell growth and validated 
transcriptional down‑regulation of E‑protein targets. Our study unveiled the synergistic effect of USP7 
haploinsufficiency with aberrant TAL1 activation on T‑ALL, implicating USP7 as a haploinsufficient 
tumor suppressor in T‑ALL. Our findings caution against a universal oncogene designation for 
USP7 while emphasizing the dosage‑dependent consequences of USP7 inhibitors currently under 
development as potential cancer therapeutics.

T-cell acute lymphoblastic leukemia (T-ALL) accounts for 15% of newly diagnosed patients with pediatric acute 
lymphoblastic leukemia (ALL)1,2. Subgroups of T-ALL are defined by aberrant expression of oncogenic transcrip-
tion factors activated by somatically acquired structural re-arrangements or non-coding regulatory  variants3. 
These oncogenic transcription factors include basic helix–loop–helix (bHLH) transcription factors, such as 
TAL1, TAL2, and LYL1; LIM-only domain genes, such as LMO1 and LMO2; and other transcription factors, such 
as HOXA, TLX1, and TLX34. They re-wire the regulatory network for T-cell  development5, thus disrupting the 
normal regulatory mechanisms controlling cell growth and  survival4,6.

Our previous study on the genomic landscape of pediatric T-ALL identified ubiquitin-specific peptidase 7 
(USP7) as one of the most frequently mutated  genes5,7. USP7 is a deubiquitinating enzyme (DUB) that removes 
ubiquitin attached by E3 ubiquitin  ligases8 and is implicated in diverse processes regulating human cell biology 
and  physiology9. Although de novo USP7 germline mutations have been found to cause neurological disorders 

OPEN

1Department of Computational Biology, St Jude Children’s Research Hospital, 262 Danny Thomas Place, MS321, 
Memphis, TN 38105, USA. 2Center for Proteomics and Metabolomics, St Jude Children’s Research Hospital, 
Memphis, USA. 3Department of Biostatistics, St Jude Children’s Research Hospital, Memphis, USA. 4Department 
of Pathology, St Jude Children’s Research Hospital, Memphis, USA. 5Department of Cell and Molecular Biology, 
St Jude Children’s Research Hospital, Memphis, USA. 6Departments of Structural Biology and Developmental 
Neurobiology, St Jude Children’s Research Hospital, Memphis, USA. 7Department of Pathology and Cell Biology 
and Institute for Cancer Genetics, Columbia University, New York, USA. 8Department of Pediatric Oncology, 
Dana-Farber Cancer Institute, Harvard Medical School, Boston, MA 02216, USA. 9These authors contributed 
equally: Timothy I. Shaw and Li Dong. *email: jinghui.zhang@stjude.org

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-84647-2&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2021) 11:5154  | https://doi.org/10.1038/s41598-021-84647-2

www.nature.com/scientificreports/

by disrupting its regulation of MAGE-L2-TRIM2710, USP7 is best known to regulate the MDM2-TP53 axis via 
 deubiquitination11, affecting several downstream pathophysiological processes such as DNA repair, immune 
response, and cancer. Other cancer driver genes regulated by USP7 include RB1 in  glioma12, WNT in colorectal 
 cancer13, MYCN in  neuroblastoma14, PTEN in promyelocytic  leukemia15, and NOTCH1 in T-ALL16.

Currently, USP7 is considered an oncogene and a therapeutic target based on its pattern of overexpression 
and CRISPR screening in several  cancers17–20, and many USP7 inhibitors have been  developed16,17,21–23. How-
ever, the presence of somatic loss of function (LOF) mutations in T-ALL suggests that USP7 may function as a 
tumor suppressor gene in T-ALL. Intriguingly, USP7 mutations occur almost exclusively in the TAL1 T-ALL, a 
subgroup that has aberrantly activated expression of the TAL1 oncogene. In normal thymocyte development, 
TAL1 is expressed in the early stages, such as hematopoietic stem cells (HSCs) and double-negative immigrant 
thymocytes. E2A and HEB, both E-proteins of class I bHLH transcription factors, become expressed as the 
thymocyte matures and act as inhibitors of early thymocyte  proliferation24,25 (Fig. 1A). In T-ALL, aberrantly 
activated TAL1 is dependent on E2A and HEB for malignant transformation, because as a class II bHLH, TAL1 
must heterodimerize with E2A or HEB in order to bind E boxes in its target  enhancers26. The high prevalence of 
USP7 haploinsufficiency in TAL1 T-ALL suggests that USP7 may be an important player in the TAL1/E-protein 
regulatory network.
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Figure 1.  USP7 haploinsufficiency is enriched in the TAL1-activated T-ALL. (A) TAL1 and E-protein activities 
at different stages of normal hematopoiesis adapted from Sanda and  Leong55. TAL1 is active during the early 
stage of T-cell development but down-regulated throughout T-cell maturation. E-protein, which is negatively 
regulated by TAL1, shows an opposite pattern. The blue color shows the decreasing TAL1 activity in normal 
hematopoiesis development. The green color shows E-protein activity in normal hematopoiesis development. 
(B) Prevalence of USP7 mutations in the four major T-ALL subgroups with ≥ 5% incidence in the TARGET 
T-ALL cohort. All but one of the USP7 mutations are in the TAL1 subgroup, and the enrichment is statistically 
significant (***p-value = 1.1e−11 by a two-sided Fishers-exact test). Representative T-ALL subgroups are ordered 
by their T-cell development state. (C) Density plot of the variant allele frequency (VAF) distribution of USP7 
somatic mutations.
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To investigate this, we combined patient sample analysis with experiments in models of childhood T-ALL, 
which involves analyzing (1) the transcriptional regulatory network underlying primary T-ALL using RNA-seq 
data generated from 206 patient samples; and (2) transcriptomic and phenotypic changes caused by USP7 knock-
out in T-ALL cell lines. The results consistently showed that USP7 haploinsufficiency led to a significant decrease 
in the E-protein activity of E2A and HEB. Physical co-localization of USP7 with members of the E-proteins and 
TAL1 was validated by affinity purification followed by mass spectrometry (AP-MS) as well as by re-analysis of 
publicly available chromatin immunoprecipitation with DNA sequencing (ChIP-seq) data of T-ALL cell lines. 
Moreover, the USP7 partial (50%) knock-down in a TAL1 T-ALL cell line uniquely increased cell growth. Our 
study unveils important biological processes affected by USP7 haploinsufficiency, demonstrating the dosage-
dependent molecular pathogenesis of USP7 loss in T-ALL development.

Methods
Cell culture, transfections, transductions, shRNAs, and CRISPR/Cas9. HEK-293T cells (ATCC) 
were cultured in DMEM-10% FBS medium. Human T-ALL cell lines Jurkat (ATCC), HSB-2 (ATCC), and 
Molt-4 (ATCC) were cultured in RPMI1640-10% FBS medium. USP7 shRNAs lentivirus was generated by co-
transfecting 293T cells with shRNA vectors (OriGene or Sigma) (shRNA sequences listed in the Supplementary 
Table S5), and packaging plasmids. T-ALL cells were transduced with USP7 shRNA lentivirus and sorted for GFP 
positive cells five days after transduction or selected by puromycin. The knock-down of USP7 by shRNA was 
validated by real-time PCR and western blot. Genetically modified T-ALL cells were generated using CRISPR-
Cas9 technology. Editing construct sequences and screening primers are listed in Supplementary Table S11.

CRISPR/Cas9 construction. Briefly, the sgRNA was designed with at least 3 bp of mismatch to any other 
site in the human genome to mitigate the risk of off-target editing. To generate the modified cells, 400,000 
cells were transiently co-transfected with/without 0.5 μg pmaxGFP plasmid (Lonza), with 33 pmol spCas9 pro-
tein, 100 pmol chemically modified sgRNA (Synthego), and 100 pmol of blocking ssODN (IDT) via nucleofec-
tion (Lonza), using solutions and programs according to the manufacturer’s recommended protocol. Five days 
post-nucleofection, cells were single-cell sorted by fluorescence-activated cell sorting into 96-well plates. Cells 
were clonally expanded and verified the desired modification via targeted deep sequencing followed by CRIS.py 
 analysis27. Selected homo/hetero knock-out clones were validated by MiSEQ, Sanger sequencing, RNAseq as well 
as western blotting to confirm the expression of USP7. We note that T-ALL cells tend not to tolerate Cas9 that 
well, which could explain our difficulty in generating viable CRISPR clones in HSB-2 cells.

Cell growth assay. T-ALL cells were seeded in 96-well plates at the concentration of  104/well. Cell growth 
titers were determined using the CellTiter-Glo Luminescent Cell Viability Assay kit (Promega). Each assay con-
tained triplicate samples and was performed twice for reproducibility. Luminescence was measured using Spec-
traMax i3X (Molecular Devices).

Sample preparation for affinity purification and mass spectrometry. The analysis was performed 
following our optimized  protocol28. Gel bands were reduced with dithiothreitol (DTT) (Sigma) and alkylated by 
iodoacetamide (IAA) (Sigma). The gel bands were then washed, dried, and rehydrated with a buffer containing 
trypsin (Promega). Samples were digested overnight, acidified, and the peptides were extracted. The extracts 
were dried and reconstituted in 5% Formic acid. Peptide samples were loaded on a nanoscale capillary reverse 
phase C18 column by an HPLC system (Thermo EASY-nLC 1000) and eluted by a gradient. The eluted peptides 
were ionized and detected by an inline mass spectrometer (Thermo LTQ Orbitrap Elite). The MS and MS/MS 
spectra were collected over an 80-min liquid chromatography gradient. In some instances, the peptide was not 
detected due to transient  interactions29 or overlapping retention time and peaks. These issues can reduce the 
detection sensitivity of the mass  spectrometer30.

Western blot analysis. For western blot analysis, cells were lysed in RIPA lysis buffer (Thermo Scien-
tific) supplemented with protease/phosphatase inhibitor cocktail (Thermo Scientific). Cell numbers based on 
an equal amount of cell lysates were loaded and separated in NuPAGE 4–12% Bis–Tris protein gels (invitrogen). 
Proteins were transferred to PVDF membranes using iBlot (invitrogen) and incubated with indicated antibod-
ies in the iBind system (invitrogen) (antibodies listed in the Supplemental Table S12). The protein bands were 
detected by SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific).

Reverse transcription‑quantitative PCR. cDAN was generated using the High-Capacity cDNA Reverse 
Transcription kit (Applied Biosystems, Cat # 4368814). Real-time PCR was performed using PowerUp SYBR 
Green Master Mix (Applied Biosystems, Cat # A25918) on CFX real-time PCR system and data were analyzed 
using CFX Maestro qPCR Analysis software (BIO-RAD) (Primers are listed in the Supplemental Table S13). 
Beta-actin was used as a housekeeping gene for normalizing quantitative mRNA expressions. Each group con-
tains a duplicate batch and a quadruplicate batch to separately validate the results. We note a lack of RAG1 and 
PTCRA expression in HSB-2 cells.

Immunoprecipitation. Cell lysates were derived from the IP lysis buffer (Thermo Scientific). The cell 
lysates were pre-cleaned with mouse IgG and then incubated with agarose beads conjugated antibodies over-
night in the cold room with consistent shaking. Beads-bound proteins were recovered by boiling in 60 μl of 2× 
NuPAGE LDS sample buffer for 5 min. 15 μl of recovered proteins were subjected for western blotting with anti-
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bodies indicated in the text. Antibodies used for immunoprecipitation in this study include anti-USP7, TAL1, 
and E2A. Subsequent ubiquitin and TAL1 western blotting were performed following the E2A pull-down (see 
Supplemental Table S12 for more details).

RNA‑seq sample preparation. RNA samples were isolated using the RNeasy Mini Kit (QIAGEN) and 
subjected to RNA-seq sequencing. The total stranded RNA library was prepared using the KAPA RNA Hyper-
Prep Kit with RiboErase (HMR) (Roche Sequencing). RNA sequencing was performed on NovaSeq 6000 and 
Illumina HiSeq 4000 systems (Illumina). Samples subjected to RNA sequencing were listed in Supplemental 
Table S10. RNAseq data have been deposited in GEO under accession GSE148522 and GSE148523.

RNA‑sequencing analysis. RNA-seq reads were mapped by our in-house mapping pipeline STRON-
GARM developed for the Pediatric Cancer Genome Project (PCGP)31. Each read pair was aligned to four differ-
ent databases using BWA, and the best alignment was selected as the final mapping location: (i) the GRCh37-lite 
reference sequence for human samples (ii) RefSeq; (iii) a sequence file representing all possible combinations 
of non-sequential pairs in RefSeq exons; and (iv) the AceView database flat file downloaded from the UCSC 
Genome Browser, representing transcripts constructed from human ESTs. Read count for each gene was 
obtained with HT-seq32. Reads are normalized to fragments per kilobase million (FPKM) for each gene.

Early T-cell precursor (ETP) status was defined using the WARD hierarchical clustering algorithm using 
genes from Coustan-Smith et al.33 and was further confirmed by known ETP cases defined by immunohisto-
chemistry (93% cases).

Gene set enrichment analyses were carried out using GSEA with  MSigDB34. Lowly expressed genes with less 
than one FPKM were filtered out. The GSEA parameters used were “-metric signal2noise -set_min 4 -permute 
gene_set”. E-protein targets were defined based on gene expression profiling of E2A, HEB, and TAL1 knock-down 
from GSE29181. E-protein targets include genes down-regulated after E2A and HEB knock-down (< − 0.5 log2FC 
threshold) and up-regulated after TAL1 knock-down, which represent genes negatively regulated by TAL1. For 
Jurkat CRISPR models, controls (N = 9) were compared to USP7-heterozygous-KO (N = 18) Jurkat samples. For 
Molt-4 WT CRISPR models, controls (N = 4) were compared to 50% KO (N = 8) Molt-4 samples. See Supple-
mentary Table S10 for the detailed RNAseq sample list. See Supplementary Table S9 for the detailed gene-lists.

NetBID analysis. NetBID calculates the transcription factor activity based on their downstream target’s 
normalized expression. In this study, we applied the NetBID  algorithm35 (https ://githu b.com/jyyul ab/NetBI D) 
to identify “hidden” drivers for T-ALL. First, we utilized SJARACNe with default  parameters36 to reverse-engi-
neer a T-cell development-specific interactome from a publicly available RNA-seq dataset (GSE93107) contain-
ing eight different T-cell differentiation stages, against 1113 transcription factors (TF). Network construction 
was limited to modulating genes only. To ensure that most modulators were included, we filtered out lowly 
expressed genes—genes expressed in < 10% of the samples. The interquartile range (IQR) was used to define and 
exclude unchanged non-modulators. Networks derived from SJARACNe resulted in 14,374 nodes and 366,527 
edges. Based on these networks, we calculated the activity scores of eight TFs that interacted with TAL1 based on 
the STRING  database37 (default 0.4 medium confidence score) for 206 RNAseq of primary T-ALL samples from 
TARGET using non-weighted mean. Representative T-ALL subgroups were selected based on prevalence > 5%. 
Differential activity analysis was performed using the ‘limma’  software38.

ChIP‑seq data and analysis. ChIP-seq for E2A, HEB, TAL1, and input in Jurkat cells were downloaded 
from GSE29180. USP7 ChIP-seq and input DNA from untreated Jurkat cells were downloaded from GSE97435. 
BWA (version 0.7.12, default parameter) was used to align the reads to the human genome hg19 (GRCh37). Pic-
ard (version 2.9.4) was used to mark duplicated reads. Non-duplicated reads were retained by samtools (param-
eter ‘-q 1 -F 1024’ version 0.1.17). Mapped reads were inspected using the cross-correlation plot generated by 
 SPP39 to determine the fragment size for extending the read for each transcription factor. Reads from different 
sequencing runs or replicates were merged together, and peaks called by MACS2 (version 2.0.9)40 using the 
default cutoff (q = 0.05). Bigwig files were generated with the total number of mapped reads normalized to 15 
million.  Deeptools41 was used to plot heatmaps. The code for ChIP-seq analysis was obtained from Yang et al.42.

Mass spectrometry database search and analysis. Database searches were performed using the 
 Sequest43 search engine. All matched MS/MS spectra were filtered by mass accuracy and matching scores to 
reduce protein false discovery rate to < 1% based on the target-decoy  strategy44. Spectral counts, matching to 
individual proteins, reflect their relative abundance in one sample after the protein size is normalized. Label-
free quantitative comparison based on spectral counting was used to differentiate the protein interactome from 
non-specific IgG interactome background control. G-test was used to determine the statistical significance of 
the  differences45.

Results
USP7 haploinsufficiency deregulates T‑cell developmental gene expression in T‑ALL. Our 
previous study on the genomic landscape of pediatric T-ALL showed that USP7 is one of the most frequently 
mutated genes, with an overall 12% mutational  prevalence5. USP7 mutations occurred almost exclusively in the 
TAL1 subgroup, which has aberrantly activated TAL1 expression accompanied by developmental arrest at the 
late cortical double-positive (DP) stage of thymocyte development (Fig. 1B). All mutations are heterozygous 
(Fig. 1C) and predominantly (79%) loss-of-function truncation variants (Supplementary Table S1). These data 

https://github.com/jyyulab/NetBID
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suggest that USP7 haploinsufficiency may deregulate T-cell development by synergizing with aberrant TAL1 
activation in T-ALL.

To test this hypothesis, we evaluated the predicted activities of TAL1-interacting transcription factors (TF) 
in 206 T-ALL transcriptomes (RNA-seq) profiled by NCI  TARGET5. The network analysis was performed using 
NetBID (Fig. 2A), an algorithm that calculates transcription factor activity based on the expression levels of their 
downstream  targets35. Thirty-five T-ALLs identified as early T-cell precursors (ETP) by gene expression signa-
ture  analysis33 were excluded as they resemble a distinct subset of newly immigrated thymocyte precursors with 
distinct immature immunophenotypes (Supplementary Figure S1A). To examine the TF activities in the context 
of T-cell differentiation, we constructed a reference TF regulatory network using RNA-seq data generated from 
normal T-cell  development35 (Fig. 2A). Focusing on the 8 TFs known to have physical interaction with TAL1 
based on the STRING  database37 (Fig. 2B), we compared the activity scores between mutated USP7  (USP7mut) 
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Figure 2.  USP7 haploinsufficiency reduces E-protein activity in NCI TARGET T-ALL cohort. (A) NetBID 
network analysis overview. A transcription factor network was generated based on the transcriptome profiling of 
T-cell development. Transcription factor activity in T-ALL is estimated using their down-stream targets with 
NetBID. Dysregulated transcription factors are identified for USP7 haploinsufficiency. (B) NetBID identified 
transcription factors that interact with TAL1. The edges represent known physical interaction from STRINGdb. 
(C) Differential activities of TAL1-interacting transcription factors (TF) based on NetBID analysis. The x-axis 
presents the change in TF activity between  USP7wt and  USP7mut TAL1 T-ALL samples, and the y-axis presents 
the p-values (− log10) by an unpaired two-sided t test. (D) E2A and HEB activities across the major T-ALL 
subgroups. (E) Enrichment of E-protein targets in  USP7wt compared to  USP7mut by GSEA analysis. Leading-
edge genes are marked by a dotted red rectangle, and the list on the right shows top hit genes.
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vs. wild-type USP7  (USP7wt) samples within the TAL1 subgroup. E-proteins, E2A and HEB, which are known 
to be negatively regulated by TAL1, emerged as the top-ranked master regulators that were down-regulated in 
 USP7mut T-ALL (Fig. 2C; Supplementary Table S2).

In normal T-cell development, E-protein expression is attenuated during early thymocyte development and 
increased during the later stages of development, consistent with our analysis of normal T-cell RNA-seq data 
(Supplementary Figure S1B). Across the T-ALL subgroups, the predicted E-protein activity scores match well 
with the corresponding T-cell development stages, with attenuated activities in the subgroups associated with 
early development DN thymocytes (i.e., LMO2/LYL1 and HOXA), the gradual increase in the early cortical 
DP thymocyte subgroup (i.e., TLX1/TLX3 subgroup), and the highest activities in the late cortical DP TAL1 
subgroup (Fig. 2D; Supplementary Table S3). Within the TAL1 subgroup, E-protein activities in  USP7mut sam-
ples are comparable to those of the early cortical DP thymocyte subgroup. To further evaluate whether USP7 
haploinsufficiency affects E-protein targets in  leukemia46, we performed a gene set enrichment analysis (GSEA) 
to assess gene expression changes between  USP7mut and  USP7wt samples in the TAL1 subgroup. Genes down-
regulated in  USP7mut samples were enriched for E-protein targets such as RAG1 and PTCRA 46 (Fig. 2E), which 
are targets co-regulated by E-protein (positively) and TAL1 (negatively). Collectively, our analysis suggests that 
USP7 haploinsufficiency significantly reduces the expression of E-protein targets in T-ALL.

USP7 knock‑down in T‑ALL cell lines transcriptionally down‑regulates E‑proteins targets. To 
examine whether the loss of USP7, in particular the partial loss of USP7, which mimics haploinsufficiency 
detected in patient T-ALL samples, would reduce transcriptional expression of E-protein targets in T-ALL, we 
performed a knock-down experiment in T-ALL cell lines. We transduced Jurkat and HSB-2, both T-ALL cell 
lines with aberrant activation of TAL1 (i.e., TAL1 subtype) and intact USP7, with lentivirus of USP7 shRNAs tar-
geting exon 8  (USP7shRNA_4058) and exon 21  (USP7shRNA_4057), which were used in a previous  study16, and exon 4 
 (USP7shRNA_A) (Fig. 3A; Supplementary Table S5), which was designed by our study. Western blotting confirmed 
a partial reduction of USP7 expression (Fig. 3B,C). To investigate the effect of  USP7shRNA on gene transcription, 
we compared RNA-seq data of Jurkat and HSB-2 cells treated by  USP7shRNA versus scrambled control  (USP7wt). 
GSEA analysis showed that E-protein targets, which are negatively co-regulated by TAL1, were significantly 
down-regulated in  USP7shRNA Jurkat and HSB-2 cell lines, consistent with the pattern observed in  USP7mut 
T-ALL patient samples (Fig. 3D,E; Supplementary Figure S2A–F). Known E-protein targets such as RAG1 and 
PTCRA 47, down-regulated in  USP7mut patient samples as well as  USP7shRNA Jurkat cells, were validated by RT-
qPCR (Supplementary Figure S2G and S2H). Altogether, these results indicated that USP7 consistently regulates 
E-protein targets in the context of T-ALL with aberrant activation of TAL1, further implicating USP7’s involve-
ment in regulating E2A and HEB activities.

USP7 forms a co‑regulatory complex with TAL1, E2A, and HEB in T‑ALL. Down-regulation of 
E2A and HEB targets by USP7 haploinsufficiency, evident in the analysis of patient T-ALL samples and shRNA 
knock-down in T-ALL cell lines, prompted us to evaluate whether USP7 forms a co-regulatory complex with 
TAL1, E2A, and HEB. We first examined the genome-wide co-occupancy of USP7 with these transcription 
factors by analyzing publicly available ChIP-seq data of Jurkat cells. We found that the majority of ChIP-seq 
peaks of TAL1 (70.97%), E2A (91.53%), and HEB (79.20%) overlap with USP7 ChIP-seq peaks (p < 2.2E−22 by 
a two-sided Fishers-exact test; Fig. 4A), demonstrating co-localization of USP7 across the genome with these 
sequence-specific DNA binding transcription factors. As an example, the co-localization of TAL1, E2A, HEB, 
and USP7 peaks are proximal to CD69, RAG1, and RAG2, which are important genes involved in thymocyte dif-
ferentiation and T-cell activation (Fig. 4B,C).

To determine whether USP7 directly interacts with the TAL1/E-protein complex, we performed an affinity 
purification-mass spectrometry experiment in the Jurkat cell line using USP7 and TAL1 as bait proteins. We 
identified 176 proteins interacting with USP7 (Supplementary Table S6), and 179 proteins interacting with 
TAL1 (Supplementary Table S7). By overlapping the USP7 interactome with the TAL1 interactome, eighty-five 
percent of the TAL1 protein-partners were shared with the USP7 interactome (Fig. 4D; Supplementary Table S8; 
p < 2.2E−16). Serial co-IP Western blotting in the Jurkat cell line showed that E2A and HEB physically interact 
with both USP7 and TAL1 (Fig. 4E). Overall, our results further support USP7’s involvement in regulating the 
E-protein and TAL1 protein complex.

USP7 haploinsufficiency promotes T‑ALL cellular growth. The uniformity of heterozygous muta-
tions in T-ALL patient samples indicates a potential dosage effect of pathogenicity caused by USP7 loss in T-ALL. 
To evaluate this possibility, we used the CRISPR-Cas9 technology targeting exon 6 of USP7 in Jurkat and Molt-4, 
the T-ALL cell lines that have aberrant TAL1 activation and intact USP7 (Fig. 5A). We generated four unique 
clones in Jurkat (Supplementary Figure  S3A) and Molt-4 (Supplementary Figure  S4A), respectively; two of 
which had 50% USP7 knock-out (KO) mimicking the haploinsufficiency observed in patient samples, and the 
other had 100% USP7 KO. In clones with 50% allelic knock-out, we observed reduced USP7 transcription (Sup-
plementary Figure S3B, S4B) with a significant reduction of the mutant allele expression (mutant allele fraction 
in RNA-seq ranging 12–14%, p < 1E−5 by a two-sided binomial test) (Supplementary Figure S3C, S4C), consist-
ent with nonsense-mediated decay (NMR) expected from the out-of-frame KO mutation. We performed West-
ern blotting to quantify protein abundance of USP7 and TRIM27, a known direct target stabilized by  USP710,48. 
In Molt-4, both USP7 and TRIM27 protein levels decreased in proportion to 50% and 100% USP7 CRISPR KO 
(Supplementary Figure S4D). In Jurkat, bi-allelic knock-out cells lacked USP7 protein expression accompanied 
by reduction of TRIM27 abundance as expected; mono-allelic knock-out cells did exhibit reduction in TRIM27, 
but unexpectedly, USP7 protein itself did not change (Supplementary Figure S3D), suggesting decreased USP7 
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activity despite no reduction in USP7 protein quantity (Supplementary Figure S3D, S4D). We also carried out 
the same CRISPR-Cas9 KO experiment targeting exon 6 in the HSB-2 cell line. However, no HSB-2 clones sur-
vived with USP7 KO.

We performed an ATP monitoring system cell viability assay and found that both Jurkat and Molt4 with 50% 
USP7 knock-out induced an increase in cell growth phenotype compared to the wild-type control (Figs. 5B,C). 
By contrast, clones of complete USP7 knock-out exhibited a markedly lower cell growth rate compared to the 
wild-type (Fig. 5B,C). RNAseq profiling showed significant down-regulation of E-protein targets negatively 
co-regulated by TAL1 in the 50% USP7 knock-out (Fig. 5D,E). RT-qPCR confirmed RAG1 and PTCRA down-
regulation by USP7 KO in Jurkat (Supplementary Figure S5A and S5C) and Molt-4 cell lines (Supplementary 
Figure S5B, S5D). Collectively, these results demonstrated that USP7 haploinsufficiency induced growth advan-
tage in the TAL1 subtype of T-ALL accompanied by down-regulation of E-protein targets.

Discussion
While analyzing the genomic landscape of pediatric T-ALL, we discovered a high frequency of heterozygous LOF 
mutations of USP7 in the TAL1  subgroup5,7,49, raising questions regarding the molecular basis for haploinsuf-
ficient tumor suppressor activity of USP7 in this malignancy. In the present study, we began by investigating the 
impact of USP7 haploinsufficiency on gene expression and by performing a network analysis of primary T-ALL 
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RNA-seq data from more than 200 patients with this disease. We complemented this systems biology analysis 
by performing experimental validation, i.e., partially knocking down or knocking out USP7 in T-ALL cell lines 
with aberrant overexpression of the TAL1 oncogene. These experiments showed that USP7 haploinsufficiency 
decreases the E-protein activity of E2A and HEB and promotes T-ALL cell growth. Interestingly, impaired thy-
mocyte  differentiation50 and accelerated leukemia  tumorigenesis51 were reported in previous studies of E-protein 
haploinsufficiency using murine models, consistent with decreased E-protein activity observed in T-ALL patient 
samples and model systems with partial loss of USP7 investigated in this study.
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A previous study using the TAL1 transgenic mouse model showed that TAL1 heterodimers with E2A or 
HEB affect the expression of different downstream target genes compared to E2A homodimers or E2A-HEB 
 heterodimers46. Our results from several different experimental approaches indicate that USP7 is a critical reg-
ulator of E-protein hetero- and homo-dimerization, and thus affecting normal thymocyte development and 
oncogenesis. First, a re-analysis of ChIP-seq data showed that USP7 co-localizes with multiple members of the 
basic helix–loop–helix proteins, i.e., TAL1, E2A, and HEB, suggesting a potential role of USP7 in regulating 
transcription of TAL1 and E-protein targets. Second, AP-MS and western blotting both confirmed that USP7 
physically interacts with TAL1 and E-proteins. Third, haploinsufficient USP7 knock-out in T-ALL cell lines 
showed a significant reduction of targets mediated by E-protein homodimer. As increased TAL1 oncogenic 
activity was also evident in the accelerated cell growth observed after CRISPR knock-out of half of the USP7 
loci in T-ALL cell lines, we hypothesize that USP7 haploinsufficiency in T-ALL down-regulates the ability of this 
deubiquitylating enzyme to remove ubiquitin from E-proteins, leads to enhanced TAL1 heterodimer formation, 
which favors TAL1-mediated thymocyte transformation.

Of significant interest, O’Neil et al. previously demonstrated that E-protein haploinsufficiency accelerated 
leukemia tumorigenesis in a T-ALL murine model with TAL1 oncogene  activity51. While our study demonstrates 
USP7 haploinsufficiency inhibits E-protein activity in T-ALL cell lines, demonstration of the effect of USP7 
haploinsufficiency on accelerating malignant transformation in vivo will require the development of a USP7 
haploinsufficiency murine model with TAL1 oncogenic activity.

In the Jurkat cell line, we observed an interesting phenomenon that reduction in USP7 transcription caused 
by mono-allelic knock-out of USP7 did not reduce USP7 protein level. Such a discrepancy did not occur in the 
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Molt-4 T-ALL cell line. This suggests a potential feed-back regulation that stabilizes the USP7 protein level in 
haploinsufficient USP7 Jurkat cells. It will be interesting to investigate if a similar pattern can be found in other 
de-ubiquitinating proteins in CRISPR knock-out experiments.

In our study, E2A and HEB protein abundance did not change in Jurkat and Molt-4 cells with partial (50%) 
USP7 KO (Supplementary Figure S3D, S4D), suggesting that decreased E-protein activity in haploinsufficient 
USP7 T-ALL cells is unlikely caused by a decrease in E-protein level through a ubiquitin-dependent proteasome 
degradation. Indeed, we were able to demonstrate E2A de-ubiquitination by USP7 by overexpression in HEK293T 
cells (Supplementary Figure S6). Although this preliminary analysis proved biochemically that USP7 leads to 
E2A de-ubiquitination, an endogenous IP capture designed to quantify the transient and dynamic nature of the 
ubiquitination  process52,53 is required for future investigation on ubiquitin modifications that regulate E-protein 
activity.

There is a burgeoning interest in inhibiting USP7 using small molecules as a potential new cancer therapy. This 
is largely based on dependency exhibited by many types of cancer on USP7, as revealed by large-scale, genome-
wide CRISPR-cas9 knock-out studies, including exquisite dependency of human cell lines from kidney, renal 
cell carcinoma, skin, and  melanoma20. In fact, total knock-out of USP7 also blocks cell growth in T-ALL cells, 
emphasizing the dosage-dependence of heterozygous USP7 LOF mutations in pediatric T-ALL. Similarly, a prior 
study by Li et al.54 demonstrated the contrasting effect of mono- versus bi-allelic USP7 loss on the MDM2-TP53 
pathway in the HeLa cell, i.e., the partial loss of USP7 leads to destabilization of TP53 while complete ablation 
leads to activation and stabilization of TP53. Our study illustrates the dosage dependence exhibited by haploinsuf-
ficient tumor suppressors like USP7, cautioning that partial inhibition of USP7 with small molecules might result 
in increased tumor cell growth, even though complete inhibition of this deubiquitinase leads to cancer cell death. 
This situation is not unique to USP7 but applies broadly to genes that exhibit properties of haploinsufficient tumor 
suppressors. Haploinsufficient tumor suppressors often exhibit cancer cell lethality when completely inactivated, 
even though the loss of one allele promotes the growth of the cancer cells. Our study emphasizes the need to 
carefully evaluate dosage-dependent efficacy when considering inhibitors for cancer treatment of USP7 and other 
genes that are implicated by mutational analysis as haploinsufficient tumor suppressors in some types of cancer.

Conclusion
In summary, our comprehensive omics analyses combined with experiments in models of childhood T-ALL 
consistently showed that USP7 haploinsufficiency down-regulates E-protein activity, resulting in synergistic acti-
vation of TAL1-mediated oncogenic activity. Furthermore, our study illustrates the dosage dependence exhibited 
by haploinsufficient tumor suppressors like USP7, cautioning that while complete inhibition leads to cancer cell 
death, partial inhibition with small molecules might promote tumor cell growth.

Data availability
RNAseq data have been deposited in GEO under accession GSE148522 and GSE148523. Proteomics data have 
been deposited under PRIDE accession PXD023377.
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