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OPEN ACCESS Ubiquitin-specific peptidase 39 (USP39) is one member of the cysteine proteases of the USP
family, which represents the largest group of DeUbiquitinases with more than 50 members in
humans. The roles of USP39 in human cancer have been widely investigated. However, the
roles of USP39 in human leukemia and the underlying mechanism remain unknown. Here
we reported the function of USP39 in human leukemia. We observed that the expression of
USP39 was up-regulated in human leukemia cells and the high expression of USP39 was
correlated with poor survival of the patients with leukemia. Lentivirus-mediated knockdown
of USP39 repressed the proliferation and colony formation of human leukemia cell lines
HL-60 and Jurkat cells. Mechanism study showed that USP39 knockdown induced the ar-
rest of cell cycle and apoptosis of leukemia cells. In addition, our microarray and bioinfor-
matic analysis demonstrated that USP39 regulated diverse cellular signaling pathways that
were involved in tumor biology, and several pivotal genes (IRF1, Caspase 8, and SP1) have
been validated by quantitative real-time polymerase chain reaction. Knockdown or /RF1
partially restored the proliferation rate of leukemia cells with USP39 knockdown. Taken to-
gether, our findings implicate that USP39 promotes the development of human leukemia by
regulating cell cycle, survival, and proliferation of the cells.

Introduction

Leukemia is a group of cancers that usually begin in the bone marrow and result in high numbers of ab-
normal white blood cells. These white blood cells are not fully developed and are called blasts or leukemia
cells [1]. Our understanding of leukemia biology has been radically transformed over recent years with a
more realistic grasp of its multilayered cellular and genetic complexity [2]. Leukemogenesis requires en-
hanced self-renewal, which is induced by oncogenes [3]. However, the underlying molecular mechanisms
of leukemia remain incompletely understood.

The cysteine proteases of the USP family represent the largest group of DeUbiquitinases, with more
than 50 members in humans. The deubiquitinase ubiquitin-specific peptidase 39 (USP39) is an essential
splicing factor. USP39 is essential for mitotic spindle checkpoint integrity and controls mRNA-levels of
Aurora B [4]. High expression of USP39 is associated with the development of vascular remodeling [5].

The roles of USP39 in human cancer have been widely investigated. For instance, USP39 promotes col-
orectal cancer growth and metastasis through the Wnt/(3-catenin pathway [6]. USP39 deubiquitinase is
essential for KRAS proto-oncogene, GTPase (KRAS) oncogene-driven cancer [7]. Additionally, USP39
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Molecular, cellular and bioinformatic analysis demonstrated that USP39 regulated the growth, cell cycle, and survival
of leukemia cells.

Materials and methods

Patients

Peripheral blood samples were collected from acute myelocytic leukemia (AML) patients or transplant donors from
2010 to 2015 at the First Hospital of Lanzhou University. Mononuclear cells were isolated from diagnostic peripheral
blood of 21 adult patients with AML. Mononuclear cells from healthy individuals were taken as controls. For further
RNA analysis, the CD34" cells were selected using immunomagnetic columns (Miltenyi Biotec) with CD34 antibody
(R&D, #MAB72271) as described previously [11]. Written informed consent was obtained from all the patients and
participants. The present study was approved by the Ethics Committee of The First Hospital of Lanzhou University.
The present study was conducted in accordance with the Declaration of Helsinki and written informed consent was
obtained from the participant.

Quantitative real-time PCR
Freshly isolated cells and cultured cells were subjected to RNA isolation with TRIzol (Invitrogen). One ug of total RNA
was then used for cDNA synthesis with the SuperScript™ III CellsDirect™ cDNA Synthesis System (ThermoFisher).
Next, quantitative real-time polymerase chain reaction (QRT-PCR) was performed with the QuantiTect SYBR® Green
PCRKit (QIAGEN) to determine the relative expression of target genes. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as housekeeping gene. The following primers were used in the present study. The relative ex-
pression of USP39 was normalized to GAPDH and analyzed using comparative delta cycle threshold (CT) method
(CTYSP3 — CTGAPPH) A Jower CT value represents a higher relative expression of USP39.

GAPDH forward 5-GGAGCGAGATCCCTCCAAAAT-3

GAPDH reverse 5-GGCTGTTGTCATACTTCTCATGG-3'

USP39 forward 5'-GGTTTGAAGTCTCACGCCTAC-3

USP39 reverse 5'-GGCAGTAAAACTTGAGGGTGT-3

IRF] forward 5'-ATGCCCATCACTCGGATGC-3'

IRF]I reverse 5'-CCCTGCTTTGTATCGGCCTG-3'

Caspase 8 forward 5'-GTTGTGTGGGGTAATGACAATCT-3

Caspase 8 reverse 5'-TCAAAGGTCGTGGTCAAAGCC-3'

SP1 forward 5'-GTGGCCGCTACCTTCACTG-3

SP1I reverse 5'-GCCCCACTCCTACTTGGTC-3'

Western blot

Total proteins were extracted from cultured cells with RIPA lysis buffer (Thermo) supplied with protease inhibitor
cocktail (Roche). 40 ug of total protein was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) separation and Western blot with the standard protocol [12]. The following primary antibodies were
used in the present study: anti-GAPDH (Cell Signaling Technology), anti-USP39 (Abcam), anti-H3K27ac (Cell Sig-
naling Technology), anti-H3K27me3 (Cell Signaling Technology), and anti-IRF1 (Cell Signaling Technology). The
secondary antibodies were purchased from Invitrogen. The immune-activity was detected using ECL-Plus kit (Amer-
sham Biosciences).

Cell lines and cell culture

Human leukemia cell lines Jurkat, HL-60, and K-562 were obtained from ATCC. The normal bone marrow cell line
(HS-5) were purchased from the American Type Culture Collection. The bone marrow cell line and leukemia cells
were cultured in alpha-minimal essential medium (ThermoFisher). HEK293T cells were cultured in Rosewell Park
Memorial Institute 1640 (ThermoFisher). All culture medium was supplied with 10% fetal bovine serum (Ther-
moFisher), 100 units/ml penicillin and streptomycin (Gibco). The cells were cultured at 37 °C and 5% CO,. To analyze
the proliferation rate of the cells, cells were seeded at 1 x 10* or 1 x 10? cells/ml in 10-cm dishes and the cell number
was counted every day.

Lentivirus package, infection, and transduction
In the present study, lentivirus-mediated short hairpin RNAs (shRNAs) were used to knock down the expression of
USP39 in leukemia cells. Control shRNA or shUSP39 were cloned into the pLKO.1 plasmid (Addgene). The shRNA
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sequences targeting human USP39 (NM_001256728.1) is 5'-GCTCCAGGACTCCCTCAATAA-3" and the shRNA
sequences targeting human IRFI (NM_001354924.1) is 5'-GGAAATTACCTGAGGACATCAAAG-3'. To prepare
lentivirus, we transfected HEK293T cells with the lentivirus particles, psPAX2, and pVSVG in according to the man-
ufacturer (Life Technologies). For transduction, virus-containing supernatant was collected and the leukemia cells
were incubated with the supernatant for 48 h, then the cells were selected with puromycin (1 pg/ml) for an additional
48 h.

Cell proliferation assay
Leukemia cells were transduced with shUSP39 or control shRNA. Then the cells were subjected to proliferation assay.
Cell number was counted with CCK-8 kit (Byeotime) in according to the manufacturer’s protocol.

Methylcellulose colony-forming cell assay

The methylcellulose colony-forming cell assay was performed as described previously [13]. In all, 0.9 ml of 1 x 10°
cells/ml were combined with 1.2 ml of 2.1% (w/v) methylcellulose and 0.9 ml fetal bovine serum; 3 ml was plated in
triplicate on 35 mm plates with gridlines. Plates were imaged and counted after 9 days at 37 °C in 5% CO, with the
EVOS XL Core Imaging System (Life Technologies).

Cell cycle analysis

Leukemia cells were infected with lentivirus carrying shCtrl or shUSP39 for 24 h. Cell cycle progression was deter-
mined by propidium iodide (PI) staining using a flow cytometer. Briefly, cells were fixed with 70% cold ethanol at
4°C overnight, washed twice with ice-cold PBS, and incubated with 10 mg/ml RNase at 37°C. Cell cycle was moni-
tored by using PI staining of nuclei. PI uptake was analyzed by fluorescence-activated cell sorting on flow cytometry
(FACSCalibur, Becton Dickinson).

Apoptosis analysis

The cells were infected with control or shUSP39 lentivirus for 24 h. Then, the Annexin V-FITC Apoptosis Detec-
tion Kit (Becton Dickinson) was applied to analyze the apoptosis of leukemia cells according to the manufacturer’s
protocol. The data were analyzed with FACSCalibur flow cytometer.

Microarray

Total RNA from HL-60 cells was extracted using Trizol reagent (Invitrogen). NanoDrop 2000 and Agilent Bioan-
alyzer 2100 were used to detect the RNA quantity and quality. Affymetrix human GeneChipprimeview was used
for microarray processing to determine a gene expression profile according to the manufacturer’s instructions. Sig-
nificantly different genes between HL-60 cell treated with shUSP39 and shCtrl were identified depending on the
following criteria: P<0.05 and the absolute fold change >2. The biofunction and pathway enrichment analysis were
performed using IPA® Software (http://www.ingenuity.com).

Statistical analysis

The values are expressed as the mean + SEM of three independent repeats if no other information is indicated.
Student’s ¢ test was applied to analyze the difference between two groups. P values less than 0.05 were considered
significant. The statistical analysis was performed with the software GraphPad Prism 7 and SPSS 20.1.

Results

High expression of USP39 predicts poor survival of patients with leukemia
The functions of the USP39 in human leukemia remains unknown. To explore the potential roles of USP39 in human
leukemia, we first examined the expression of USP39 in human leukemia cells. We collected leukemia cells from 21
patients with leukemia and analyzed the expression of USP39. The results showed that USP39 mRNA level was
significantly up-regulated in leukemia cells isolated from leukemia patients compared with that from control donors
(Figure 1A). In addition, we also analyzed the expression pattern of USP39 in leukemia samples using the The Cancer
Genome Atlas (TCGA) database (https://cancergenome.nih.gov/). The results also showed that the expression of
USP39 was increased in leukemia samples (Figure 1B). We also tested the expression content of USP39 in three
leukemia cell lines (HL-60, Jurkat, K562). The relative Ct value indicated that USP39 was expressed at high level
in leukemia cell lines (Figure 1C). Since the high expression of USP39 in human leukemia, we next investigated
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Figure 1. Expression of USP39 is associated with leukemia

(A) Quantitative real-time PCR results showing that USP39 mRNA level was overexpressed in human leukemia. **P<0.01.n = 6
in control group and n = 21 in leukemia group. (B) Gene expression data from TCGA database showing that USP39 mRNA level
was overexpressed in human leukemia. (C) Quantitative real-time PCR results showing the relative expression of USP39 mRNA in
leukemia cell lines Jurkat, HL-60, and K-562 as well as a normal bone marrow cell line (HS-5). **P<0.01 and ***P<0.001 vs. HS-5.
(D) Data from the TCGA database showing high USP39 expression are correlated with poor survival of patients with leukemia.

whether USP39 expression level was correlated with survival using the TGCA database. The results showed that high
expression of USP39 in leukemia cells was correlated with poor survival of the patients (Figure 1D). Taken together,
these findings demonstrated that USP39 was overexpressed in human leukemia cells and high expression of USP39
predicted poor survival.

USP39 regulates the growth of leukemia cells

Since the high expression of USP39 in human leukemia, we next aimed to investigate the roles of USP39 in reg-
ulating the cellular behavior of leukemia cells. To this end, we designed lentivirus-mediated short-hairpin RNA
targeting USP39 (shUSP39). Our qRT-PCR and Western blot results showed that USP39 expression was signifi-
cantly knocked down in leukemia cell lines HL-60 and Jurkat cells (Figure 2A,B). Then we prepared leukemia cells
with/without shUSP39 transduction and cell proliferation assay was performed. The results showed that USP39
knockdown markedly repressed the proliferation rate of HL-60 and Jurkat cells since day 3 (Figure 2C,D). Colony
formation is a key feature of stem cells and cancer cells [14]. We next investigated the effects of USP39 on the colony
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Figure 2. Knockdown of the expression of USP39 represses the growth of leukemia cells

(A) gRT-PCR and Western blot results showing the results of USP39 knockdown in HL-60 cells. HL-60 cells were infected with
lentivirus expressing short-hairpin RNA (shRNA) targeting USP39 or control shRNA for 48 h, then the cells were subjected to
gRT-PCR and Western blot assays. ***P<0.001 vs. shCtrl. (B) gRT-PCR and Western blot results showing the results of USP39
knockdown in Jurkat cells. Jurkat cells were infected with lentivirus expressing shRNA targeting USP39 or control shRNA for 48 h,
then the cells were subjected to qRT-PCR and Western blot assays. **P<0.001 vs. shCtrl. (C) USP39 knockdown represses the
proliferation of HL-60 cells. HL-60 cells were infected with lentivirus expressing shUSP39 or control shRNA, then the cell numbers
were monitored at the indicated time point. ***P<0.001 vs. shCtrl. (D) USP39 knockdown represses the proliferation of Jurkat
cells. Jurkat cells were infected with lentivirus expressing shUSP39 or control shRNA, then the cell numbers were monitored at the
indicated time point. ***P<0.001 vs. shCtrl. (E) Representative images showing USP39 knockdown represses colony formation of
HL-60 cells. HL-60 cells were transduced with shUSP39 or control shRNA. Then the cells were subjected to colony formation assay.
(F) Representative images showing USP39 knockdown represses colony formation of Jurkat cells. Jurkat cells were transduced
with shUSP39 or control shRNA. Then the cells were subjected to colony formation assay.

formation capacity of leukemia cells. Significantly, our results showed that USP39 knockdown reduced both the num-
ber and size of clones formed by HL-60 or Jurkat cells (Figure 2E,F). Taken together, these findings demonstrated that
USP39 knockdown inhibited the growth of leukemia cells in vitro.

USP39 regulates the cell cycle in leukemia cells

We next explored whether cell cycle arrest contributed to the effects of USP39 on the growth of leukemia cells. We,
therefore, infected HL-60 and Jurkat cells with lentivirus carrying shUSP39 or control shRNA, and then the cultured
cells were subjected to analysis of cell cycle with FACS. The results showed that USP39 knockdown decreased the
percentage of cells in G1 and S phases, while the percentage of cells in G2/M phase was increased in HL-60 cells. This
observation indicated that the cell cycle was blocked at the G2/M phase by USP39 knockdown in HL-60 cells (Figure
3A,B). Similarly, we observed that USP39 knockdown induced cell cycle arrest at G2/M phase in Jurkat cells (Figure
3C,D). Collectively, these findings demonstrated that USP39 regulates cell cycle of leukemia cells.

USP39 regulates apoptosis in leukemia cells.

Resistance to apoptosis is another feature of cancer cells. We also investigated the effects of USP39 knockdown on the
apoptosis of leukemia cells. The leukemia cells HL-60 and Jurkat cells were infected with lentivirus carrying shUSP39
or control shRNA. FACS assay was performed to analyze the percentage of apoptotic cells. The results showed that
USP39 knockdown increased 4-fold of apoptosis in HL-60 cells, and 6-7-fold in Jurkat cells (Figure 4A-D). Therefore,
USP39 also controls the survival of leukemia cells.
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Figure 3. USP39 knockdown induces cell cycle arrest

(A) Representative results showing USP39 knockdown induces cell cycle arrest in HL-60 cells. HL-60 cells were infected with
lentivirus expressing shUSP39 or control shRNA for 24 h, then the cells were subjected to cell cycle analysis. (B) Quantitative
results of the cell cycle phase of results in (A). *P<0.05, **P<0.01, **P<0.001 vs. shCtrl. (C) Representative results showing USP39
knockdown induces cell cycle arrest in Jurkat cells. Jurkat cells were infected with lentivirus expressing shUSP39 or control shRNA
for 24 h, then the cells were subjected to cell cycle analysis. (D) Quantitative results of the cell cycle phase of results in (C). *P<0.05,
*P<0.01, **P<0.001 vs. shCtrl.
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Figure 4. USP39 knockdown induces apoptosis of leukemia cells
(A) Representative results showing USP39 knockdown induces apoptosis in HL-60 cells. HL-60 cells were infected with lentivirus

expressing shUSP39 or control shRNA for 24 h, then the cells were subjected to analyze the apoptosis. (B) Quantitative results
of the apoptosis in (A). **P<0.001 vs. shCtrl. (C) Representative results showing USP39 knockdown induces apoptosis in Jurkat
cells. Jurkat cells were infected with lentivirus expressing shUSP39 or control shRNA for 24 h, then the cells were subjected to
analyze the apoptosis. (D) Quantitative results of the apoptosis in (C). **P<0.001 vs. shCtrl.
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Bioinformatic analysis of USP39 downstream genes.

The above results showed that USP39 was critical for the survival and growth of human leukemia cells. However, the
mechanisms underlying USP39-mediated phenotypes and the downstream pathways were still unknown. Therefore,
HL-60 cells infected with lentivirus expressing shUSP39 or control shRNA were subjected to microarray assay to
the global gene expression profile of these cells. We identified and 1638 genes showing with significantly significant
difference differential expression were identified (absolute fold change>2, and P<0.05), including 724 up-regulated
genes and 914 down-regulated genes (Figure 5A). The IPA pathway analysis was performed and the differentially
expressed genes were enriched in 11 pathways, including leukocyte extravasation, tissue factor in cancer (Figure 5B).
The gene-interacting network analysis showed that USP39 was correlated with diverse genes involved in survival,
proliferation or apoptosis (Figure 5C). To confirm these results, we selected three key genes involved in leukemia
(interferon-regulatory factor 1 [IRF1], Caspase 8, and specificity protein 1 [SP1]) to confirm the gene expression
of those factors was regulated by USP39. As expected, knockdown of USP39 significantly affected the mRNA level of
IRF1, Caspase 8 and SP1 (Figure 5D). However, the effects of USP39 on the expression of the targets did not rely on
epigenetic modification because USP39 knockdown did not affect the level of H3K27ac and H3K27me3, two histone
marks of transcriptional activation (Supplementary Figure S1). We next explored whether the targets of USP39 was
involved in the function of USP39. Therefore, we knocked down the expression of IRF1 with lentivirus-mediated
shRNA in HL-60 cells (Figure 5E). The cell proliferation assay showed that IRF1 knockdown partially restored the
proliferation rate of HL-60 cells with USP39 knockdown (Figure 5F). These findings demonstrated that IRFI partially
contributed to the function of USP39 in regulation of the growth of leukemia cells.

Discussion

In the present work, we identify USP39 as a regulator of human leukemia. The expression of USP39 mRNA level
was significantly up-regulated in the leukemia cells compared with those from the controls. Our loss-of-function
experiments demonstrated that knockdown of the expression of USP39 repressed the proliferation of leukemia cells,
induced cell cycle arrest, and cell apoptosis. Furthermore, we performed a microarray assay and found that USP39
regulated the expression of diverse genes in human leukemia cells, including IRFI, Caspase 8, and SP1, which were
validated by qRT-PCR experiments.

The USP family members are essentially involved in the development of human leukemia. small-molecule in-
hibitors of USP1 promote the degradation of inhibitor of DNA binding 1 (ID1), and are cytotoxic to leukemic cells
[15]. USP7 cooperates with NOTCHI1 to drive the oncogenic transcriptional program in T cell leukemia [16]. USP7 in-
hibition alters homologous recombination repair and targets chronic lymphocytic leukemia CLL cells independently
of ATM/p53 functional status [17]. Overexpression of USP44 induces chromosomal instability and is frequently ob-
served in human T-cell leukemia [18]. Deubiquitinase USP48 promotes ATRA-induced granulocytic differentiation
of acute promyelocytic leukemia cells [19]. The roles of other USP members in human leukemia remain unknown.

USP39 is a member of the USP family. Previous reports demonstrated that USP39 was significantly involved in di-
verse types of cancer. USP39 regulates the growth of hepatocellular carcinoma cells via regulating the transcriptional
factor FoxM1 [8]. In patients with prostate cancer, high expression of USP39 predicts poor prognosis and USP39 pro-
motes tumorigenesis of prostate cancer cells via promoting EGFR mRNA maturation and transcription elongation
[10]. In addition, as a target of microRNA-133a, USP39 promotes progression of pancreatic cancer via the AKT path-
way [20]. In the present study, we identified the roles of USP39 in human leukemia. We observed that the expression
of USP39 was significantly up-regulated in human leukemia and high expression of USP39 in human leukemia cells
predicted poor overall survival.

USP39 regulates the growth of SMMC-7721 cells [8]. Knockdown of USP39 by lentivirus-mediated RNA inter-
ference suppresses the growth of oral squamous cell carcinoma [8]. Indeed, USP39 also controlled the growth of
leukemia cells. We observed that lentivirus-mediated knockdown of USP39 significantly repressed the proliferation
rate of leukemia cells. In addition, the knockdown of USP39 also reduced the number and size of clones formed by
leukemia cells, implicating that the colony formation of leukemia cells was controlled by USP39.

USP39 also controls the cell cycle and apoptosis of leukemia cells. We showed that USP39 knockdown induced the
cell cycle arrest at G2/M phase in two lines of leukemia cells. In addition, USP39 knockdown significantly induced
apoptosis of leukemia cells. USP39 is essential for mitotic spindle checkpoint integrity and controls mRNA levels of
Aurora B [4]. Down-regulation of USP39 suppresses the proliferation and induces the apoptosis of human colorectal
cancer cells [21]. Knockdown of USP39 inhibited the growth of osteosarcoma cells and induced apoptosis in vitro
[22]. Indeed, knockdown of USP39 induces cell cycle arrest and apoptosis in melanoma [23]. Therefore, USP39 is a
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Figure 5. Bioinformatic analysis of USP39 downstream genes

(A) Heatmap showing differentially expressed genes in HL-60 cells with or without USP39 knockdown. HL-60 cells were infected
with lentivirus carrying shUSP39 or shCtrl for 48 hours. Then the cells were subjected to microarray for analysis of differentially
expressed genes. (Criteria: P<0.05, absolute fold change >2). (B) Functional pathway enrichment of differential genes was analyzed
based on IPA analysis. (C) The interactional network was constructed between USP39 and genes involved in IPA pathway cell cycle.
Green circles represent downregulated genes, red circles represent up-regulated and genes of gray circles represent no expression
changing. (D) USP39 regulates the expression of IRF1, Caspase 8 and SP1. HL-60 cells were infected with shCtrl or shUSP39 for
48 hours and then western blot was performed to analyze the expression of IRF1, Caspase 8 and SP1. **P<0.01 vs. shCtrl. (E)
Western blot results showing the results of /IRF7 knockdown in HL-60 cells. HL-60 cells were infected with lentivirus expressing
shRNA targeting /RF1 or control shRNA for 48 hours, then the cells were subjected to western blot assay. (F) IRF1 knockdown
restores the proliferation rate of HL-60 cells with USP39 knockdown. HL-60 cells were infected with lentivirus expressing indicated
shRNA and subjected to cell proliferation assay. *P<0.05, **P<0.001 by one-way ANOVA analysis.

(© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

#20¢ Iidy 01 uo 3senb Aq 4pd-0+00-61.02-1SA/6£2Z¥8/0¥006 | 02HSE/P/6€/4Pd-0[01E/d8.10501q/W0d"JIBYDISA|IS HOd//:dRY WOy papeojumoq



Bioscience Reports (2019) 39 BSR20190040
https://doi.org/10.1042/BSR20190040

strong regulator for cell cycle and apoptosis in diverse types of cancer. Further study is needed to explore the certain
protein targets of USP39 that are involved in controlling cell cycle and apoptosis

Bioinformatic analysis revealed that USP39 significantly modified the transcriptional profile of leukemia cells.
The IPA pathway analysis showed that USP39 regulated diverse pathways that were involved in cancer, including Rac
signaling, leukemia extravasation signaling, tissue factor in cancer, focal adhesion kinase (FAK) signaling. The expres-
sion gene network analysis showed that USP39 knockdown significantly regulated a downstream network involving
IRF1, Caspase8, and SP1. IRF1, Caspase 8 and SP1 are important regulators for human leukemia. Our qRT-PCR
data also validated the regulation of these genes by USP39. Importantly, we demonstrated that IRF1 partially con-
tributed to the function of USP39 in leukemia cells. In addition, we analyzed whether USP39 regulated the expression
of the target genes through regulating the epigenetic modification. However, we did not observe the effects of USP39
on H3K27ac or H3K27me3. Therefore, USP39 may regulate the expression of the targets through other mechanism.

Our findings suggest and USP39 may serve as prognostic biomarker and therapeutic target. However, since it is
one of the members in a huge family of similar proteins it may be easy to acquire resistance after a period of time
and there may be toxicity issues with the therapy targeting these proteins. Further works are needed to explore the
mechanism by which USP39 regulate the targets and whether USP39 could serve as a therapeutic target.

In conclusion, we identify USP39 as an oncogene-like protein in human leukemia. USP39 controls the prolifera-
tion, cell cycle, and apoptosis of leukemia cells. Therefore, USP39 may serve as a potential target for the treatment of
human leukemia.
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