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Abstract: Deubiquitinating enzyme dysregulation has been linked to the development of a variety of human malignancies, including breast cancer. However, the exact involvement of the deubiquitinating enzyme USP39 in the
progression of breast cancer is yet unknown. Cell viability and colony formation analysis was used to assess the
effects of USP39 knockdown on breast cancer cells in this study. The interaction between USP39 and FOXM1 was
investigated using co-immunoprecipitation (co-IP) and in vitro deubiquitination analysis. The expression of USP39
and FOXM1 in breast cancer tissues was studied using the TCGA database. According to our findings, USP39 deubiquitinates and stabilizes FOXM1, promoting breast cancer cell proliferation, colony formation, and tumor growth in
vivo. Furthermore, elevated USP39 expression lowers FOXM1 ubiquitination, resulting in increased transcriptional
activity. In addition, the high expression of USP39 reduces the ubiquitination of FOXM1, thereby enhancing the
transcriptional activity of FOXM1 and regulating the expression of downstream genes Cdc25b and Plk1. USP39 is
positively correlated with the expression level of FOXM1 in breast cancer cells. In general, our research revealed the
USP39-FOXM1 axis as a critical driver of breast cancer cell proliferation and provided a theoretical foundation for
targeting the USP39-FOXM1 axis for pancreatic cancer treatment.
Keywords: Breast cancer, ubiquitin-specific protease 39, transcription factor FOXM1, cell proliferation

Introduction
USP39 belongs to the family of ubiquitin-specific proteins and contains an N-terminal RS-like
ZNF domain and a C-terminal ubiquitin hydrolase domain [1]. Recent studies have shown
that USP39 is highly expressed in a variety of
malignant tumors and is involved in a variety of
biological functions such as cell proliferation
[2, 3], cell cycle progression [4], cell mitosis [5],
cell migration and invasion [6, 7], DNA damage
repair [8], pre-messenger RNA (mRNA) splicing
[9, 10], cell apoptosis [11], cell regulation [6,
12], and drug tolerance [8, 13]. Exome sequencing studies involving breast cancer patients
have shown that USP39 regulates cancer-related tumor suppressors, including CHEK2, and
has a tumor-inducing effect [14]. Interference
with USP39 could inhibit the growth of breast
cancer cells [15]. RNAi-mediated USP39 significantly reduced the proliferation and colony for-

mation ability of McF-7 cells, and decreased
expression of USP39 could induce G0/G1
phase arrest and cell apoptosis [15]. However,
the role and potential molecular mechanism of
USP39 in breast cancer tumorigenesis have not
been reported so far.
FOXM1 is a kind of typical hyperplasia related
transcription factors [16]. It is a member of the
Forkhead box (FOX) transcription factor family,
which has 44 members in humans and shares
a forkhead DNA binding motif [17, 18]. As far as
gene function is concerned, FOXM1 has been
shown to be an oncogene that regulates growth
and proliferation [19], and plays a particularly
important role in stem cell differentiation [20,
21], DNA damage repair [22, 23], cell mitosis
[24, 25], drug tolerance [25, 26], and cell
metabolism [27, 28]. The FOXM1 protein is
known to regulate the cell cycle [29], mainly by
regulating the transcriptome to promote mitosis
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and ensuring chromosomal stability [30-32].
The significant upregulation of certain cancers
and cancer-related genes controlled by FOXM1
was found to occur in addition to its important
role in the normal cell cycle [33, 34]. A significant amount of FOXM1 is expressed in most
human tumors, as well as liver, prostate, brain,
breast, lung, colon, and pancreatic cancers
[35-37]. Recent studies have also shown that
the expression of FOXM1 promotes the growth,
proliferation, invasion and angiogenesis of
breast, gliomas, pancreas, colon, and lung cancer cells [38-40]. In addition, we found that
FOXM1 has a strict regulatory effect on the proliferation and tumorigenicity of breast cancer
cells [41, 42]. Despite the fact that FOXM1 is
overexpressed in breast cancer tumors, the
molecular mechanism underlying its overexpression is unclear [43]. In addition, studies
have confirmed that the E3 ubiquitin ligase
APC/Cdh1 regulates the degradation of FOXM1
[44-46], However, deubiquitinase may play a
role in FOXM1 protein stability. FOXM1 may be
potentially stabilized by targeting the enzymes that prevent its destruction. Therefore, we
tried to delineate the regulation of FOXM1 stability by removing ubiquitin, thereby protecting
FOXM1 from degradation. USP39 is known to
regulate FOXM1 expression [47, 48], but the
underlying molecular mechanism remains
unknown.
DUB Ubiquitin-Specific Protease (USP) 39 is a
member of the USP family, which contains 56
members united by a highly conserved domain
[49]. This study demonstrates the relationship
between FOXM1 and USP39. We observed that
USP39 regulated the abundance of FOXM1.
FOXM1 is protected from proteosomal degradation by USP39 binding to and reducing its ubiquitination levels. Moreover, we showed that
USP39 expression could alter FOXM1 transcriptional activity, which affected the proliferation
of cells and the development of tumors.
Furthermore, we found that FOXM1 and USP39
were specifically upregulated in breast cancer.
The depletion of USP39 can reduce the level of
FOXM1, and the reduced level of FOXM1 inhibits the expression of USP39, so my conclusion
is that FOXM1 is able to regulate the expression
of USP39 based on a feedback loop. These
findings suggest that USP39 regulates cell proliferation by maintaining the stability of FOXM1,
interfering with USP39 can inhibit the prolifera-
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tion of breast cancer, interfering with USP39
while overexpressing FOXM1 can alleviate the
inhibition of breast cancer proliferation, FOXM1
and USP39 have a synergistic effect, so FOXM1
and USP39 as a potential drug target for breast
cancer.
Materials and methods
Cell lines and cell culture
MCF10A, SUM185, BT474, SUM190, BT549,
MDA-MB-231, MDA-MB-453, MCF-7, ZR-75-30,
MDA-MB-468, SUM159 and HEK 293T, Cells
were purchased from ATCC (Manassas, USA).
Cells were grown in DMEM cell culture medium
(Gibco, USA) containing 10% fetal bovine serum
(Gibco, USA) at 37°C in a 5% CO2 incubator.
Construction of plasmids
pCMV-FOXM1, pCMV-flag-FOXM1, and p6×FOXM1 Binding-Luc reporter plasmid were obtained
from Dr. Yongjun Tan labarary [50]. pCMVUSP39, pCMV-C-myc-USP39, pCMV-Cdh1, and
pCMV-HA-Ub were purchased from GenePharma (Shanghai, China).
Purification and expression of recombinant
proteins
We transformed pHis-FoxM1, pHis-M1-234,
pHis-GFP, pET-15b-GST, and pET-15b-GST-M1234 into Rosetta/DE3 E. Coli cells and PCR
was performed on selected colonies to identify
positive colonies. To induce protein expression,
cells were grown in LB medium at 37°C for 12
hours at 28°C, then added 1 mM IPTG for
another 12 h. FOXM1N, GFP, or FOXM1 recombinant proteins were purified using Ni-SepharoseTM 6 Fast Flow (GE) according to the
manufacturer’s instructions. The GST or GSTM1-234 (1-234 aa) recombinant protein was
purified through the use of Glutathione
SepharoseTM 4B (GE) following the manufacturer’s instructions.
Cell viability assays
The cells were plated in 96-well plates (4*103
cells in each well) and were incubated with 10%
fetal bovine serum for 24 hours at 37°C in a
humidified atmosphere containing 5% CO2.
After transfection with SiUSP39#1, SiUSP39#2, and pCMV-USP39 expression plasmids,
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cell count assay was performed at 24 h, 48
h, and 72 h, respectively. MDA-MB-231 and
MCF-7 cells were counted in order to analyze
the effect of interference and high levels of
USP39 on cell proliferation. Three repetitions of
the tests were conducted.
Colony formation assays
A 6-well plate was seeded with 400 cells per
dish at 37°C for 24 hours, then transfected with siUSP39#1, siUSP39#2, and pCMVUSP39 expression vectors. Fresh medium was
replenished every three days. A 14-day incubation followed by paraformaldehyde fixation
and three PBS rinses was followed by crystal
violet staining for 10 minutes and three PBS
washes were completed. Crystal violet-stained
cell monoclonal photographs were taken with a
camera.
Lentiviral transductions
MCF-7 or MDA-MB-231 cells were treated by
LV-shUSP39 (shUSP39-1, sh-USP39-2; OBiO
Technology, Shanghai, China) and LV-FOXM1
infection. 48 h later, the cells were cultured in
DMEM containing 2 μg/mL purinomycin (Thermo Fisher Scientfic) for another 2 weeks to
select the cells containing the constructs. For
ectopic expression of USP39 or FOXM1, MDAMB-231 or McF-7 cells were infected with
lentiviral constructs expressing shUSP39 or
full-length FOXM1. The shRNA interference
sequence are as follows: sh-negative control,
5’-UUC UCC GAA CGU GUC ACG UTT-3’; shUSP39-1, 5’-GCA UAU GAU GGU ACC ACU UTT3’; sh-USP39-2, 5’-CCU UCA GGC UCU AUC UAA
UTT-3’.
RNA interference
Transfection of FOXM1 siRNA (SantaCruz
sc-43769) and USP39 siRNA (siRNA#1: CCTTCCAGACAACTATGAGAT, siUSP39#2: GCCGGGTATTGTGGGACTGAA) were carried out according to the manufacturer’s instructions using
Lipofectamine 2000 (Invitrogen).
Quantitative real-time PCR (qPCR)
Total RNA (Omega) was extracted according to
the reagent manufacturer’s instructions. Total
RNA (1.0 μg) was reverse transcribed into 10 μl
cDNA (Promega) using the Revert Aid First
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Strand Kit. Detection was performed using the
qPCR kit SYBR Green (Toyobo) with the following sense (S) and antisense (AS) primers:
hUSP39-S, 5’-TGA CCT CAT TGC CAA CAT CGT3’ and hUSP39-AS, 5’-TTG CCT GTCCC ATG ATG
AAGC-3’; hFOXM1-S, 5’-GCT TGC CAG AGT CCT
TTT TGC-3’ and hFOXM1-AS, 5’-CCA CCT GAG
TTC TCG TCA ATG C-3’; hCDC25B-S, 5’-CAG
CGA CTT GCT GCT CAA AA-3’ and hCDC25BAS, 5’-CGA CAG GGA GGA TTC GGA TG-3’;
hPLK1-S, 5’-CCG CAA TTA CAT GAG CGA GC-3’
and hPLK1-AS, 5’-AGG AGA CTC AGG CGG TAT
GT-3’; hGAPDH-S, 5’-GGA GCG AGA TCC CTC
CAA AAT-3’ and hGAPDH-AS, 5’-GGC TGT TGT
CAT ACT TCT CAT GG-3’. Realplex2 qPCR system
(Eppendorf) was used for qPCR. GAPDH is used
to standardize relative mRNA levels.
Protein extraction and western blotting
Cells were washed twice in pre-chilled PBS and
then lysed in cell lysate containing protease
inhibitors (150 mM NaCl, 20 mM Tris pH 7.4,
0.1 mM EDTA, 1% Nonidet P-40). TissueLyser
(Qiagen) was used to homogenize tumor tissue
using tissue lysate containing 150 mM NaCl,
50 mM Tris-HCl pH 8.0, 2 mM EDTA pH 8.0,
20% glycerol, 1% Nonidet P-40 and 10 mM
NaF, plus protease inhibitors. The BCA protein
assay reagent was used to determine the protein concentration in supernatants after centrifugation (Thermo Fisher Scientific).
Lysates were combined with sample buffer containing beta-mercaptoethanol and heated to
95°C for 5 minutes. SDS-PAGE was used to
separate the lysates, which were then transferred to a PVDF membrane for western blotting. The following antibodies and dilutions
were used for Western blotting: rabbit antiFOXM1 (1:1000, ABclonal, A2493), rabbit antiFOXM1 (C-20) (1:5000, SantaCruz sc-502, recognizing FOXM1 C-terminus), rabbit anti-FOXM1 (K-19) (1:5000, SantaCruz sc-500, recognizing FOXM1 N-terminus), rabbit anti-USP39
(1:1000, Proteintech 23865-1-AP) mouse antiflag (1:5000, Abmart #M22000), mouse antiC-Myc (1:500, SantaCruz sc-40), mouse antiGFP (1:500, Beyotime AG281), rabbit antiGST (1:1000, Abcam ab19256), rabbit antiCDC25B (1:1000, SantaCruz sc-326), rabbit
anti-PLK1 (1:1000, CUSABIO, CSB-PA004668),
mouse anti-Cdh1 (1:1000, SantaCruz sc-56312), rabbit anti-HA (1:1000, Proteintech 51064-
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2-AP), and mouse anti-β-actin (1:10000, Abcam ab49900). Signals from primary antibody
were obtained via HRP conjugated anti-rabbit
IgG (1:5000, ABclonal AS014) and anti-mouse
IgG (1:5000; ABclonal AS003) magnification,
and detected by the Kodak 4000 MM Imaging
System using Super Signal West Femto Maximum Sensitivity Substrate (Thermo) (Kodak).
Membranes were sliced horizontally to allow
various antibodies to be detected. ImageJ software was used to quantify the bands of Western
blotting.

containing 100 mM NaCl, 50 mM Tris-Cl, 2.5
mM EDTA, 1% NP-40, 2.5 mM EGTA and 5%
glycerol. The lysate was obtained by centrifuging for 10 min at 4°C at 12,000 rpm. The lysate of 500 µg proteins was incubated at 4°C
for 2 h with 20 µl of beads (Ni-beads or GST
Agarose beads, GE). In certain cases, GST,
GST-M1-234, His-GFP, His-FOXM1, or HisFOXM1N1-234 (FOXM1N) was added to the
reactions. Beads were then washed three times
in IP buffer and analyzed by Western blotting or
Mass spectrometric detection.

Confocal imaging

Co-IP involves incubating 500 µg protein
lysates with 20 µL of Protein A/G PLUS-Agarose
beads (SantaCruz sc-2003) and 2 µg antiFOXM1 (Abcam, ab234077) or anti-IgG (CST#
2729S) antibody at 4°C for 4 h. The beads were
washed five times in IP buffer and western blotting was performed.

1×104 Cells were inoculated in a 35 mm glass
plate (MatTek) and fixed with 4% paraformaldehyde 24 hours later. Non-specific binding sites
were sealed with skim milk powder. Then the
cells were incubated with mouse anti-FoxM1
(1:500, SantaCruz SC-376471) and rabbit
anti-USP39 (1:300, Proteintech 23865-1-AP),
followed by the incubation of a goat anti-rabbit
IgG-FITC (1:500, Santa Cruz sc-2012) or goat
anti-mouse IgG-PE (1:500, SantaCruz sc-3738)
secondary antibody. The FluoView FV1000
confocal imaging system (Olympus) was used
to image the cells. Fluorescent FITC or CFL
were excited by 488 nm or 559 nm laser,
respectively.
Luciferase activity assays
Luciferase reporter gene vector (1 μg) and gene
expression vector (1 μg) were transfected into
293T cells. The loading control for each transfection was the pRL-CMV plasmid (20 ng).
Following the manufacturer’s instructions,
Thirty-six hours after transfection, cells from
each group were harvested and luciferase
activity was assayed using a dual-luciferase
assay system (Promega).
In vitro de-ubiquitination assays
DUB activity assay kit was purchased from
Cayman chemical (NO. 701490). DUB activity
assays were performed according to the kit
protocol. Fluorescence between 355 nm and
365 nm and a wavelength of 455-465 nm are
measured every minute for 20-60 minutes in a
plate reader.
Pull-down and Co-IP analysis
Cells were collected and cell lysates were prepared. Lyse for 30 min using IP cell lysis buffer
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Immunohistochemistry
Tumor tissue was fixed with 4% paraformaldehyde and embedded in paraffin. Tumor sections (4 μm) were deparaffinized and hydrated,
followed by endogenous peroxidase quenching, antigen retrieval, and nonspecific binding site blocking. Sections were then incubated with goat anti-CyclinD1 (1:200, ABclonal
A11022) or goat anti-CDC25B (1:200, ABclonal
A9758) followed by a horseradish peroxidaseconjugated anti-goat secondary antibody. Color
was developed using 3, 3’ diaminobenzidine
and finally photographed using a TE2000
microscope (Nikon).
Nude mice xenograft tumor formation experiment
Animal experiments were performed in accordance with institutional animal use guidelines,
care, and ethics, and were approved by the
Hubei Provincial Laboratory Animal Center,
China (protocol number SYXK [Hubei] 20180071). BALB/c nude mice (female, 5 weeks
old) were purchased from Suzhou Xishan
Biotechnology Co., Ltd. (Suzhou, China). To
investigate the effects of USP39 and FOXM1
on tumor formation and growth in vivo, independent experiments were performed. The
mice were randomly divided into four groups
(four mice in each group), which were shNC,
shUSP39, shFOXM1 and shUSP39+LvFOXM1
groups, respectively. 1×106 MDA-MB-231 cells
in each group were injected into the right armAm J Cancer Res 2022;12(8):3644-3661
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pit, and the mice were routinely observed.
Tumor formation, size of transplanted tumors
and mouse body weight were measured every
two days, and tumor samples were collected on
day 39 after injection of cancer cells. Tumors
were measured with vernier calipers, and tumor
volume (V) was calculated as follows: V = length
× width2 ×1/2.
Statistical analysis
To determine the mean and standard deviation
between samples, we utilize the Microsoft
Excel application or Prism 7. In a nutshell, the
measurement data is represented as Mean
SD, and the comparison between the two
groups of data is performed using an unpaired
Student’s t test. For each sample value between the control and experimental groups,
perform a two-way analysis of variance or T
test. Data comparison among multiple groups
was performed by one-way ANOVA. *, P≤0.05;
**, P≤0.01; ***, P≤0.001; ##, P≤0.01. P≤0.05
is thought to represent a statistically significant
difference.
Results
USP39 regulates FOXM1 protein level
FOXM1 is a known transcription factor that promotes the proliferation of various cancer cells
[51]. FOXM1 is related to a variety of tumors
and has been found to be highly expressed in a
wide range of clinical tumor sampless; its high
expression was related to genome instability
[31]. Inhibiting FOXM1 ubiquitination and maintaining its stability regulated breast tumor progression [52]. According to previous studies,
ubiquitination plays a key role in the cell proliferation signaling pathways [53, 54]. Through
mass spectrometry, ubiquitin-specific protease
39 (USP39) was identified as a potential regulator of FOXM1 stability (Supplementary
Figure 1). Several studies have reported that
ubiquitination mediates FOXM1 levels and regulates FOXM1 functions through the ubiquitinproteasome system [55, 56]. Researchers
have confirmed that USP39 does not have
deubiquitinating enzyme activity [1, 5]; it has
been also confirmed that USP39 can regulate
stability of CHK2, PD-L1, and STAT1 [8, 57, 58].
However, the functions of USP39 and FOXM1
function in breast cancer have not been clarified. We interfered with the expression of the
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ubiquitin-specific protease USP39 in the breast
cancer cell line MDA-MB-231. The results
showed that silencing with USP39 significantly
inhibited FOXM1 levels, but had no effect on
FOXM1 mRNA levels (Figure 1A and 1B). In
addition, upon treating MDA-MB-231 cells with
the proteasome inhibitor MG132, the reduced
level of FOXM1 was rescued (Figure 1C). To further determine whether USP39 regulates the
stability of FOXM1, we treated cells with cycloheximide (CHX) and tested the stability of
FOXM1. As shown in Figure 1D, when USP39
was present in MDA-MB-231 cells, the stability
of FOXM1 was enhanced, and when USP39 was
depleted, the stability of FOXM1 was significantly reduced. Together, these findings suggest USP39 regulates FOXM1 protein levels
and stability via the proteasome, and that
USP39 may function as a DUB of FOXM1.
USP39 maintains FOXM1 protein stability by
competitively binding to FOXM1
For further confirmation of how USP39 affects
FOXM1, we tested the expression and protein
binding levels of USP39 and FOXM1 in breast
cancer. We analyzed the expression levels of
USP39 and FOXM1 in various tumors in the
TCGA database. As shown in Supplementary
Figure 2A and 2B, USP39 and FOXM1 were
found to be highly expressed in various tumors
(except thymoma), including breast cancer
tumor tissues. To test whether USP39 binds to
FOXM1 in order to further prove how USP39
regulates FOXM1 levels, we measured its binding to USP39. As shown in Figure 2A, Flagtagged FOXM1 was able to pulldown USP39
and C-myc-tagged USP39 was able to pull
down FOXM1 in 293T cells, as observed during
immunoprecipitation assays. At the same time,
the CoIP experiment also confirmed that endogenous USP39 and FOXM1 interact in breast
cancer MDA-MB-231 cells (Supplementary
Figure 3). Further, through cell immunostaining
detection, it was found that FOXM1 and USP39
were co-localized in the nucleus (Figure 2B),
which was consistent with the localization of
FOXM1 in the nucleus to perform its functions
[59]. To further confirm the direct binding of
FOXM1 and USP39, prokaryotic E. coli DH5a
cells were used to express and purify GST-M1234 protein. The pull-down experiment revealed
that GST-Sepharose beads could pull down the
USP39 protein through the GST-tagged M1-234
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Figure 1. USP39 regulates FOXM1 protein levels. A. After siUSP39 was transfected for 24 h, 48 h and 72 h, qPCR
was used to detect the changes of FOXM1 mRNA level in MDA-MB-231 cells. Relative mRNA levels were normalized
to GAPDH. The levels of SiCTL group were referred as one. Values represented the mean ± SD of three independent
experiments. (*, P≤0.05). B. After siUSP39 was transfected for 24 h, 48 h and 72 h, Western Blotting was used to
detect the changes of FOXM1 protein level in MDA-MB-231 cells. C. MDA-MB-231 cells interfered with by siUSP39
and treated with the proteasome inhibitor MG-132, Western Blotting was used to detect changes in the protein
levels of FOXM1 and USP39. D. MDA-MB-231 cells in the siUSP39 silence group and the control group were treated
with cycloheximide (CHX) for 0 h, 0.5 h, 1 h, 2 h, 4 h, and 8 h, and the cells were collected, respectively, and Western
Blotting detects changes in FOXM1 and USP39 protein levels.

in the cellular protein mixture (Supplementary
Figure 4). These results confirmed that FOXM1
interacts with USP39 and does so via the
N-terminus of FOXM1.
Previous studies have confirmed that USP39
has no deubiquitinating enzyme activity [1, 5],
while other researchers have confirmed that
USP39 can regulate the stability of CHK2,
PD-L1, and STAT1 [8, 57, 58]. However, whether
USP39 exhibits deubiquitinating enzyme activity and the mechanism that USP39 uses to regulate FOXM1 stability have not been clarified.
Therefore, USP21, USP22, and USP39 proteins
were purified in vitro, and the deubiquitinating
enzyme activity detection kit was used to
detect the activities of USP39, USP21, and
USP22 deubiquitinating enzymes. The results
showed that USP39 had lower enzymatic activity, but this was not significant compared with
the control group; USP21 and USP22 had significant deubiquitinating enzyme activity (Figure 2C). It is known that FOXM1 is degraded
by APC/Cdh1 ubiquitination [44, 45, 55].
Hence, it was of interest to analyze whether
USP39 affected the ubiquitination level of
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FOXM1 by APC/Cdh1. CoIP experiment results
showed that APC/Cdh1 significantly enhanced
FOXM1 ubiquitination, whereas high expression of USP39 reduced the ubiquitination level
of FOXM1 by APC/Cdh1, and weakened the
binding ability between Cdh1 and FOXM1
(Figure 2D and Supplementary Figure 5). In
addition, with the increase in the expression of
USP39, the ubiquitination level of FOXM1 was
significantly reduced, and the binding of APC/
Cdh1 to FOXM1 also gradually decreased, and
the results of endogenous and exogenous proteins were consistent (Figure 2D and Supplementary Figure 5). These data confirmed that
USP39 blocks the ubiquitination of FOXM1 by
APC/Cdh1 by competitively binding to FOXM1,
thereby maintaining the stability of FOXM1.
USP39 promotes the transcriptional activity of
FOXM1
The transcription factor FOXM1 acts as a checkpoint in regulating the cell cycle [24], therefore
we tested whether USP39 was able to activate
FOXM1 transcriptional activity in co-transfection experiments. When FOXM1 and USP39
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Figure 2. FOXM1 interacts with USP39. A. Flag-FOXM1 and C-myc-USP39 eukaryotic vector were co-transfected into
293T cells. After culturing for 48 hours, the cells were collected, and the interaction between FOXM1 and USP39
was detected by Co-IP. B. The co-localization of FOXM1 and USP39 was detected by cellular immunostaining. C.
The USP21, USP22 and USP39 proteins were purified in vitro, and the deubiquitinating enzyme activity detection
kit was used to detect the activity of USP39, USP21 and USP22 deubiquitinating enzymes. Values represented the
mean ± SD of three independent experiments. (**, P≤0.01). D. pCMV-Myc-USP39 plasmids were transfected into
MDA-MD-231 cells, cultured for 36 hours and then treated with 5 mM proteasome inhibitor, and then collected
after culturing for 12 hours Cell sample. The CoIP experiment detects the interaction between USP39, FOXM1 and
APC/Cdh1, and Western Blotting detects the level of FOXM1 ubiquitination, USP39, Cdh1 and FOXM1 protein levels.

were co-transfected, FXM1-mediated stimulation of the FOXM1 binding promoter (a promoter containing the artificial 6xFOXM1 binding
sequence) was observed (Figure 3A). On the
other hand, siRNA against USP39 abolished
FOXM1 transcription on FOXM1 binding promoter (Figure 3B).
In order to test whether USP39 affects the
expression of FOXM1 target genes in breast
cancer cells, The following two genes are typical examples of the many targets regulated by
the FOXM1 transcription factor: proliferationrelated CDC25B and PLK1 [29, 60]. USP39,
CDC25B and PLK1 mRNA and protein levels
were determined using qPCR and Western blotting. According to the results, the mRNA and
protein levels of CDC25B and PLK1 increased
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in the pCMV-USP39 group, While CDC25B and
PLK1 were down-regulated in the siUSP39
group (Figure 3C, 3D), confirming that USP39
is involved in regulating the transcription of
FOXM1 target genes.
FOXM1 is a key mediator that regulates tumor
cell proliferation
USP39 may modulate cell proliferation by deubiquitinating and stabilizing FOXM1. As an
experiment to verify this hypothesis, cells with
high expression of USP39, interference with
USP39, interference with FOXM1, or combined
interference of USP39 and FOXM1 were used
to detect analyze the proliferation of MDAMB-231 cells. As shown in Figure 4A-C, interference with USP39 caused a significant
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Figure 3. USP39 affects FOXM1 transcriptional activity and typical downstream target gene expression. A. The
breast cancer MDA-MB-231 cell line was co-transfected with pCMV-USP39 and pCMV-FOXM1, and the luciferase
kit was used to detect the transcriptional activity of the FOXM1 binding motif promoter (6XFOXM1pro-luc). Values
represented the mean ± SD of three independent experiments. (**, P≤0.01). B. The luciferase reporter gene vector
containing the FOXM1 binding motif promoter (6XFOXM1pro-luc) was used to co-transfect with pCMV-FOXM1 vector
and SiUSP39. Cell samples were collected after 48 hours. The luciferase kit detects USP39 silence or the effect
of high expression on the transcriptional activity of FOXM1. Values represented the mean ± SD of three independent experiments. (**, P≤0.01; ***, P≤0.001). C and D. SiUSP39 and pCMV-FOXM1 transfected cells, qPCR and
Western Blotting were used to detect the effect of silence or high expression of USP39 on the expression of typical
downstream target genes CDC25B and PLK1 of FOXM1. Values represented the mean ± SD of three independent
experiments. (*, P≤0.05; ##, P≤0.01).

decrease in cell proliferation and a sharp
decrease in the number of clones formed. As
shown in Figure 4D-F, high expression of USP39 promoted cell proliferation, and the number of clone formation increased dramatically.
In addition, when FOXM1 was depleted, USP39
knockdown had no further effect on cell proliferation and clone formation (Figure 4G, 4H).
Taken together, USP39 regulates tumor cell
proliferation and clone formation through
FOXM1.
USP39 is positively correlated with FOXM1 expression in clinical breast cancer samples
Various cancer samples were analyzed for gene
expression, it was found that the expression of
FOXM1 was elevated in cancer cells, and its
level has been proposed as an indicator of can-
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cer diagnosis and prognosis [61]. Conditional
knockout of FOXM1 inhibited the occurrence
and progression of a variety of solid tumors
such as breast cancer, liver cancer, lung cancer
and colorectal cancer [62-65]. However, the
mechanism underlying FOXM1 stabilization in
breast cancer remains unclear. We were interested in studying the relationship between
USP39 and FOXM1 in breast cancer. We examined the expression of USP39 and FOXM1 in
various breast cancer cell lines. As shown in
Figure 5A, USP39 and FOXM1 were highly
expressed in breast cancer MDA-MB-231,
MDA-MB-468, and SUM159 cells lines. The
expression of USP39 and FOXM1 in the breast
cancer cell line MCF7 was found to be lower
than that in other breast cancer cell lines. At
the same time, we examined the expression of
USP39 and FOXM1 in breast normal cell line
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Figure 4. The effect of high expression and silence of USP39 on tumor cell proliferation and monoclonal formation.
A. SiUSP39#1 and SiUSP39#2 were transfected into MDA-MB-231 cells respectively. After 48 hours, Western Blotting detected the effect of interference with USP39. B. Cell counting experiment to detect cell proliferation. MDAMB-231 cells were transfected with SiUSP39#1 and SiUSP39#2, and photographed with a microscope at 24 h, 48
h, 72 h, and 96 h respectively, and the cell count was counted. Values represented the mean ± SD of three independent experiments. (**, P≤0.01). C. Monoclonal formation test to detect tumorigenic ability, MDA-MB-231 cells
were transfected with SiUSP39#1 and SiUSP39#2, 14 days later, 10 minutes after crystal violet staining, washed
with PBS 3 times, stereomicroscope photographed, statistical interference with USP39. Effect on the cloning ability
of MDA-MB-231 cells. The colonies were imaged and the graph represented the number ± SD of colonies/well. (**,
P≤0.01). D. The pCMV-USP39 vector was transfected into MCF-7 cells. After 48 hours, Western Blotting was used
to detect the effect of high expression of USP39. E. Cell counting experiment to detect cell proliferation. MCF-7 was
transfected with pCMV-USP39 vector, and photographed under microscope at 24 h, 48 h, 72 h, and 96 h, respectively, to count the number of cells. Values represented the mean ± SD. (*, P≤0.05). F. Monoclonal formation test to
detect tumorigenesis ability, MCF-7 was transfected with pCMV-USP39 vector, 14 days later, crystal violet stained for
10 min, washed with PBS 3 times, stereomicroscope photographed, and counted the number of MCF-7 cell clones
formed. The colonies were imaged and the graph represented the number ± SD of colonies/well. (**, P≤0.01). G.
Cell counting experiment to detect cell proliferation. MDA-MB-231 was transfected with SiUSP39 and SiFOXM1, and
the cells were photographed with a microscope at 48 h to count the number of cells. Values represented the mean
± SD. (*, P≤0.05). H. Monoclonal formation test to detect tumorigenic ability, MDA-MB-231 was transfected with
SiUSP39 and SiFOXM1, 14 days later, 10 minutes after crystal violet staining, washed 3 times with PBS, stereomicroscope photographed, and counted MCF-7 cell clone formation number. The colonies were imaged and the graph
represented the number ± SD of colonies/well. (**, P≤0.01).

(MCF10A cell) and different breast cancer cell
lines (Luminal A, Luminal B, Basal, Claudin-low
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and HER2). Compared with normal breast cell
line (MCF10A cell), USP39 and FOXM1 proteins
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Figure 5. The expressions of FOXM1 and USP39 in TCGA clinical samples were significantly up-regulated and positively correlated. A. FOXM1 and USP39 protein levels were detected for breast cancer cell lines, and FOXM1 and
USP39 protein levels were positively correlated in different cell lines. B. TCGA breast cancer tumor clinical sample
bank conducts statistical analysis of USP39 and FOXM1 expression levels, and conducts correlation analysis of tumor tissue expression. C-F. Analyze the relationship between FOXM1 and USP39 expression and prognosis in breast
cancer patients through the Kaplan Meier Plotter database (http://kmplot.com).

were highly expressed in breast cancer cell
lines (Luminal A, Luminal B, Basal, Claudin-low
and HER2), and the expression trend was posi3653

tively correlated. In addition, USP39 and FOXM1
were highly expressed in breast Claudin-low
cell type (MDA-MB-231) and lower in breast
Am J Cancer Res 2022;12(8):3644-3661
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cancer Luminal A cell type (MCF7) (Supplementary Figure 6).
We analyzed the expression levels of USP39
and FOXM1 in breast cancer tumor tissues. As
shown in Supplementary Figure 2B, USP39
and FOXM1 were observed to be highly expressed in breast cancer tumor tissues. TCGA
database analysis showed that the expression
of USP39 and FOXM1 proteins in breast cancer
was positively correlated (Figure 5B). In addition, we further explored the key roles of FOXM1 and USP39 in the survival of patients with
breast cancer. The Kaplan-Meier plotter tool
was used through the public data set (http://
kmplot.com/analysis/index.php?p = service&
cancer = breast). Kaplan-Meier curve and logrank test analysis showed that the increase in
FOXM1 and USP39 mRNA levels was significantly correlated with overall survival (OS), distant metastasis-free survival (DMFS), recurrence-free survival (RFS), and overall breast
cancer post-progressive survival (PPS) (P<0.05)
(Figure 5C-F). In other words, breast cancer
patients with high levels of FOXM1 and USP39
mRNAs are expected to have low OS, DMFS, FP,
and PPS.
USP39 is the target gene of FOXM1
To further examine the relationship between
FOXM1 and USP39, we expressed or interfered
with FOXM1 in MDA-MB-231 and MCF7 cells
respectively. QPCR and western blotting detected the effect of high expression or interference
with FOXM1 on the mRNA and protein levels of
USP39. It was found that high expression of
FOXM1 promoted the mRNA and protein levels
of USP39, while silencing FOXM1 inhibited the
mRNA and protein levels of USP39 (Figure 6A,
6B). In addition, we also found that FOXM1
high or low expression of FOXM1 affected the
transcription level of USP39 (data not shown).
To further confirm that FOXM1 regulates the
USP39 promoter, luciferase reporter assay was
carried out and the results showed that high
expression of FOXM1 could activate the USP39
promoter (Figure 6C). These results together
indicated that the FOXM1 transcription factor
controls USP39 transcription.
Knockdown of USP39 inhibits xenograft tumor
growth in vivo
In order to study the function of USP39 and
FOXM1 on the growth of xenografts in vivo, we
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implanted MDA-MB-231 (shNC, shUSP39, shFOXM1 and shUSP39+FOXM1) cells subcutaneously in nude mice to establish a xenograft
tumor model. As shown in Figure 7A-C, all mice
developed tumors, while tumor volumes were
significantly lower in the shUSP39 and shFOXM1 groups than in the shNC group. Compared
with the shUSP39 and shFOXM1 groups, the
tumors of the mice in the shUSP39+FOXM1
group were significantly increased, indicating
that the high expression of FOXM1 alleviated
the inhibitory effect of shUSP39 on tumors.
There was no significant change in the body
weight of mice in each group (Figure 7D).
Immunohistochemical staining revealed significantly lower levels of FOXM1 target genes and
proliferation markers CyclinD1 and CDC25B in
xenografts after USP39 or FOXM1 knockout
compared with control. There was no significant difference in the expression of CyclinD1
and CDC25B in tumors of mice in the shUSP39+LV-FOXM1 group (Figure 7E). These data
suggest that USP39 is essential for tumor
growth in vivo by regulating FOXM1.
Discussion
In conclusion, we demonstrated that USP39
regulates ubiquitination and stabilizes FOXM1
through competitive binding with APC/Cdh1,
thereby regulating breast cancer cell proliferation. USP39 and FOXM1 were found to be
upregulated and positively correlated in breast
cancer, indicating that USP39 has a potential
prognostic value in breast cancer. In addition,
USP39 was found to stabilize FOXM1 in breast
cancer cells, and FOXM1 was observed to regulate the expression of USP39 to form a closedloop control of USP39/FOXM1 (Figure 8).
We identified USP39 as a stabilizing factor for
the transcription factor FOXM1. USP39 stabilizes FOXM1, high expression of USP39 increases the abundance of FOXM1, and subsequently
upregulates the FOXM1 transcription network.
This activates breast cancer cell proliferation.
FOXM1 and USP39 are highly expressed in clinical samples of breast cancer. However, they
are negatively correlated with survival. High
expression of FOXM1 increased the expression
of USP39. This indicates that FOXM1 is a
USP39 transcription factor. Therefore, we envisage that USP39 and FOXM1 are expressed
in an interdependent manner and can be used
as molecular markers for breast cancer
diagnosis.
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Figure 6. USP39 is the target gene of FOXM1. A. Gradient transfection of pCMV-FOXM1 expression plasmid or
siFOXM1 interference sequence, 36 hours later, cells were collected, cDNA was obtained by reverse transcription
kit, and the mRNA expression of FOXM1 and USP39 was detected by qPCR. Relative mRNA levels were normalized
to GAPDH. Values represented the mean ± SD (**, P≤0.01, ***, P≤0.001). B. Gradient transfection of pCMVFOXM1 expression plasmid and siFOXM1 interference sequence. After 48 hours, cells were collected to obtain cell
lysate. Total protein was extracted. Western Blotting was used to detect the protein levels of FOXM1 and USP39.
C. After the breast cancer MDA-MB-231 cell line was transfected with pCMV-FOXM1, the luciferase kit detects the
activity of pUSP39pro-luc. Values represented the mean ± SD (*, P≤0.05, ***, P≤0.001).

FoxM1 is a member of the Fox transcription factor family. This transcription factor family has
more than 50 members, which are involved in
the regulation of differentiation, cell cycle progression, cell proliferation, angiogenesis, metabolism, apoptosis, stem cell pluripotency [19,
64, 66], and other physiological processes.
Studies have shown that the balance of phosphorylation-dephosphorylation and ubiquitination-deubiquitination is important for maintaining FOXM1 activity in cells [46, 67, 68]. In a
cell cycle-dependent manner, FoxM1 transcrip-
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tional activity is controlled by temporally regulated phosphorylation and dephosphorylation
events. Dephosphorylation of FoxM1 occurs
simultaneously with the withdrawal of mitosis.
Recent studies have shown that ubiquitination
plays a significant role in regulating FOXM1
protein levels and functions [52, 69, 70].
Previous studies have confirmed that USP39
has no deubiquitinating enzyme activity, while
recent studies have revealed that USP39 can
regulate the protein stability of CHK2, PD-L1,
SP1, ZEB1 and STAT1. Thus far, whether USP39
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Figure 7. Knockdown of USP39 or FOXM1 inhibits xenograft tumor growth in vivo. A. The tumor length and width
were measured every two days from the first day of transplanted tumor to the end of the animal experiment. Tumor
volume (V) was calculated as: V = length × width2 ×1/2. Data points for tumor volume represent the mean in mm3
± SD. **, P≤0.01, ***, P≤0.001. B. Body weight was measured every two days from the first day of transplanted
tumor to the end of the animal experiment. Data points for mouse body weight represent the mean in mm3 ± SD. C.
Representative mice on day 39 after injection of each group of breast cancer cell lines into the forelimbs of immunodeficient mice were imaged. D. Tumors from shNC (n=4), shUSP39 (n=4), shFOXM1 (n=4), shUSP39+Lv-FOXM1
(n=4) groups were harvested. Insets show representative collected tumors. E. Tumor tissue sections from shNC
(n=4), shUSP39 (n=4), shFOXM1 (n=4), shUSP39+Lv-FOXM1 (n=4) groups were immunostained with anti-CyclinD1
or anti-CDC25B antibodies. Images were taken with an inverted microscope (200×, scale bar 50 µm).

has deubiquitination enzyme activity, whether
it has protein stability, and what is the mechanism of deubiquitination. It has been found that
USP39 promotes tumor malignant phenotype
and drug resistance through effective splicing
of oncogenes [7, 9, 10, 13, 71]. USP39 was
observed to maintain the stability of oncogenes
through deubiquitination enzyme activity [8,
57, 58, 72, 73]. In addition, USP39 is also
known to promote tumor progression by regulating oncogenes or tumor suppressor genes
[3, 6, 12, 74]. In this study, we discovered a new
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mechanism involving USP39 that leads to the
inhibition of ubiquitination by competitive APC/
Cdh1 binding to FOXM1 (Figures 2D and 8).
Stabilization of FoxM1 leads to the stimulation
of tumor cell proliferation [75], cell differentiation [51], cell cycle progression [52], and drug
resistance [76], as well as can induce chromosomal instability [31], and expression of DNA
repair genes [77].
FOXM1 has been shown to play an important
role in the maintenance and development of
Am J Cancer Res 2022;12(8):3644-3661
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Figure 8. USP39 facilitates breast cancer cell proliferation through stabilization of FOXM1. E3 ubiquitin ligase APC/
Cdh1 regulates the degradation of FOXM1, USP39 and APC/Cdh1 compete with FOXM1 to activate the expression
of downstream genes Cdc25b, Plk1 and Usp39 to maintain the stability of FOXM1 protein and up-regulate the transcriptional activity of FOXM1.

monoclonal cells in several studies [78-80].
Silencing USP39 for 72 hours leads to statistically significant downregulation of FOXM1
mRNA levels (Figure 1A), USP39 may also have
some functions in FOXM1 mRNA splicing [48].
Loss of FOXM1 affects cell proliferation and the
process of monoclonal formation. Therefore,
we also studied the role of the USP39-FOXM1
axis in cell proliferation and monoclonal formation. As reported previously, we found that
depleting USP39 inhibits the proliferation of
breast cancer cells by causing FOXM1 to
degrade (Figures 1C, 4B). However, knocking
out FOXM1 in USP39-depleted cells had no
further effect on cell proliferation or monoclonal formation (Figure 4G, 4H). A high expression of USP39 activates FOXM1 transcription
and promotes FOXM1 target genes like CDC25B and PLK1 (Figure 3A, 3C and 3D). In addition, we found that FOXM1 can regulate the
expression of USP39 (Figure 6). According to
these findings, USP39 regulates breast cancer
cell proliferation by deubiquitinating FOXM1.
In previous studies, FOXM1 and USP39 were
found to be upregulated in cancer cells, leading
to tumor cell proliferation and cycle progression [47, 48]. However, the cancer-promoting
mechanism of USP39 remains unclear. We
believe that the upregulation of USP39 may be
a that mechanism underlies for the upregulated of FOXM1 in breast cancer. In this study, we
3657

found that the levels of USP39 and FOXM1
were up-regulated and positively correlated in
breast cancer cell lines and GEO database
clinical cancer samples. In addition, USP39
may compete with APC/cdh1 to combine with
FOXM1 to promote the proliferation of breast
cancer cells. Previous studies have confirmed
the correlation between breast cancer and
APC/Cdh1. Therefore, Cdh1 may be an important part of tumor suppression and can be
regarded as a new biomarker for breast cancer
[81]. Han et al found that the interaction
between the APC/C co-activator Cdh1 regulates breast tumorigenesis [82]. Myatt SS et
al. analysis of FOXM1 wild-type and mutant
results showed that facilitates translocation to
the cytoplasm, SUMOylation suppresses FOXM1 activity, and maintain APC/Cdh1-mediated
FOXM1 ubiquitination and degradation, Ubiquitination and degradation of FOXM1-SUMOylation due to the APC/Cdh1 complex [70]. It
can be seen that APC/Cdh1 can be used as
potential sites for breast cancer treatment
intervention. Therefore, the FOXM1 gene plays
a central role in the cancer-promoting response. APC/Cdh1 promotes decreased FOXM1
expression, FOXM1 ubiquitination increases
the cellular response to anticancer drugs, indicating that FOXM1 ubiquitination negative regulation of the expression and activity. FOXM1
regulates gene expression mainly in response
to DNA damage repair and cell cycle. The
Am J Cancer Res 2022;12(8):3644-3661
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Ubiquitination of FOXM1 mediates its degradation and nucleocytoplasmic transport, which
will eventually reduce its transcriptional activity. Therefore, Ubiquitination of FOXM1 may act
as a molecular switch that ultimately controls
cell proliferation and cell cycle.
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Supplementary Figure 1. Screening of FOXM1 interacting protein USP39 by mass spectrometry. In vitro Pulldown
Screening FOXM1 Interaction Protein Diagram: Collect breast cancer MDA-MB-231 cells in logarithmic growth
phase, prepare cell lysate, and incubate with purified proteins His-GFP and His-FOXM1, respectively, Ni-NTA affinity layer Analyze the beads and pull down the lysate. After SDS-PAGE electrophoresis, it is stained with Coomassie
brilliant blue. The stained bands are cut out and analyzed and identified by mass spectrometer. Mass spectrometer
analysis obtained FOXM1 interaction candidate protein USP39 spectrum count.
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Supplementary Figure 2. The expression of FOXM1 and USP39 in TCGA clinical samples was significantly up-regulated and positively correlated. A. Statistical analysis of the expression levels of USP39 and FOXM1 in TCGA’s various tumor clinical sample banks, and compared with normal tissues for statistical analysis. B. TCGA
breast cancer tumor clinical sample bank was subjected to statistical analysis of the expression levels of USP39 and FOXM1, and compared with normal tissues
for statistical analysis.
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Supplementary Figure 3. FOXM1 interacts with USP39. The MDA-MB-231 cells were collected, and the interaction
between FOXM1 and USP39 was detected by Co-IP.

Supplementary Figure 4. Pulldown identifies the interaction between FOXM1N and USP39. The purified protein
GST and GST-M1-234 protein were incubated with MBA-MD-231 cell lysate for 1 h, and GST-Sepharose beads were
added to each of them and incubated for 1 h. Pulldown detects the USP39 in the GST-M1-234 pull-down complex
protein.
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Supplementary Figure 5. USP39 blocks the ubiquitination of FOXM1 by APC/Cdh1 by competitively binding to
FOXM1. pCMV-Flag-FOXM1, pCMV-Myc-USP39, pCMV-Cdh1 and pCMV-HA-Ub plasmids were co-transfected into
293T cells, cultured for 36 hours and then treated with 5 mM proteasome inhibitor MG132, and then collected
after culturing for 12 hours Cell sample. The CoIP experiment detects the interaction between USP39, FOXM1 and
APC/Cdh1, and Western Blotting detects the level of FOXM1 ubiquitination, USP39, Cdh1 and FOXM1 protein levels.

Supplementary Figure 6. The expressions of FOXM1 and USP39 in different types of breast cancer cell lines were
significantly up-regulated and positively correlated. The protein expression levels of FOXM1 and USP39 in different
breast cancer cell lines were detected by WB.
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