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USP28 facilitates pancreatic cancer progression through
activation of Wnt/β-catenin pathway via stabilising FOXM1
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Ubiquitination is an important post-translational modification that can be reversed by a family of enzymes called deubiquitinating
enzymes (DUBs). Ubiquitin-specific protease 28 (USP28), a member of the DUBs family, functions as a potential tumour promoter in
various cancers. However, the biological function and clinical significance of USP28 in pancreatic cancer (PC) are still unclear. Here,
we showed that PC tumours had higher USP28 expression compared with that of normal pancreatic tissues, and high USP28 level
was significantly correlated with malignant phenotype and shorter survival in patients with PC. Overexpression of USP28
accelerated PC cell growth, whereas USP28 knockdown impaired PC cell growth both in vitro and in vivo. Further, we found that
USP28 promoted PC cell growth by facilitating cell cycle progression and inhibiting apoptosis. Mechanistically, USP28
deubiquitinated and stabilised FOXM1, a critical mediator of Wnt/β-catenin signalling. USP28-mediated stabilisation of
FOXM1 significantly promoted nucleus β-catenin trans-activation, which in turn led to the activation of the Wnt/β-catenin pathway.
Finally, restoration of FOXM1 expression abolished the anti-tumour effects of USP28-silencing. Thus, USP28 contributes to PC
pathogenesis through enhancing the FOXM1-mediated Wnt/β-catenin signalling, and could be a potential diagnostic and
therapeutic target for PC cases.
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BACKGROUND
Pancreatic cancer (PC) is the seventh leading cause of cancer-
related deaths worldwide [1]. Its poor prognosis is reflected by a
5-year survival rate around 8%, mainly due to late diagnosis and
lack of effective therapies [2–4]. Therefore, better understanding
of the molecular mechanisms involved in PC progression is an
urgent need to identify novel targets and develop new
therapeutic strategies for treating PC.
Alterations in protein ubiquitination are commonly associated

with cancer. Deubiquitinating enzymes (DUBs) counteract the
activities of E3 ligases, and are implicated as important molecules
that modulate ubiquitination [5, 6]. As a result, they have emerged
as promising therapeutic targets for cancer treatment [7].
Ubiquitin-specific protease 28 (USP28), a member of the DUBs
family, is involved in physiological processes of cell proliferation,
differentiation, apoptosis, DNA damage repair, and stress response
[8–10]. Recent studies have shown that USP28 is highly up-
regulated and is correlated with poor clinical prognosis in a variety
of cancers, such as colon cancer [11], non-small cell lung cancer
[12], and bladder cancer [13]. Because of its deubiquitinase
activity, USP28 interacts with Myc to catalyse the deubiquitination
of Myc, thereby promoting its stabilisation and contributing to
tumour cell growth in colon and breast carcinomas [14]. However,

the biological functions and expression patterns of USP28 in PC
are not known.
FOXM1 (forkhead box protein M1), as a key proliferation-

associated transcription factor, which maintains cancer hallmarks
by activating the expression of target genes at the transcriptional
level [15, 16]. Elevated FOXM1 expression is observed in a variety
of human cancers, and inhibition of FOXM1 significantly sup-
presses the malignant phenotype of cancer cells [17, 18].
Importantly, FOXM1 is a critical regulator of cell cycle progression,
and multiple studies have demonstrated that it plays critical roles
in PC growth as well [19–21]. Therefore, uncovering the regulatory
mechanisms of FOXM1 will provide new insights into the
pathogenesis of PC as well as new therapeutic strategies against
this deadly cancer.
Thus, in this study, we aimed to identify the significance of

USP28 and FOXM1 in PC development, and investigated PC
progression via the USP28/FOXM1/β-catenin axis.

METHODS
Patients and tumour specimens
Matched cancerous and normal pancreatic tissue specimens were
obtained from 102 patients with PC admitted to the Department of
General Surgery, the Second Affiliated Hospital of Nanchang University
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from 2015 to 2019. The specimens were immediately snap-frozen in liquid
nitrogen, and stored at −80 °C for further analysis. Written informed
consent was obtained from all patients, and the research procedure was
approved by the Ethics and Research Committees of the Second Affiliated
Hospital of Nanchang University. The clinical characteristics of all patients
are summarised in Table 1.

Cell lines and cell culture
Normal pancreatic ductal epithelial cell line (H6C7; served as the control)
and PC cell lines (AsPC-1, PANC-1, BxPC-3 and SW1990) were purchased
from American Type Culture Collection (Manassas, VA, USA). The cell lines
were cultured in Dulbecco’s modified Eagle’s medium (Gibco, USA)
supplemented with 10% foetal bovine serum and 100 units/mL of
penicillin-streptomycin (Invitrogen, USA) at 37 °C in a humidified atmo-
sphere containing 5% CO2.

Quantitative real-time (qRT)-PCR
Total RNA was isolated from cells using Trizol reagent (Invitrogen, USA). qRT-
PCR was performed using SYBR Green qPCR Master Mix (Clontech Laboratories,
USA) with Applied Biosystems® 7900HT Fast Real-Time PCR System (Thermo
Fisher Scientific, USA). The primers used are followed: USP28, 5′-ACTCAGAC-
TATTGAACAGATGTACTGC-3′ and 5′-CTGCATGCAAGCGATAAGG-3′; FOXM1, 5′-
ACCGCTACTTGACATTGGAC-3′ and 5′-GGGAGTTCGGTTTTGATGGTC-3′; GAPDH,
5′-CATACCAGGAAATGAGCTTGAC-3′ and 5′-AACAGCGACACCCACTCCTC-3′.

Western blot, immunohistochemistry (IHC) and
immunofluorescent (IF) assay
For western blot assay, equal amounts of cell lysates were resolved by SDS/
PAGE, electrotransferred to polyvinylidene fluoride (Millipore, USA)
membranes and blocked in 5% skim milk. Membranes were

immunoblotted with the indicated primary antibodies, followed by the
appropriate HRP-conjugated anti-mouse/rabbit (KPL) or anti-goat (Beijing
CoWin Biotech, China) secondary antibodies. Immunoreactive bands were
visualized with chemiluminescence kits chemiluminescence (Pierce, USA).
The following antibodies were used: antibodies against USP28 (1:1000,
Abcam, ab126604), cyclin D1 (1:1000, Cell Signaling, 55506), CDK4 (1:1000,
Cell Signaling, 12790), PCNA (1:1000, Cell Signaling, 13110), Cleaved
Caspase-3 (1:1000, Abcam, ab2302), Caspase-3 (1:1000, Abcam, ab13847),
Cleaved PARP (1:1000, Cell Signaling, 5625), PARP (1:1000, Cell Signaling,
9532), β-catenin (1:1000, Abcam, ab32572), c-Myc (1:1000, Abcam,
ab32072), VEGF (1:500, Santa Cruz, sc-7269), Survivin (1:1000, Abcam,
ab76424), Flag (1:1000, Sigma, F1804), HA (1:1000, Abmart, M20003),
FOXM1 (1:1000, Cell Signaling, 5436), ubiquitin (1:1000, Enzo Life Sciences,
PW8805) and GAPDH (1:1000, Abcam, ab8245).
For IHC staining, the matched cancerous and normal pancreatic tissue

samples were fixed, embedded, sectioned, and deparaffinized. Then, the
sections were blocked using serum-free protein block buffer (DAKO, USA)
for 30min, after which they were incubated with anti-USP28 (1:200,
Abcam, ab126604), anti-FOXM1 (1:200, Cell Signaling, 5346) anti-Cleaved
Caspase-3 (1:200, Abcam, ab2302) and anti-Ki67 (1:200, Cell Signaling,
2586). For IF assays, after the indicated treatments, the cells were fixed
with 4% paraformaldehyde (PFA) and incubated with 0.1% TritonX-100,
then stained with anti-β-catenin (1:100, Abcam, ab32572), anti-
USP28USP28 (1:100, Abcam, ab126604) and anti-FOXM1 (1:100, Cell
Signaling, 5436). After incubated secondary antibodies, the cell nuclei
were counterstained with DAPI. Then, cells were viewed using a laser-
scanning confocal microscope (Zeiss, Germany). Two different pathologists
evaluated all the specimens in a blinded manner.

Overexpression constructs, shRNA plasmids and cell
transfection
Eukaryotic expression vectors encoding either USP28 or FOXM1, and
plasmids encoding short hairpin RNAs (shRNAs) against either USP28 or
FOXM1 were synthesised by GenePharma (Shanghai, China). Then, the PC
cells were transfected with these overexpression constructs or shRNA
plasmids using Lipofectamine 3000 (Invitrogen, USA) according to the
manufacturer’s instructions. Lastly, G418 was used to screen and establish
PC cell lines stably transfected with USP28-overexpression vector or
USP28 shRNA plasmid.

Cell proliferation and colony formation assays
For the cell proliferation assay, PC cells were cultured in 96-well plates
(1000 cells per well; experiment performed in triplicate). At the indicated
time points, viable cells were tested using Cell Counting Kit-8 (CCK-8)
according to the manufacturer’s instructions. For the colony formation
assay, PC cells that were transfected with overexpression constructs or
shRNA plasmids were selected after 4–6 d of culture and then plated in a
6-well plate (2000 cells per well). Finally, after 2–3 weeks of culture, the
cells were incubated with fixation buffer (5% acetic acid and 5% methanol)
followed by staining with 0.5% crystal violet solution.

Flow cytometry assay
For the cell cycle assay, the PC cells were harvested at exponential growth
phase, and single-cell suspensions containing 1 × 105 cells were fixed with
70% alcohol. Then, the cell cycle was monitored using propidium iodide
staining and detected with a FACScan flow cytometer (BD Biosciences,
USA). For the cell apoptosis assay, early and late apoptotic cells were
evaluated by Annexin-V Fluorescein Isothiocyanate and Propidium Iodide
Apoptosis Detection Kit (BD Biosciences, USA) according to the manu-
facturer’s instructions. Finally, the stained cells were analysed with a
FACScan flow cytometer.

Tumorigenicity assay and bioluminescence imaging
PC cells used for injection were stably transduced with firefly luciferase
gene and enabled regular in vivo monitoring of tumour growth by
bioluminescent imaging. For in vivo tumorigenicity assays (1 × 106 in
100ml PBS) were injected subcutaneously into the flanks of nude mice
(male BALB/c-nu/nu, 6–8 weeks old). Then, for in vivo signal detection, the
mice were anesthetized with isofluorane and then imaged in a Lumina
Series III IVIS (In Vivo Imaging System) instrument (PerkinElmer, MA, USA).

Table 1. Relationship between USP28 expression and
clinicopathological features.

Parameters n USP28 expression P value

Low
(n= 34)

High
(n= 68)

Age (years) P= 0.777

≤65 44 14 30

>65 58 20 38

Sex P= 0.483

Female 49 18 31

Male 53 16 37

Tumour size (cm) P= 0.017

<5 68 28 40

≥5 34 6 28

TNM stage P < 0.001

T1–T2 42 24 18

T3–T4 60 10 50

Distant metastasis P= 0.152

No 70 27 43

Yes 32 7 25

Histologic grade P= 0.223

High 31 13 18

Low to medium 71 21 50

Differentiation P < 0.001

Well 37 29 8

Moderate/poor 65 5 60

Bold Italic values are statistically signifcant, p < 0.01.
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The animal work was approved by the Ethics Committee for Animal
Experiments of the Second Affiliated Hospital of Nanchang University.

Luciferase reporter activity analysis
PC cells (1 × 105 cells per well) were co-transfected with TOPFlash
luciferase reporter plasmid (used to assess the transcriptional activity of
β-catenin), pRL-CMV vector, and either the shUSP28 plasmid or USP28
vector using Lipofectamine 3000 transfection reagent for the over-
expression study. The cells were harvested at 48 h post-transfection and
luciferase activity was quantified by a Dual-Luciferase Reporter Assay
System (Promega, USA).
For treatment with exogenous Wnt3a, the recombinant human Wnt3a

(R&D Systems, 5036-WN) was reconstituted in sterile PBS containing 0.1%
FBS. Medium containing 150 ng/ml of recombinant human Wnt3a was
added to cell cultures.

LC-MS/MS analyses
LC-MS/MS Analyses was performed as described previously [22]. USP28-
silenced PC cells and control cells were analysed by Tandem Mass Tag
(TMT) labelling and LC-MS/MS. Whole-cell lysates were extracted from
these cells using lysis buffer with 1% proteinase inhibitor cocktail (Sigma,
USA), and quantified by bicinchoninic acid method. Equal amounts of
protein from the PC and control cells (100 μg) were reduced, alkylated, and
then precipitated with acetone. The precipitates were then resuspended in
200mM tetraethylammonium bromide and digested with trypsin. The
obtained samples were then combined, separated by high-performance
liquid chromatography, and analysed by LC-MS/MS.

Co-immunoprecipitation (Co-IP) and in vivo ubiquitination
assay
For Co-IP assay, the cell lysates were incubated with a specific primary
antibody overnight at 4 °C, followed by incubation with protein A/G-
Sepharose beads (Santa Cruz, USA). Then, the co-precipitated proteins
were collected and identified by immunoblotting analysis against specific
antibodies. For the in vivo ubiquitination assay, the cells were co-
transfected with the previously mentioned plasmids. After transfection, the
cells were treated with 50 μg/mL of proteasome inhibitor MG132 for 12 h.
Finally, the cells were lysed for western blotting assay and immunopre-
cipitation by following the same protocol as that of the Co-IP assay.

Statistical analysis
All data are expressed as mean ± standard error of mean by using
GraphPad Prism 6 (GraphPad Software, USA). Significant differences were
analysed using Student’s t-test and two-tailed distributions. Kaplan–Meier
method was used to calculate the survival curve, and log-rank test was
used to determine the significance. P < 0.05 was considered to be
significant.

RESULTS
USP28 was overexpressed in human PC specimens and
associated with poor prognosis
To explore the role of USP28 in PC development, we examined
USP28 expression in 102 PC tissue specimens and their

Fig. 1 Overexpression of USP28 is correlated with poor prognosis in PC patients. A Representative H&E and IHC staining of USP28 in PC
tissues and paired normal tissues (magnification ×100, inset magnification ×400). Scale bar, 50 μm. B qRT-PCR analysis of USP28 mRNA
expression in 102 PC tumours and paired normal tissues. **P < 0.01. C, D Determination and quantification of USP28 protein levels in PC
tissues and paired normal tissues by western blotting assay. GAPDH was used as a loading control. **P < 0.01. E, F Kaplan–Meier plots
representing probabilities of progression-free and overall survival in 102 PC patients according to the expression level of USP28. Statistical
analysis was conducted using Student t test and log-rank test.
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corresponding normal tissues. As shown in Fig. 1A, immunohis-
tochemistry (IHC) results revealed that USP28 was overexpressed
in 66.7% (68/102) of the PC tissue specimens. Furthermore, qRT-
PCR data indicated that USP28 mRNA expression was significantly
increased in PC tissues compared with that in normal tissues (Fig.
1B). In keeping with the increased USP28 mRNA, the protein level
of USP28 was obviously higher in most cases (Fig. 1C, D). These
results suggest that the expression of USP28 was up-regulated in
human PC tissues.
Then, we assessed the association between USP28 expression

and clinicopathological factors in 102 patients with PC (Table 1).
The results indicated that there was no significant association
between USP28 expression and age, histological type, or lymph
node metastasis; however, it had a significant correlation with
tumour size (P= 0.017), TNM stage (P < 0.001) and differentiation
(P < 0.001). In addition, multivariate Cox regression analysis
demonstrated that high USP28 level was an independent
prognostic factor for poor survival of patients with PC (Table 2).
To investigate the efficiency of USP28 expression in predicting the
survival of PC patients, we analysed the relationship between
USP28 level and the survival of PC patients. As shown in Fig. 1E, F,
Kaplan–Meier analysis showed that PC specimens with high
USP28 expression were associated with significantly poorer
disease-free survival and overall survival than those with low
USP28 expression. Collectively, these findings indicated that
USP28 can serve as a valuable new prognostic factor for human
PC.

USP28 promotes PC cell growth in vitro and tumorigenesis
in vivo
Western blot and qRT-PCR analysis showed that USP28 was
overexpressed in the four PC cell lines (AsPC-1, PANC-1, BxPC-3
and SW1990) when compared with its expression in the control
(H6C7; Fig. 2A, B). The frequent overexpression of USP28 in PC
tumours and cell lines prompted us to explore its oncogenic role
in PC. We generated USP28-overexpression AsPC-1 and PANC-1
cells, which show the relatively low endogenous USP28 expression
(Supplementary Fig. 1). Meanwhile, USP28-targeting shRNA
vectors were used to knockdown USP28 in BxPC-3 and SW1990
cells, which show high endogenous USP28 expression (Supple-
mentary Fig. 1). USP28-overexpression AsPC-1 and PANC-1 cells
significantly promoted cell proliferation, as evidenced by CCK-8
(Fig. 2C, D). Conversely, USP28-silencing in BxPC-3 and SW1990
cells suppressed cell growth (Fig. 2E, F). Consistent with these
findings, Colony formation assays also showed that overexpres-
sion of USP28 increased the cell proliferation of AsPC-1 and PANC-
1 cells (Fig. 2G, H), whereas USP28 knockdown decreased the cell
proliferation of BxPC-3 and SW1990 cells (Fig. 2I, J).

To evaluate the effect of USP28 on tumorigenesis in vivo, we
performed sub-cutaneous xenograft assay in nude mice using
USP28-knockdown BxPC-3 cells. After 5 weeks of growth,
significant reduction in tumour growth and weight was observed
(Fig. 2K); this was concomitant with reduced cell proliferation
(Ki67) (Fig. 2L). Furthermore, USP28-overexpression PC cells
resulted in significantly greater tumour growth and tumour
weight, when compared to their respective controls (Supplemen-
tary Fig. 2). Taken together, these data indicated that USP28 plays
a crucial oncogenic role in promoting PC cell growth and
tumorigenicity.

USP28 promotes PC cell growth by facilitating cell cycle
progression and inhibiting apoptosis
To investigate the mechanism by which USP28 contributes to PC
cell growth, we examined the effect of USP28 on cell cycle
progression and cell apoptosis. Ectopic expression of USP28 in
AsPC-1 cells led to a significant reduction in G0/G1-phase cells and
an increase in S-phase cells than in the control group (Fig. 3A, B).
On the contrary, USP28 knockdown in BxPC-3 cells had an
opposite effect on the cell cycle progression (Fig. 3C, D). Further,
overexpression of USP28 enhanced the expression of proliferating
cell nuclear antigen, cyclin D1, and cyclin-dependent kinase 4 (Fig.
3E), whereas USP28 knockdown inhibited the expression of these
key cell cycle regulators (Fig. 3F). Moreover, the flow cytometry
analysis showed that USP28 overexpression decreased both early
and late apoptosis in AsPC-1 cells (Fig. 3G, H); whereas, USP28
knockdown in BxPC-3 cells increased apoptosis induction (Fig. 3I,
J). The apoptosis suppression by USP28 was further evidenced by
decreased protein expression of cleaved forms of caspase-3 and
PARP in the USP28-overexpression cells (Fig. 3K); whereas, USP28-
silencing showed enhanced expression of these apoptosis factors
(Fig. 3L). Therefore, these results suggested that USP28 promotes
PC cell growth via promotion of cell cycle progression and
suppression of cell apoptosis.

Wnt/β-catenin pathway acts as a downstream component of
USP28 and contributes to the effects of USP28 in PC cells
To explore the underlying mechanism of USP28-mediated
tumorigenesis of PC, we firstly performed gene set enrichment
analysis (GSEA) in TCGA database to explore the possible
associations between USP28 and various signalling pathways. As
shown Fig. 4A, the gene sets of Hallmark_Wnt_Targets were
obviously enriched in PC samples with high USP28 level, indicating
that the WNT pathway was closely associated with high USP28
level in PC. Then, we examined the activation of the Wnt/β-catenin
signalling pathway after alternation of USP28 expression. As shown
in Fig. 4B, C, after treatment with 150 ng/ml of recombinant human

Table 2. Univariate and multivariate analyses of overall survival in PC patients.

Parameters Univariate analysis Multivariate analysis

HR 95% CI P value HR 95% CI P value

Age (≥65 vs <65) 1.764 0.721–2.986 0.876 — — —

Sex (female vs male) 1.636 0.584–2.927 0.618 — — —

Distant metastasis (no vs yes) 1.548 0.716–3.765 0.521 — — —

Histologic grade (high vs low to medium) 0.783 0.654–1.867 0.612 — — —

Tumour size (<5 vs ≥6) 1.687 1.153–5.176 0.006* 1.401 1.119–2.767 0.019*

TNM stage (T1–T2 vs T3-–T4) 2.577 1.475–5.242 0.026* 1.527 1.231–4.434 0.037*

Differentiation (well vs moderate/poor) 1.984 1.652–4.16 0.005* 1.211 0.933–3.655 0.237

USP28 expression (high vs low) 4.237 2.346–5.729 0.001* 2.125 1.456–4.217 0.023*

HR hazard ratio, CI confidence interval.
*P < 0.05.
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Wnt3a, we found that increased expression of USP28 in AsPC-1
cells significantly enhanced the activity of TOP-Flash reporter;
whereas, USP28-silencing resulted in the decreased activity of the
TOP-Flash reporter. In addition, knockdown of USP28 also inhibited

the activation of the TOP-Flash reporter in BxPC-3 cells in the
absence of recombinant human Wnt3a (supplementary Fig. 3).
Importantly, compared with the control cells, the level of nuclear
β-catenin was dramatically increased in PC cells with USP28

Fig. 2 Effects of USP28 on PC cell growth. A, B The protein and mRNA levels of USP28 in four PC cells and the immortalised H6c7 line. C–F
CCK-8 assay showing proliferation of PC cells following overexpression (C and D) or knockdown (E and F) of USP28. Data represent mean ± SD
of triplicate experiments and were statistically analysed with Student’s t test, *P < 0.05, **P < 0.01. G–J Representative images (left) and
quantification (right) of colony formation assays of pancreatic cancer cells transfected with p-USP28 (G and H) or shUSP28 (I and J). The data
represent mean ± SD from three independent experiments and were statistically analysed with Student’s t test, *P < 0.05, **P < 0.01. K BxPC-3/
shUSP28 cells were subcutaneously injected into nude mice, and tumour volumes were measured on the indicated days; at the experimental
endpoint, tumours were dissected, photographed and weighed. n= 6, *P < 0.05, **P < 0.01. L Representative H&E staining in tumour tissues
isolated from USP28-silencing and control nude mice. And, cell proliferation in tumour tissues isolated from USP28-silencing nude mice was
determined by Ki67 staining. Cell proliferation index was quantified by counting the proportion of nuclear Ki67-positive cells (magnification
×100, inset magnification ×400). **P < 0.01. Scale bar, 50 μm.
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overexpression, and reduced in USP28-silenced cells (Fig. 4D, E).
However, dysregulation of USP28 expression had no effect on the
expression level of total β-catenin in PC cells (Fig. 4D, E).
Consequently, the changes in nuclear β-catenin expression in
USP28-overexpression and USP28-knockdown PC cells were
further confirmed by immunofluorescence experiments (Fig. 4F,
G). In addition, the expression of USP28 was indicated by the
immunofluorescence images in USP28-overexpression and USP28-
knockdown PC cells (Supplementary Fig. 4). Overexpression of
USP28 also increased the expression of the Wnt/β-catenin target
genes: cyclin-D1, c-Myc, VEGF and surviving (Fig. 4H), which are key
genes related to cell proliferation and apoptosis [23–25]. In
contrast, USP28-silencing led to reduced expression of these
genes (Fig. 4I).
Next, we inhibited Wnt/β-catenin signalling pathway in USP28-

overexpression cells by using XAV-939, a specific inhibitor of

β-catenin [26]. Interestingly, the enhanced cell viability in PC cells
caused by USP28 overexpression was significantly suppressed by
XAV-939 (Fig. 4J, K). In addition, our data demonstrated that
increased intensity c-Myc and cyclin-D1 in USP28-overexpression
PC cells was remarkably abolished by XAV-939 (Supplementary
Fig. 5). Collectively, these results suggested that the Wnt/β-catenin
signalling pathway is critical for USP28-mediated oncogenic
function in PC.

USP28 activates Wnt/β-catenin signalling pathway by
modulating FOXM1 expression
To determine the underlying mechanisms by which USP28
activates Wnt/β-catenin signalling pathway in PC, we performed
large-scale proteomics experiments by TMT-based LC-MS/MS
assay in USP28-silenced PC cells. We found that FOXM1 protein
expression was significantly down-regulated in USP28-silenced PC

Fig. 3 USP28 accelerates cell-cycle progression and inhibits cell apoptosis. A–D Detection for cell cycle of PC cells following overexpression
or knockdown of USP28, respectively. Results are expressed as peak diagram (A, C) and calculated distribution for cells in G0/G1, S and G2/M
phases (B, D). Data represent mean ± SD of triplicate experiments and were statistically analysed with Student’s t test, *P < 0.05. E, F Western
blotting showing the protein expression of USP28, PCNA, cyclin D1 and CDK4 in USP28-overexpression AsPC-1 cells (E) or USP28-silencing
BxPC-3 cells (F). GAPDH was used as a loading control. G, H Results are expressed as scatter diagram for measurement of apoptotic cells (G)
and calculated percentage of annexin-V-positive cell population (H) in USP28-overexpression cells. The data represent mean ± SD from three
independent experiments and were statistically analysed with Student’s t test, *P < 0.05, **P < 0.01. I, J Results are expressed as scatter diagram
for measurement of apoptotic cells (I) and calculated percentage of annexin-V-positive cell population (J) in USP28-silencing cells. *P < 0.05. K,
L Western blot for total and active form of caspase-3 and PARP in USP28-overexpression AsPC-1 cells (K) or USP28-silencing BxPC-3 cells (L).
GAPDH was used as a loading control.
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cells (Fig. 5A). Further investigation revealed that the protein level
of FOXM1 was significantly increased in USP28-overexpression
cells, and reduced in USP28-knockdown cells, thereby indicating
that USP28 positively regulates FOXM1 level (Fig. 5B, C).
Importantly, it has been reported that FOXM1 enhances β-catenin
nuclear-localisation and transcriptional activity in PC [27]. Thus, we
speculated that USP28 activates Wnt/β-catenin signalling pathway
by enhancing FOXM1 expression in PC. As expected, the level of
nuclear β-catenin was significantly increased by USP28 over-
expression and reduced by Robert Costa Memorial drug-1 [28],
which is a small-molecule inhibitor of FOXM1 (Fig. 5D). FOXM1-
silencing also suppressed the level of nuclear β-catenin in USP28-
overexpression PC cells (Fig. 5E), indicating that FOXM1 was
responsible for USP28-mediated activation of Wnt/β-catenin
signalling pathway. In addition, the increased intensity of nuclear

β-catenin in USP28-overexpression PC cells was reversed by
inhibition of FOXM1 (Supplementary Fig. 6).
To further confirm the relationship between USP28 and

FOXM1, we examined the expression of FOXM1 in 102 PC
specimens with high USP28 expression by western blot assay. As
a result, 76 cases (74.5%) showed significant upregulation of
FOXM1 in PC tissues compared with FOXM1 expression in
normal pancreatic tissues (Fig. 5F, G). Importantly, the statistical
analysis data indicate that the protein level of FOXM1 was
positively correlated with the protein level of USP28 in PC
tissues (Fig. 5H). Finally, IHC data confirmed that the levels of
USP28 and FOXM1 were both elevated in the PC tissues (Fig. 5I),
which was consistent with the western blot results. Overall,
these findings suggested that FOXM1 may mediate the
regulatory function of USP28 in PC cells.

Fig. 4 USP28 activates Wnt/β-catenin signalling pathway in PC cells. A GSEA comparing the gene sets of Wnt targets in USP28high PC
patients. Data were obtained from TCGA database. NES means normalized enrichment score. B, C After treatment with 150 ng/ml of
recombinant human Wnt3a, the relative luciferase activity levels in cells transfected with TOP-flash and FOP-flash vectors in USP28-
overexpression AsPC-1 cells (B) or USP28-silencing BxPC-3 cells (C) are shown. Data represent mean ± SD of triplicate experiments and were
statistically analysed with Student’s t test, *P < 0.05. D, E The total and nuclear protein levels of β-catenin were assessed by western blotting in
USP28-overexpression AsPC-1 cells (D) or USP28-silencing BxPC-3 cells (E). GAPDH and Histone 3 were used as a loading control, respectively.
F, G IF analysis of the nuclear levels of the β-catenin in PC cell transduced with p-USP28 or shUSP28 plasmid. The green signal represents the
staining of the corresponding protein, and the blue signal represents the nuclear DNA staining by DAPI. H, I Western blotting showing the
protein expression of USP28, cyclin D1, c-Myc, VEGF and Survivin in USP28-overexpression AsPC-1 cells (H) or USP28-silencing BxPC-3 cells (I).
GAPDH was used as a loading control. J, K Quantification for CCK-8 (J) or colony formation assays (K) of USP28-overexpression AsPC-1 cells
transfected with XAV-939. *P < 0.05.
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USP28 interacts with FOXM1 and stabilises FOXM1 expression
We further explored the mechanism by which USP28 regulates
FOXM1 expression in PC. Our data demonstrated that the mRNA
level of FOXM1 was not significantly different after alteration of
USP28 in PC cells (Supplementary Fig. 7), indicating that USP28
positively regulates FOXM1 at post-transcriptional level. In
addition, studies have shown that FOXM1 undergoes degradation
by ubiquitin-protease system [29, 30]. Given that USP28 is a

deubiquitinase, we hypothesised that USP28 may regulate FOXM1
ubiquitination and degradation in PC. To test this hypothesis, we
first examined whether USP28 interacted with FOXM1 in PC cells.
As shown in Fig. 6A–D, the Co-IP assays confirmed the interaction
between USP28 and FOXM1 using endogenous USP28 and
FOXM1 antibodies in SW1990 and BxPC-3 cells. Further, confocal
assays further demonstrated that co-localisation of USP28 and
FOXM1 was significantly evident in PC cells (Fig. 6E, F). Secondly,

Fig. 5 USP28 positively regulates FOXM1 protein levels in PC cells. A Heatmap of genes differentially expressed following USP28 depletion
by mass spectroscopic analysis. B, C Western blot for USP28 and FOXM1 expression in USP28-overexpression AsPC-1 cells (B) or USP28-
silencing BxPC-3 cells (C). GAPDH was used as a loading control. D, E The total and nuclear protein levels of β-catenin were assessed by
western blotting in USP28-overexpression AsPC-1 cells following treatment with RCM-1 (D) or USP28-overexpression PANC-1 cells following
treatment with shFOXM1 (E). GAPDH and Histone 3 were used as a loading control, respectively. F, G Determination (F) and quantification (G)
of FOXM1 protein levels in PC tissues and in paired normal tissues by western blot assay. GADPH was a loading control. *P < 0.05. H Scatter
plots show a positive correlation between USP28 and FOXM1 at the protein level in PC. I Representative IHC staining of USP28 and FOXM1 in
PC tissues and paired normal tissues (magnification ×100, inset magnification ×400). Scale bar, 50 μm.
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we assessed the degeneration of FOXM1 protein in USP28-
knockdown cells after cycloheximide exposure. As shown in Fig.
6G, H, the data indicate that USP28-silencing significantly
promoted the degeneration of FOXM1 protein in PC cells. Thirdly,
we found that the protein level of FOXM1 was restored in USP28-
overexpression or USP28 knockdown PC cells following treatment
with proteasome inhibitor MG132 (Fig. 6I, J). Finally, ectopic
expression of USP28 decreased the ubiquitination level of FOXM1,
whereas knockdown of USP28 increased the poly-ubiquitination

of FOXM1 (Fig. 6K, L). Therefore, these findings suggested that
USP28 serves as a deubiquitinase that is responsible for
FOXM1 stabilisation via the ubiquitin-proteasome pathway in PC.

USP28 promotes PC progression via enhancing FOXM1 levels
Lastly, we performed rescue experiments to determine whether
the oncogenic effect of USP28 in PC is dependent on
FOXM1 stabilisation. As shown in Fig. 7A–C, USP28 knockdown
markedly decreased cell proliferation in PC cells, which were

Fig. 6 USP28 interacting with FOXM1 and stabilising FOXM1 expression via deubiquitination. A–D The interaction between USP28 and
FOXM1 was confirmed by co-immunoprecipitation (IP) in SW1990 cells and BxPC-3 cells. E, F Co-localisation studies of PC cells using anti-
USP28 antibody (1:100, green) and anti-FOXM1 antibody (1:100, red), followed by DAPI nuclear counterstaining (blue). The merged images of
USP28 (green) and FOXM1 (red) with DAPI (blue) are also shown. Scale bar, 50 μm. G, H Representative (right) and quantitative (left) results of
FOXM1 protein level in USP28-silencing cells. The cells were treated with cycloheximide (CHX, 100mg/ml) for indicated time points were
subjected to western blot analysis. **P < 0.01. I J PC cells transduced with p-USP28 (I) or shUSP28 (J) were treated with 10 μM MG132. Cells
were collected at 6 h and immunoblotted with the antibodies indicated. K, L Lysates from PC cells transduced with p-USP28 (K) or shUSP28 (L)
were immunoprecipitated with the anti-Ub and immunoblotted with the anti-FOXM1. Cells were treated with MG132 for 6 h before collection.
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attenuated by concomitant overexpression of FOXM1. Consis-
tently, FOXM1 enhancement rescued cell cycle arrest in G0/G1
phase induced by USP28 knockdown in PC cells (Fig. 7D).
Meanwhile, flow cytometry assays revealed that the pro-
apoptotic effect of USP28 knockdown could be partially reversed
by the introduction of FOXM1 in PC cells (Fig. 7E). Moreover, we
subcutaneously implanted PC cells with either USP28 single-
knockdown or USP28 knockdown with FOXM1 overexpression
into nude mice and monitored their tumour growth. As shown in

Fig. 7F, G, mice bearing USP28-silenced cells showed a notable
decrease in tumour weight and volume; whereas, simultaneous
overexpression of FOXM1 fully abolished the anti-tumour effect of
USP28-knockdown. In line with these data, the IHC assays revealed
increased intensity cleaved-caspase-3, and reduced FOXM1
expression and Ki67-positive proliferative cells in USP28-
knockdown tumours. In contrast, concomitant overexpression of
FOXM1 reversed such effects (Fig. 7H). Therefore, USP28 promoted
the tumorigenesis of PC progression by stabilising FOXM1.

Fig. 7 Oncogenic effect of USP28 is dependent on FOXM1 stabilisation. A–C Restoration of FOXM1 expression impaired the anti-tumour
effect caused by USP28 knockdown, as determined by CCK-8 (A) and colony formation assay (B and C) in AsPC-1 cells. D, E The quantification
of cell cycle (D) or cell apoptosis (E) assay in the different groups. The data represent mean ± SD from three independent experiments and
were statistically analysed with Student’s t test, *P < 0.05, **P < 0.01. F, G The quantification of tumour volume (F) or tumour weight (G) assay in
the different groups. *P < 0.05. H Representative H&E and IHC staining of USP28, FOXM1, Cleaved-caspase-3 and Ki67 in tumour tissues
isolated from different nude mice groups. Scale bar, 50 μm. I Proposed mechanistic scheme of USP28 in promoting the FOXM1-mediated Wnt/
β-catenin signalling pathway in pancreatic cancer.
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DISCUSSION
In this study, we demonstrated that USP28 was highly expressed
in PC tissues and increased expression of USP28 was closely
correlated with malignant phenotype and survival probability of
patients with PC. In addition, our study examined the role of
USP28 in PC tumorigenesis using cell culture approaches and
animal-based tumour models. The deubiquitinase USP28 has
been identified as an oncogene that plays critical roles in
tumorigenesis in diverse cancer types [8, 11]. However, no
information is currently available on the role or molecular
mechanism of USP28 in PC, and we believe that this is to the
best of our knowledge the first study to explore the role of USP28
in PC. We found that USP28 promoted the proliferation,
apoptosis, and tumorigenesis of PC cells, thereby indicating that
USP28 may serve as an oncogene in PC.
Wnt/β-catenin signalling is an evolutionarily conserved and

versatile pathway that is involved in carcinogenesis and tumour
progression of several cancers [31, 32]. β-catenin is a key
component of the Wnt/β-catenin signalling pathway and it is
tightly regulated at three hierarchical levels: protein stability,
sub-cellular localisation, and transcriptional activity [33, 34].
Studies have shown that β-catenin protein levels increase in PC
tissues, and high level of nuclear-localised β-catenin is closely
associated with poor clinical outcomes in patients with PC [35–
37]. This study identified that USP28 increased the nuclear
translocation of β-catenin, luciferase reporter activity of
β-catenin, and expression of the target proteins of the Wnt/
β-catenin pathway. In addition, inhibitor of β-catenin (XAV-939)
reversed PC cell viability that was induced by USP28. Therefore,
these results suggest that USP28 contributes to PC progression
by promoting nucleus β-catenin transactivation and transcrip-
tional activity.
FOXM1 is a critical mediator of Wnt/β-catenin signalling and

acts by binding to β-catenin to enhance β-catenin nuclear-
localisation and downstream target gene expression [27, 38].
However, the role of the upstream regulators of FOXM1
expression remain unclear. Recent evidence has demonstrated
that post-translational modifications, especially ubiquitination,
play a pivotal role in FOXM1 regulation [29, 39, 40]. While
FOXM1 can undergo ubiquitination and degradation mediated
by various E3-ubiquitin ligases [41, 42], it remains unclear how
FOXM1 is regulated by deubiquitination pathways. In the
current study, we identified USP28 as a specific deubiquitinase
for FOXM1 in PC cells. USP28 has been previously reported to
regulate ubiquitination of other substrates as well in diverse
cancers. In accordance with previous studies, we showed that
USP28 directly interacted with FOXM1 and suppressed the poly-
ubiquitination of FOXM1, thereby stabilising FOXM1 expression
in PC cells. In addition, we observed that the oncogenic effect of
USP28 in PC was dependent on FOXM1 stabilisation. Although
the broader role of USP28 in regulating other targets in cancers
remains to be determined, identification of USP28 as a FOXM1
deubiquitinase will hopefully lead to additional studies focused
on USP28 as a therapeutic target in PC.

CONCLUSIONS
In this study, we identified that USP28 served as a deubiquitinase
for FOXM1 in PC. USP28 interacted with FOXM1 and reduced the
poly-ubiquitination of FOXM1, thereby stabilising FOXM1 and
leading to the activation of the Wnt/β-catenin pathway. Further,
high USP28 level was closely associated with progression and
poor outcome of patients with PC. Furthermore, deletion of USP28
inhibited the growth of PC cells both in vitro and in vivo. Taken
together, these results suggest that USP28 contributes to PC
pathogenesis via enhancing the FOXM1-mediated Wnt/β-catenin
signalling (Fig. 7I), thereby indicating that targeting USP28/
FOXM1/β-catenin axis could be a potential strategy for PC therapy.

DATA AVAILABILITY
All data generated or analysed during this study are included in this published article.
Additional datasets used and/or analysed during the current study are available from
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REFERENCES
1. Hidalgo M. Pancreatic cancer. N Engl J Med. 2010;362:1605–17.
2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2019. CA: Cancer J Clin.

2019;69:7–34.
3. Jooste V, Dejardin O, Bouvier V, Arveux P, Maynadie M, Launoy G, et al. Pancreatic

cancer: wait times from presentation to treatment and survival in a population-
based study. Int J Cancer. 2016;139:1073–80.

4. McGuigan A, Kelly P, Turkington RC, Jones C, Coleman HG, McCain RS. Pancreatic
cancer: a review of clinical diagnosis, epidemiology, treatment and outcomes.
World J Gastroenterol. 2018;24:4846–61.

5. Mennerich D, Kubaichuk K, Kietzmann T. DUBs, hypoxia, and cancer. Trends
Cancer. 2019;5:632–53.

6. Hong K, Hu L, Liu X, Simon JM, Ptacek TS, Zheng X, et al. USP37 promotes
deubiquitination of HIF2α in kidney cancer. Proc Natl Acad Sci USA.
2020;117:13023–32.

7. Mooneyham A, Bazzaro M. Targeting deubiquitinating enzymes and autophagy
in cancer. Methods Mol Biol. 2017;1513:49–59.

8. Wang X, Liu Z, Zhang L, Yang Z, Chen X, Luo J, et al. Targeting deubiquitinase
USP28 for cancer therapy. Cell Death Dis. 2018;9:186.

9. Komander D, Clague MJ, Urbé S. Breaking the chains: structure and function of
the deubiquitinases. Nat Rev Mol Cell Biol. 2009;10:550–63.

10. Diefenbacher ME, Chakraborty A, Blake SM, Mitter R, Popov N, Eilers M, et al.
Usp28 counteracts Fbw7 in intestinal homeostasis and cancer. Cancer Res.
2015;75:1181–6.

11. Radeva M, Hofmann T, Altenberg B, Mothes H, Richter KK, Pool-Zobel B, et al. The
database dbEST correctly predicts gene expression in colon cancer patients. Curr
Pharm Biotechnol. 2008;9:510–5.

12. Li P, Huang Z, Wang J, Chen W, Huang J. Ubiquitin-specific peptidase 28
enhances STAT3 signaling and promotes cell growth in non-small-cell lung
cancer. OncoTargets Ther. 2019;12:1603–11.

13. Devrim T, Ataç F, Devrim AK, Balcı M. The concomitant use of USP28 and p53 to
predict the progression of urothelial carcinoma of the bladder. Pathol, Res Pract.
2020;216:152774.

14. Popov N, Wanzel M, Madiredjo M, Zhang D, Beijersbergen R, Bernards R, et al. The
ubiquitin-specific protease USP28 is required for MYC stability. Nat Cell Biol.
2007;9:765–74.

15. Park HJ, Wang Z, Costa RH, Tyner A, Lau LF, Raychaudhuri P. An N-terminal
inhibitory domain modulates activity of FoxM1 during cell cycle. Oncogene
2008;27:1696–704.

16. Halasi M, Gartel AL. Targeting FOXM1 in cancer. Biochemical Pharmacol.
2013;85:644–52.

17. Hu G, Yan Z, Zhang C, Cheng M, Yan Y, Wang Y, Deng L, et al. FOXM1 promotes
hepatocellular carcinoma progression by regulating KIF4A expression. J Exp Clin
Cancer Res: CR. 2019;38:188.

18. Xu XS, Miao RC, Wan Y, Zhang LQ, Qu K, Liu C. FoxM1 as a novel therapeutic
target for cancer drug therapy. Asian Pac J Cancer Prev. 2015;16:23–29.

19. Cui J, Shi M, Xie D, Wei D, Jia Z, Zheng S, et al. FOXM1 promotes the Warburg
effect and pancreatic cancer progression via transactivation of LDHA expression.
Clin Cancer Res. 2014;20:2595–606.

20. Huang C, Du J, Xie K. FOXM1 and its oncogenic signaling in pancreatic cancer
pathogenesis. Biochimica et biophysica acta. 2014;1845:104–16.

21. Xie D, Yu S, Li L, Quan M, Gao Y. The FOXM1/ATX signaling contributes to
pancreatic cancer development. Am J Transl Res. 2020;12:4478–87.

22. Yan J, Lei J, Chen L, Deng H, Dong D, Jin T. et al. Human leukocyte antigen F locus
adjacent transcript 10 overexpression disturbs WISP1 protein and mRNA
expression to promote hepatocellular carcinoma progression. Hepatology.
2018;68:2268–84.

23. Yuan H, Qin Y, Zeng B, Feng Y, Li Y, Xiang T, et al. Long noncoding RNA
LINC01089 predicts clinical prognosis and inhibits cell proliferation and invasion
through the Wnt/β-catenin signaling pathway in breast cancer. OncoTargets
Ther. 2019;12:4883–95.

24. Liu L, Zhang Y, Wong CC, Zhang J, Dong Y, Li X, et al. RNF6 promotes colorectal
cancer by activating the Wnt/β-catenin pathway via ubiquitination of TLE3.
Cancer Res. 2018;78:1958–71.

25. Liu G, Liu S, Cao G, Luo W, Li P, Wang S, et al. SPAG5 contributes to the pro-
gression of gastric cancer by upregulation of Survivin depend on activating the
wnt/β-catenin pathway. Exp Cell Res. 2019;379:83–91.

26. Yu J, Liu D, Sun X, Yang K, Yao J, Cheng C, et al. CDX2 inhibits the proliferation
and tumor formation of colon cancer cells by suppressing Wnt/β-catenin

L. Chen et al.

11

Cell Death and Disease          (2021) 12:887 



signaling via transactivation of GSK-3β and Axin2 expression. Cell Death Dis.
2019;10:26.

27. Quan M, Cui J, Xia T, Jia Z, Xie D, Wei D, et al. Merlin/NF2 suppresses pancreatic
tumor growth and metastasis by attenuating the FOXM1-mediated Wnt/
β-catenin signaling. Cancer Res. 2015;75:4778–89.

28. Shukla S, Milewski D, Pradhan A, Rama N, Rice K, Le T, et al. The FOXM1 inhibitor
RCM-1 decreases carcinogenesis and nuclear β-catenin. Mol Cancer Ther.
2019;18:1217–29.

29. Karunarathna U, Kongsema M, Zona S, Gong C, Cabrera E, Gomes AR, et al. OTUB1
inhibits the ubiquitination and degradation of FOXM1 in breast cancer and
epirubicin resistance. Oncogene 2016;35:1433–44.

30. Wang X, Arceci A, Bird K, Mills CA, Choudhury R, Kernan JL, et al. VprBP/DCAF1
regulates the degradation and nonproteolytic activation of the cell cycle tran-
scription factor FoxM1. Mol Cell Biol. 2017;37:e00609–16.

31. Zhang Y, Wang S, Kang W, Liu C, Dong Y, Ren F, et al. CREPT facilitates colorectal
cancer growth through inducing Wnt/β-catenin pathway by enhancing p300-
mediated β-catenin acetylation. Oncogene 2018;37:3485–3500.

32. Cheng F, Mohanmed MM, Li Z, Zhu L, Zhang Q, Huang Q, et al. Capn4 promotes
colorectal cancer cell proliferation by increasing MAPK7 through activation of the
Wnt/β-Catenin pathway. Exp Cell Res. 2018;363:235–42.

33. White BD, Chien AJ, Dawson DW. Dysregulation of Wnt/β-catenin signaling in
gastrointestinal cancers. Gastroenterology 2012;142:219–32.

34. Bosco EE, Nakai Y, Hennigan RF, Ratner N, Zheng Y. NF2-deficient cells depend on
the Rac1-canonical Wnt signaling pathway to promote the loss of contact inhi-
bition of proliferation. Oncogene 2010;29:2540–9.

35. Cui J, Jiang W, Wang S, Wang L, Xie K. Role of Wnt/β-catenin signaling in drug
resistance of pancreatic cancer. Curr Pharm Des. 2012;18:2464–71.

36. Morris JPT, Wang SC, Hebrok M. KRAS, Hedgehog, Wnt and the twisted devel-
opmental biology of pancreatic ductal adenocarcinoma. Nat Rev Cancer.
2010;10:683–95.

37. Zeng G, Germinaro M, Micsenyi A, Monga NK, Bell A, Sood A, et al. Aberrant
Wnt/beta-catenin signaling in pancreatic adenocarcinoma. Neoplasia.
2006;8:279–89.

38. Zhang N, Wei P, Gong A, Chiu WT, Lee HT, Colman H, et al. FoxM1 promotes
β-catenin nuclear localization and controls Wnt target-gene expression and
glioma tumorigenesis. Cancer Cell. 2011;20:427–42.

39. Chen Y, Li Y, Xue J, Gong A, Yu G, Zhou A, et al. Wnt-induced deubiquitination
FoxM1 ensures nucleus β-catenin transactivation. EMBO J. 2016;35:668–84.

40. Myatt SS, Kongsema M, Man CW, Kelly DJ, Gomes AR, Khongkow P, et al.
SUMOylation inhibits FOXM1 activity and delays mitotic transition. Oncogene
2014;33:4316–29.

41. Kongsema M, Zona S, Karunarathna U, Cabrera E, Man EP, Yao S, et al. RNF168
cooperates with RNF8 to mediate FOXM1 ubiquitination and degradation in
breast cancer epirubicin treatment. Oncogenesis 2016;5:e252.

42. Li LQ, Pan D, Chen H, Zhang L, Xie WJ. F-box protein FBXL2 inhibits gastric cancer
proliferation by ubiquitin-mediated degradation of forkhead box M1. FEBS Lett.
2016;590:445–52.

ACKNOWLEDGEMENTS
We give our sincere gratitude to Dr. Yuting Yang who gave us so much useful advices
on writing and improving the manuscript.

AUTHOR CONTRIBUTIONS
XP and LC conceived and designed the study. LC, RY, ZX and QL performed the
experiments and collected data; ZX, QF, TL, RY, YD and CZ performed the data

analysis; XP and LC wrote the manuscript. All authors reviewed and edited the
manuscript. All authors read and approved the final manuscript.

FUNDING
This study was supported by grants from the National Natural Science Foundation of
China (82160530, 81760523, 81560117, 81960436 and 36060166), the Project of the
Jiangxi Provincial Department of Science and Technology (20202ACBL216002,
20192BAB205024, 20202ACBL216013, 20202BBGL73037 and 20192BCB23023), the
Double Thousand Talents Project of Jiangxi Province (jxsq2019201100).

CONSENT FOR PUBLICATION
The author and participants are agree for publication.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Inclusion of human participants, and use of human data and human tissue in this
study were approved by the Ethics Committee of the Second Affiliated Hospital of
Nanchang University. The use of animals in this study was approved by the animal
research committee in the Second Affiliated Hospital of Nanchang University.

COMPETING INTERESTS
All authors read and approved the final version of the manuscript, and the authors
declare that they have no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-021-04163-z.

Correspondence and requests for materials should be addressed to Yunyan Du,
Rongfa Yuan or Xiaogang Peng.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

L. Chen et al.

12

Cell Death and Disease          (2021) 12:887 

https://doi.org/10.1038/s41419-021-04163-z
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	USP28 facilitates pancreatic cancer progression through activation of Wnt/&#x003B2;nobreak-nobreakcatenin pathway via stabilising FOXM1
	Background
	Methods
	Patients and tumour specimens
	Cell lines and cell culture
	Quantitative real-time (qRT)-PCR
	Western blot, immunohistochemistry (IHC) and immunofluorescent (IF) assay
	Overexpression constructs, shRNA plasmids and cell transfection
	Cell proliferation and colony formation assays
	Flow cytometry assay
	Tumorigenicity assay and bioluminescence imaging
	Luciferase reporter activity analysis
	LC-MS/MS analyses
	Co-immunoprecipitation (Co-IP) and in�vivo ubiquitination assay
	Statistical analysis

	Results
	USP28 was overexpressed in human PC specimens and associated with poor prognosis
	USP28 promotes PC cell growth in�vitro and tumorigenesis in�vivo
	USP28 promotes PC cell growth by facilitating cell cycle progression and inhibiting apoptosis
	Wnt/&#x003B2;nobreak-nobreakcatenin pathway acts as a downstream component of USP28 and contributes to the effects of USP28 in PC cells
	USP28 activates Wnt/&#x003B2;nobreak-nobreakcatenin signalling pathway by modulating FOXM1 expression
	USP28 interacts with FOXM1 and stabilises FOXM1 expression
	USP28 promotes PC progression via enhancing FOXM1 levels

	Discussion
	Conclusions
	References
	Acknowledgements
	Author contributions
	Funding
	Consent for publication
	Ethics approval and consent to participate
	Competing interests
	ADDITIONAL INFORMATION




