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Abstract 

Rationale: The role of SLUG in epithelial–mesenchymal transition during tumor progression has been 
thoroughly studied, but its precise regulation remains poorly explored.  
Methods: The affinity purification, mass spectrometry and CO-IP were performed to identify the interaction 
between SLUG and ubiquitin-specific protease 5 (USP5). Cycloheximide chase assays and deubiquitination 
assays confirmed that the effect of USP5 on the deubiquitin of SLUG. The dual-luciferase reporter and 
chromatin immunoprecipitation assays were employed to observe the direct transcriptional regulation of 
E-cadherin by SLUG effected by USP5. EMT related markers was detected by western blotting and 
immunofluorescence. Molecular docking, SPR sensor (biacore) and co-location were detected to prove 
Formononetin targets USP5.  
Bioinformatics analysis was used to study the relation of USP5 and SLUG to malignancy degree of HCC. Cell 
migration, invasion in HCC cells and xenografts model in nude mouse were conducted to detect the promotion 
of USP5 and the inhibition of Formononetin on EMT. 
Results: USP5 interacts with and stabilizes SLUG to regulate its abundance through USP5 deubiquitination 
activities in epithelial–mesenchymal transition (EMT) of hepatocellular carcinoma (HCC). USP5 is highly 
expressed and positively correlated with SLUG expression in HCC with high malignancy. Knockdown of USP5 
inhibits SLUG deubiquitination and inhibits HCC cells proliferation, metastasis, and invasion, while 
overexpression of USP5 promotes SLUG stability and EMT in vitro and in vivo. Through virtual screening, we 
found that Formononetin exhibits excellent binding to USP5. Moreover, Formononetin inhibits 
deubiquitinating activities of USP5 to SLUG and consequently impedes the EMT and malignant progression of 
HCC.  
Conclusion: Our findings reveal that USP5 serve as a potential target for tumor intervention and provide a 
preliminary antitumor therapy for inhibit EMT by targeting USP5 or its interaction with SLUG in HCC. 
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Introduction 
Hepatocellular carcinoma is the most common 

malignant liver tumor, and epithelial–mesenchymal 
transition (EMT) plays a critical role in tumor 
progression [1, 2]. Tumor cells undergo EMT change 

to a mesenchymal phenotype with invasive capacities, 
thereby increasing the migratory capacity [3]. 
Therefore, inhibiting of EMT is an essential way to 
suppress tumor metastasis [2].  
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SLUG, a zinc-finger transcriptional factor, 
represses E-cadherin transcription via the E-box 
elements in the proximal E-cadherin promoter in EMT 
progression [4]. In addition, SLUG is aberrantly 
expressed in various cancers where it regulates 
diverse processes ranging from tumor cell invasion 
and metastasis to cell survival and proliferation [5-12]. 
The SLUG protein is quickly turned over by the 
ubiquitin–proteasome system. In tumor cells, high 
SLUG expression indicates the presence of a SLUG 
stabilizing factor [13].  

Ubiquitination plays an important role in the 
post-translational modification of cellular proteins 
that are involved in multiple diseases, including 
cancers [14]. Many oncogenes and tumor suppressors 
are short-lived proteins targeted by the 
ubiquitin–proteasome system, and their deregulated 
proteolysis is involved in cancer [15]. USP5, a member 
of the ubiquitin-specific protease (USP) family of 
deubiquitinating enzymes (DUBs), removes ubiquitin 
from the proximal end of unanchored polyubiquitin 
chains [16-18]. USP5 targets several cytosolic proteins, 
such as p53 and Cav3.2 proteins, and subsequently 
regulates multiple cellular activities including the 
repair of DNA double-strand breaks, transmission of 
inflammatory pain and neural pain signals, immune 
response, and tumor cell proliferation [19-24]. 
However, the mechanism of USP5 in hepatocellular 
carcinoma progression remains unclear. 

We reported that USP5 interacts with SLUG and 
inhibits its ubiquitination, thereby stabilizing SLUG 
expression in HCC. Knockdown of USP5 inhibits 
EMT and metastasis due to SLUG degradation in 
HCC. Formononetin, an O-methylated isoflavone 
phytoestrogen extracted from plants and herbs, 
targets USP5 and suppresses EMT by inhibiting the 
USP5-mediated deubiquitination of SLUG. This study 
revealed the enhancing effect of USP5 on the 
malignant progression of HCC and provided a 
potential antitumor therapy of HCC by inhibiting 
USP5 deubiquitination activities. 

Results  
SLUG is physically associated with USP5 

Affinity purification and mass spectrometry 
were performed to identify the interaction proteins of 
SLUG to comprehensively understand the function of 
SLUG. Whole-cell extracts from Hela cells with or 
without Flag–SLUG expression was applied to affinity 
purification and mass spectrometry analysis (Figure 
1A). SLUG protein was associated with several 
protein interactions (Supplementary data 1). USP5, a 
DUB, was also found in the SLUG-containing protein 
complex. 

To explore the relationship between SLUG and 
USP5, co-immunoprecipitation experiments were 
performed in Hela cell extracts and the results 
showed that SLUG efficiently co-immunoprecipitated 
with USP5. Meanwhile, USP5 was efficiently 
co-immunoprecipitated with SLUG. Similar 
observations were also detected in PLC-PRF-5 cells 
and Hep3B cells (Figure 1B). 

To further confirm the interaction between 
SLUG and USP5, we performed fast protein liquid 
chromatography (FPLC) experiments with a Superdex 
200 10/300 GL. The results indicated that native 
SLUG from Hela cells was eluted with an apparent 
molecular mass much greater than that of the 
monomeric protein. The majority of SLUG co-existed 
with USP5 in a multiprotein complex. The overlap 
peaked in fraction 10 (Figure 1C).  

Correlation analysis of expression of USP5 and 
SLUG in TCGA database revealed that the expression 
level of USP5 and SLUG was positively correlated of 
TCGA HCC samples from GEPIA database 
(http://gepia.cancer-pku.cn) (P<0.05, R=0.21, 
Figure 1D). We examined the protein expression 
levels of USP5 and SLUG in multiple HCC cell lines 
and two normal liver cells. There was a correlation 
between the expression of USP5 and SLUG in 
PLC-PRF-5, MHCC-97L, MHCC-97H, SK-Hep-1, 
Hep3B cells, and the expression in normal liver cells 
was lower than that in most HCC cells (Figure S1). 
SLUG and USP5 were found to be co-located 
according to the immunofluorescence experiments in 
PLC-PRF-5 and Hep3B cells (Figure 1E). The 
multidirectional colocalization of the two proteins 
was accurately analyzed by immunostaining with 
antibodies against SLUG and USP5 via N-STORM 
(Figure 1F). Docking of protein–protein interface 
interaction of SLUG and USP5 were performed 
(Figure 1G). 

USP5 stabilizes SLUG through its 
deubiquitination activity 

To understand the functional significance of the 
physical interaction and spatial co-localization 
between USP5 and SLUG, PLC-PRF-5 and Hep3B cells 
knocked down or overexpressed USP5 and SLUG. 
Knocked down USP5 decreased the expression of 
SLUG, while the expression of USP5 was nearly 
unchanged when SLUG was knocked down (Figure 
2A). Similar observation was obtained in 
immunofluorescence analysis (Figure S2). USP5 
overexpression increased SLUG expression in 
PLC-PRF-5 and Hep3B cells (Figure 2B). Moreover, 
the reduction in protein level of SLUG due to USP5 
depletion could be rescued by MG132, a proteasome 
inhibitor (Figure 2C). Thus, we suspected that USP5 
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stabilized SLUG by inhibiting SLUG degradation 
through proteasome. For confirmation, cycloheximide 
(CHX) chase assays were conducted to detect the 
half-life of SLUG with USP5 knockdown or 
overexpressed treatments (Figure 2D). The results 
showed that SLUG half-life was decreased in 
USP5-deficient cell. Consistently, USP5 
overexpression prolonged the half-life of SLUG. All 
the results indicate that USP5 regulates the stability of 
SLUG.  

Considering the function of USP5 as a DUB, we 
speculated that USP5 may affect the stability of SLUG 
by deubiquitinating SLUG. The deubiquitination 

assays confirmed that ubiquitin on SLUG protein was 
significantly reduced in USP5 overexpressed cells and 
accordingly increased when USP5 was knocked down 
(Figs. 2E and 2F). Collectively, these results indicated 
that USP5 promotes SLUG stabilization by 
deubiquitinating SLUG. 

USP5 promotes EMT and metastasis in 
hepatocellular carcinoma 

SLUG, a critical protein in EMT, promotes EMT 
progression by repressing E-cadherin expression [4]. 
To understand the biological significance of 
USP5-mediated stabilization of SLUG, we 

 

 
Figure 1. SLUG is physically associated with USP5. (A) Immunoaffinity purification and mass spectrometry analysis of SLUG-associated proteins in Hela cells. 
Representative peptide fragments and peptide coverage of SLUG and USP5 are shown. (B) Whole-cell lysates from HeLa, PLC-PRF-5 and Hep3B cells were immunoprecipitated 
followed by IB with antibodies against the indicated proteins. (C) Whole Hela cell extracts were fractionated on Superdex 200 10/300 GL with PBS. Chromatographic elution 
profiling and IB analysis of the chromatographic fractions with antibodies against USP5 and SLUG were conducted. (D) Statistical analysis of the correlation analysis between 
USP5 and SLUG expression of TCGA HCC samples from GEPIA database (P<0.05, R=0.21). (E) Co-localization of USP5 and SLUG was analyzed by immunostaining of PLC-PRF-5 
cells with anti- USP5 and SLUG via confocal microscopy. Scale bars, 10 μm. (F) Accurate multidirectional co-localization of USP5 and SLUG was analyzed by immunostaining of 
PLC-PRF-5 cells with anti- USP5 and SLUG via N-STROM. Red, USP5; Green, SLUG. Pearson’s correlation=0.827, Mander’s overlap=0.858. (G)Molecular docking of USP5 and 
SLUG. 
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investigated the effect of USP5 on EMT. ChIPBASE 
motif analysis revealed the binding base sequence of 
SLUG (Figure 3A). Chromatin IP (ChIP) assay showed 
that the binding of SLUG to E-cadherin promoter was 
significantly inhibited in USP5-deficient cells (Figure 
3B). Luciferase reporter gene assay showed that 
knockdown USP5 interfered with the transcriptional 
inhibition of SLUG on E-cadherin, and 
over-expression of USP5 promoted the transcriptional 
inhibition of SLUG on E-cadherin (Figure 3C). 
Western blot analysis further affirmed that the 
expression level of epithelial markers (E-cadherin, 
cytokeratin, and occludin) increased, and the 
expression level of mesenchymal markers (Vimentin, 
N-cadherin, and myosin) decreased in PLC-PRF-5 and 

Hep3B cells knocked down USP5, while 
overexpressed USP5, the EMT related markers had 
corresponding changes (Figure 3D). Similar 
observation was obtained in immunofluorescence 
analysis of E-cadherin and Vimentin in PLC-PRF-5 
and Hep3B cells under USP5 siRNA or overexpressed 
treatment. Knockdown USP5 increased the 
fluorescence intensity of E-cadherin but reduced that 
of Vimentin, and the results was opposite in USP5 
overexpressed cells (Figure 3E). Transwell assay and 
wound healing assay results also showed that 
knockdown of USP5 inhibited cell invasion and 
migration and overexpression of USP5 promoted cell 
invasion and migration (Figure 3F and 3G).  

 

 
Figure 2. USP5 stabilizes SLUG through its deubiquitination activity. (A) PLC-PRF-5 and Hep3B cells were transfected with USP5 siRNA, SLUG siRNA. Cellular 
extracts were collected for WB analysis. (B) PLC-PRF-5 and Hep3B cells were transfected with different amounts of Flag–USP5 for WB analysis with antibodies against USP5 and 
SLUG. (C) PLC-PRF-5 and Hep3B cells were transfected with control siRNA or USP5 siRNA with or without 5 μM MG132 and followed by immunoblotting using anti-USP5 and 
SLUG. Intensity of each band from biological triplicate experiments was quantified. Each bar represents the mean ± SD for biological triplicate experiments. *P<0.05, **P<0.01, 
one-way ANOVA. (D) PLC-PRF-5 cells transfected with USP5 siRNA or FLAG-USP5 were treated with CHX and harvested at the indicated time followed by WB. Intensity of 
each band from biological triplicate experiments was quantified. Each point represents the mean ± SD for biological triplicate experiments. **P<0.01, Student’s t-test. (E) 
PLC-PRF-5 cells were treated with USP5 siRNA together with HA-Ub and FLAG–SLUG followed by treatment with MG132. Cellular extracts were prepared for 
co-immunoprecipitation assays with anti-FLAG followed by IB with anti-HA. (F) PLC-PRF-5 cells were transfected with Flag–USP5 together with HA-Ub followed by treatment 
with MG132. Cellular extracts were prepared for co-immunoprecipitation assays with anti-SLUG followed by IB with anti-HA. 
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Figure 3. USP5 promotes EMT in hepatocellular carcinoma. (A) Motif analysis of SLUG ChIP-Seq cited from ChIPBASE. (B) PLC-PRF-5 and Hep3B cells were treated 
with different amounts of USP5 siRNA. Cellular extracts were prepared for ChIP assays with anti-SLUG. (C) PLC-PRF-5 and Hep3B cells were transfected with E-cadherin - 
dependent reporter gene plasmids. Luciferase activity was measured when cells overexpressed or knocked down USP5. (D) WB analysis of USP5, SLUG and EMT related 
markers in PLC-PRF-5 and Hep3B cells under USP5 knocked down or overexpressed treatment. (E) Immunofluorescence assay of PLC-PRF-5 and Hep3B cells treated with USP5 
siRNA or overexpression vectors. The relative intensity of E-cadherin and Vimentin was analyzed by the Image J software. Scale bar, 10 µm. *P<0.05, **P<0.01, Student’s t-test. 
(F) Transwell assay of PLC-PRF-5 and Hep3B cells treated with USP5 siRNA or USP5 overexpression vectors. Scale bar, 20 μm. *P<0.05, **P<0.01, Student’s t-test. (G) Scratch 
assay of PLC-PRF-5 and Hep3B cells treated with USP5 siRNA or overexpression vectors and stained with DiD. Representative images from biological triplicate experiments are 
shown. Scale bar, 100 μm. *P<0.05, **P<0.01, Student’s t-test. (H) PLC-PRF-5 and Hep3B cells knocked down or overexpressed USP5 was transplanted on nude mice, and tumor 
volumes were measured every 3 days. (I) Tumor weight of control, USP5 knockdown and overexpression groups. (J) Representative images and number of pulmonary metastasis 
nodules in control, knockdown and overexpressed USP5 groups (Scale bar, 200μm). (K) IHC analysis of USP5, SLUG, E-cadherin, Vimentin and Ki67 in tumors of control, 
shUSP5, and USP5 groups. scale bar, 50 µm. *P<0.05, **P<0.01. Student’s t-test. Each bar represents the mean ± SD for biological triplicate experiments or different animal 
measurements (n = 5). 
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To establish the role of USP5/SLUG in the 
malignant progression of HCC in vivo, USP5-deficient 
or overexpressed PLC-PRF-5 and Hep3B cells were 
transplanted subcutaneously into nude mice to 
establish xenograft models. Tumor growth was 
suppressed in nude mice receiving tumor transplants 
with depletion of USP5 and was promoted in mice 
receiving tumor transplants with USP5 
overexpression (Figure 3H). The tumors weight was 
decreased in knocked down USP5 groups and 
increased in USP5 overexpression groups (Figure 3I). 
Moreover, metastatic nodules of lung were decreased 
in USP5-deficient cells burdened mice and increased 
in USP5 overexpressed cells burdened mice (Figure 
3J). We then examined the expression level of USP5, 
SLUG, E-cadherin, Vimentin, and Ki67 in xenografts 
with immunohistochemistry (IHC) staining assays. 
The results in Figure 3K showed that the expression of 
USP5, SLUG, and Vimentin reduced, whereas the 
expression of E-cadherin increased. The results were 
detected in USP5 overexpressed tumors. All the 
results indicated that USP5 promotes the growth and 
metastasis of hepatocellular carcinoma. 

Expression level of USP5 and SLUG is related 
to malignancy degree of hepatocellular 
carcinoma 

Clinical data were analyzed to confirm the role 
of USP5/SLUG axis in HCC. Representative image of 
immunohistochemical assay from the Human Protein 
Atlas and score is shown in Figure 4a. The results 
revealed that the expression of USP5 and SLUG in 
tumors was higher than that in normal liver tissues 
(Figure 4A). Cancer transcription analysis of TCGA 
samples from UALCAN database (http://ualcan.path 
.uab.edu/index.html) also showed that USP5 and 
SLUG were highly expressed in hepatocellular 
carcinoma tissues compared with normal liver tissue 
(Figure 4B). At the same time, the expression of USP5 
and SLUG was positively correlated with clinical 
stage and pathological grade in TCGA hepatocellular 
carcinoma samples (Figs. 4C and 4D). Survival 
analysis also revealed that the high expression of 
USP5 and SLUG indicated poor prognosis (Figure 4E). 
The Correlation analysis of USP5 and key 
transcription factors and EMT related markers 
(TWIST1, Vimentin, MMP2, MMP9 and N-cadherin) 
revealed that the expression of USP5 was closely 
related to EMT and tumor metastasis. Our findings 
reveal that USP5/SLUG axis promotes the malignant 
progression of patients with HCC, and thus support 
the possibility of using USP5/SLUG as potential 
targets for HCC therapies. 

Formononetin targets USP5 to inhibit the 
deubiquitination of SLUG 

Based on the structure of USP5, lead compounds 
with highest docking score to USP5 were selected 
from the traditional Chinese medicine database by 
virtual screening (Figure 5A and 5B). Molecular 
dynamics simulation displayed the dynamic 
interactions that Formononetin binds to USP5 in 100 
ns (Figure 5C). Molecular docking results also showed 
that Formononetin exhibited the highest docking 
score to USP5 among USP family members. This 
finding reveals the specificity of Formononetin 
(Figure 5D). According to the immunofluorescence 
probe co-localization images, we found that 
Formononetin-probe and USP5 were co-located 
(Pearson’s correlation = 0.499871, Mander’s overlap = 
0.552142) (Figure 5E). The synthesis method of 
Formononetin-probe is shown in figure S3. The 
expression of USP5 and SLUG were co-location 
(Pearson’s correlation = 0.610178, Mander’s overlap = 
0.628905) (Figure 5E). Biacore experiment was 
performed to further verify whether USP5 interacts 
with Formononetin. The dissociation constant (Kd 
value) was 25.1 μM (Figure 5F). All the results showed 
that Formononetin directly targets USP5. 

To explore the influence of Formononetin on 
USP5/SLUG axis, PLC-PRF-5 cells treated with 
Formononetin at different concentrations were used 
for WB analysis (Figure 5G). The results indicated that 
the expression level of SLUG was decreased, whereas 
that of USP5 showed no noticeable change. We 
subsequently conducted deubiquitination assay to 
detect the ubiquitin of SLUG in PLC-PRF-5 cells 
treated with 40 μM of Formononetin (Figure 5H). The 
ubiquitin of SLUG was increased in 
Formononetin-treated group. These results indicate 
that Formononetin targets USP5 to inhibit the 
deubiquitination of SLUG. 

Formononetin inhibits EMT of hepatocellular 
carcinoma  

To investigate the influence of Formononetin on 
inhibiting USP5, ChIP assay was conducted in cells 
treated with Formononetin at different 
concentrations. The result showed that Formononetin 
treatment inhibited the binding of SLUG to the 
promoter of E-cadherin (Figure 6A). Luciferase 
reporter gene assay showed that Formononetin 
increased E-cadherin transcriptional activity in a 
dose-dependent manner (Figure 6B). Scanning 
electron microscopy (SEM) assay showed that 
Formononetin treatment stimulated the cell 
phenotype to change from mesenchymal phenotype 
to epithelial phenotype (Figure 6C). This result also 
supports by Western blot analysis. Western blot 
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analysis further revealed that Formononetin 
treatment upregulated the expression level of the 
epithelial markers (E-cadherin, cytokeratin, and 
occludin) and downregulated the expression level of 
mesenchymal markers (Vimentin, N-cadherin, and 
myosin) in PLC-PRF-5 and Hep3B cells (Figure 6D). In 

addition, colony formation (Figure 6E), transwell 
(Figure 6F), and wound healing assay (Figure 6G) in 
PLC-PRF-5 and Hep3B cells showed that 
Formononetin inhibited the colony formation, 
migration, and invasion of HCC cells. 

 

 
Figure 4. Expression of USP5 and SLUG is related to malignancy degree of hepatocellular carcinoma. (A) IHC analysis of the expression levels of USP5 and SLUG 
in tumors and normal liver tissues cited from the Human Protein Atlas. Representative images are shown. **P<0.01, Student’s t-test. (B) Expression level of USP5 and SLUG in 
primary tumors (n=371) and normal liver tissues (n=50) based on TCGA dataset. **P<0.01. (C) Analysis of the expression levels of USP5 and SLUG in TCGA LIHC samples based 
on clinical stages (n=346). *P<0.05, one-way ANOVA. (D) Analysis of the expression levels of USP5 and SLUG in TCGA LIHC samples based on pathology grade (n=346). 
*P<0.05, **P<0.01, one-way ANOVA. (E) Kaplan–Meier curve showing the five-year survival rate of TCGA LIHC samples classified by USP5 or SLUG expression (n=346). (F) 
Correlation analysis of USP5 with TWIST1, Vimentin, MMP2, MMP9 and N-cadherin in TCGA LIHC samples (n=314). The correlation coefficient and P values are shown. 
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Figure 5. Formononetin targets USP5 to inhibit the deubiquitination of SLUG. (A) Molecular docking results of USP5 with the lead compounds were chosen from the 
traditional Chinese medicine. (B) Chemical structure of Formononetin. (C) Molecular dynamics (MD) simulation picture of the combination of Formononetin with USP5. (D) 
Molecular docking results of Formononetin and other USP family members. (E) Immunofluorescence probe co-localization of Formononetin probe (Blue), USP5 (Red), and SLUG 
(Green). Scale bar, 10 µm. Pearson’s correlation and Mander’s overlap values are shown. (F) Sensorgrams (Biacore analysis) of the interaction between Formononetin and USP5. 
(G) PLC-PRF-5 cells treated with Formononetin at different concentrations were collected for WB analysis. (H) PLC-PRF-5 cells transfected with Flag-SLUG and HA-Ub were 
treated with Formononetin (40 μM). Cellular extracts were prepared for co-immunoprecipitation assays with anti-Flag followed by IB with anti-HA. 

 
To further investigate the influence of 

Formononetin on inhibiting EMT, the differential 
genes expression in PLC-PRF-5 cells treated with 
Formononetin were analyzed. GO analysis revealed 
that Formononetin treatments inhibited the activity of 
USPs, tissue migration, promoted the development of 

epithelial cell and the adhesion between cells (Figure 
6H). KEGG analysis showed that Formononetin 
treatment contributed to ubiquitin-mediated 
proteolysis, inhibited the pathway in cancer including 
TGF-β and Toll-like receptor signaling pathway 
(Figure 6I) (Supplementary data 2).  
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Figure 6. Formononetin inhibits EMT of hepatocellular carcinoma. (A) PLC-PRF-5 and Hep3B cells were treated with different concentrations of Formononetin. 
Cellular extracts were prepared for CHIP assays with anti-SLUG. (B) PLC-PRF-5 and Hep3B cells were transfected with E-cadherin - dependent reporter gene plasmids. 
Luciferase activity was measured under 20μM, 40μM Formononetin treatment. *P<0.05, **P<0.01, one-way ANOVA. (C) Cell phenotype changes of PLC-PRF-5 cell treated with 
20μM Formononetin. Scale bar, 10 µm. (D) Western blot analysis USP5, SLUG and EMT related markers in PLC-PRF-5 and Hep3B cells treated with different concentrations of 
Formononetin. (E) Colony formation assay of PLC-PRF-5 and Hep3B cells treated with Formononetin at different concentrations. **P<0.01, one-way ANOVA. (F) Transwell 
assay of PLC-PRF-5 and Hep3B cells treated with different concentrations of Formononetin. **P<0.01, one-way ANOVA. (G) Scratch assay of PLC-PRF-5 and Hep3B cells treated 
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with Formononetin at different concentrations. **P<0.01, one-way ANOVA. (H) GO analysis of differentially expressed proteins in cells treated with Formononetin. (I) KEGG 
analysis of differentially expressed proteins in cells treated with Formononetin. (J) PLC-PRF-5 and Hep3B cells were subjected to nude mice by subcutaneous injection and treated 
with Formononetin. (K)Tumor volumes were measured every 3 days. *P<0.05, **P<0.01, one-way ANOVA. (L) Bioluminescent quantitation of tumors in control, Formononetin 
and shUSP5+Formononetin groups. *P<0.05, **P<0.01, one-way ANOVA. (M) Tumor weight in control, Formononetin and shUSP5+Formononetin groups. *P<0.05, **P<0.01, 
one-way ANOVA. (N) Representative lung metastasis specimens were sectioned and stained with H&E (scale bar, 200μm), and metastasis nodules were analyzed. *P<0.05, 
**P<0.01, one-way ANOVA. (O) IHC analysis of USP5, SLUG, E-cadherin, Vimentin and Ki67 in tumors tissues. Representative images and staining scores are shown. Scale bar, 
50 µm. (P) USP5, SLUG, Vimentin and E-cadherin were detected by Western blotting in PLC-PRF-5 and Hep3B tumor tissues of each group. Error bars represent mean ± SD, 
*P<0.05, **P<0.01. 

 
To verify the effect of Formononetin inhibits 

hepatocellular carcinoma in vivo, nude mice injected 
subcutaneously with GFP-labeled PLC-PRF-5 and 
Hep3B cells were given Formononetin treatment 
and/or combined with knocked down USP5 (Figure 
6J). Obviously, tumor volume curve (Figure 6K), 
fluorescence intensity (Figure 6L), tumor weight 
(Figure 6M), and metastatic nodules (Figure 6N) in 
lung were inhibited in Formononetin treated group 
and there was no obvious difference in Formononetin 
treated and shUSP5 + Formononetin treated groups. 
IHC assay also revealed that the expression of SLUG, 
Vimentin and Ki67 decreased under Formononetin 
treatment whereas that of E-cadherin increased and 
there was no obvious difference in Formononetin 
treated and shUSP5 + Formononetin treated groups 
(Figure 6O). Western blot results are consistent with 
the IHC results (Figure 6P). All these results 
demonstrate that Formononetin inhibits EMT of 
hepatocellular carcinoma, and the effect of 
Formononetin depended on USP5.  

Discussion 
HCC is the second leading cause of death from 

cancer worldwide. The prognosis of HCC is 
extremely poor with an overall ratio of mortality to 
incidence of 0.95 (http://gco.iarc.fr/today/home). 
Tumor recurrence or metastasis is always detected in 
many patients with HCC after their initial response to 
standard cancer therapy [25]. EMT plays a crucial role 
in tumor malignant progression by facilitating tumor 
cell invasion and dissemination to distant organs, 
thereby resulting in cancer metastasis [26, 27]. 
Therefore, the underlying molecular mechanisms of 
EMT should be investigated to develop novel 
therapeutic strategies for suppressing metastasis and 
thus improving treatment outcome. 

SLUG, a member of the SNAIL family of 
transcriptional repressors and is a key EMT regulator, 
triggers EMT by repressing E-cadherin expression [4]. 
SLUG is involved in various developmental and 
cellular processes, including the induction of cell 
motility and EMT [5]. SLUG also plays an important 
role in mesoderm formation, neural crest migration, 
and re-epithelialization of adult wounds [28]. 
However, SLUG is a highly unstable protein with 
short half-life, and the mechanism of controlling 
SLUG activity remains unclear [29].  

In this study, we employed pulldown and 
LC-MS/MS experiment and found that SLUG 
interacted with the deubiquitinase USP5, a member of 
USP family that can cleave ubiquitin–ubiquitin and 
ubiquitin–protein bonds through its deubiquitinase 
activity [14]. CHX and in vivo deubiquitination assay 
revealed that USP5 removed ubiquitin on SLUG and 
prevented SLUG from being ubiquitin-degraded. The 
ubiquitin-proteasome system regulates core 
EMT-inducing transcriptional factors. USP5 was 
recently found to stabilize c-Maf protein and promote 
myeloma cell proliferation and survival [30]. 
However, the importance of USP5-promoted SLUG 
stabilization in EMT must be examined. 

ChIP analysis showed that knockdown of USP5 
decreased the binding of SLUG to the promoter of 
E-cadherin. In vitro experimental results further 
proved that the depletion of USP5 reduced the 
expression of E-cadherin and inhibited the migration 
of HCC cells. In vivo experiments showed that the 
tumor proliferation and metastasis in USP5- or 
SLUG-deficient nude mice were all repressed. Clinical 
data analysis confirmed that the expression of USP5 
was positively correlated with clinical stage and 
pathological grade, and its high expression indicated 
a poor prognosis. In addition, the expression level of 
USP5 was closely associated with the metastasis and 
EMT-related protein expression. All the results 
suggest that USP5 can serve as a potential target for 
cancer treatment. 

Chinese medicine has a long-standing history, 
and many traditional Chinese medicines exert 
anti-tumor effects. Formononetin of a high docking 
score with USP5 was filtered out through virtual 
screening. The Formononetin is a novel herbal 
isoflavonoid isolated from Astragalus membranaceus, a 
medicinal plant with antitumorigenic properties [31]. 
Deubiquitinating enzymes play key roles in many cell 
activities, such as tumorigenesis, cell cycle, apoptosis, 
receptor signaling, endocytosis, drug resistance and 
so on [32, 33]. The increasing evidences demonstrate 
multiple USP-involved regulation mechanisms in 
tumors, it may be developed as a novel therapy for 
this devastating disease [34]. Formononetin, as an 
inhibitor of USP5 activity, may regulate tumors 
through multiple pathways. Formononetin induces 
the apoptosis of human osteosarcoma cell line U2OS 
[35] and to inhibit angiogenesis and tumor cell 



 Theranostics 2019, Vol. 9, Issue 2 
 

 
http://www.thno.org 

583 

invasion by down-regulated the expression of the key 
pro-angiogenic factors, including vascular endothelial 
growth factor and matrix metalloproteinases [31]. 
However, the direct target of Formononetin remains 
unknown. In this study, we show that Formononetin 
directly targets USP5 and inhibits its deubiquitinase 
activity, thereby destabilizing SLUG and repressing 
EMT and HCC progression. Bortezomib, also known 
as Velcade, is the first and currently the only 
proteasome inhibitor that is approved for clinical 
cancer therapy and shows excellent therapeutic 
efficacy in the treatment of multiple myeloma. 
However, the efficacy of Velcade is limited and is yet 
to be developed for targeted ubiquitination drugs [36, 
37]. 

In conclusion, we reveal for the first time that 
USP5 is physically associated with and stabilizes 
SLUG by its deubiquitinase activity. Formononetin 
displays excellent anti-tumor activity through 
suppresses the EMT by inhibiting USP5 deubiquition 
for SLUG in HCC. Structural modification should be 
conducted to obtain compounds with improved 
performance, which is significant to the development 
of clinical anti-tumor drugs that target USP5/SLUG. 

Methods 

Cell culture and transfection 
Hela, PLC-PRF-5, HepG2, MHCC-97L, 

MHCC-97H, LO2, THLE2, Hep3B, and SK-Hep-1 cells 
were purchased from KeyGEN BioTECH and OBIO, 
Shanghai. Cells are maintained in RPMI 1640 or 
DMEM medium (Neuronbc) with 10%FBS and 1%PS. 
All the cell lines were kept at 37 °C under a 
humidified atmosphere of 5% CO2 in an incubator, 
trypsinized, and passaged every 2 days. Plasmid 
DNA was transfected using Lipofectamine 2000 
transfection reagent (Invitrogen).  
Antibodies 

For western blot: anti-USP5 (abcam, ab154170, 
1:1000), anti-SLUG (Affinity, DF6202, 1:1000), 
N-cadherin (abcam, ab18203, 1:1000), Occlaudin-3 
(Affinity, AF0129, 1:1000) Cytokeratin (Affinity, 
BF0197, 1:1000), myosin (Affinity, AF4725, 1:1000). For 
IF: anti-E-cadherin (CST, 14472, 1:50), anti-Vimentin 
(CST, 5741, 1:100), anti-SLUG (Affinity, DF6202, 1:100) 
and anti-USP5 antibodies (Abcam, ab154170, 1:100). 
For IHC: anti-E-cadherin (CST, 14472, 1:100), 
anti-Vimentin (CST, 5741,1:100), anti-SLUG (CST, 
9585, 1:100), anti-USP5 (abcam, ab154170, 1:50), 
anti-Ki67 (Abcam, ab15580, 1:500). 

Pull down and silver staining  
Lysates from Hela cells expressing Flag–SLUG 

was prepared using 0.3% Nonidet P-40 lysis buffer 

(0.2 mM EDTA; 50 mM Tris-HCl, PH 7.4; 150 mM 
NaCl; 0.3% Nonidet P-40) containing protease 
inhibitor cocktail (Roche). Anti-Flag tag (L5) affinity 
beads (Biolegend) was used to incubate with the cell 
extracts for 12 h at 4 °C. After binding, the beads were 
washed with cold 0.1% Nonidet P-40 lysis buffer (0.2 
mM EDTA, 50 mM Tris-HCl (PH 7.4), 150 mM NaCl, 
0.1% Nonidet P-40). Flag peptide (Sigma) was then 
applied to the beads to elute the Flag protein complex 
as described by the manufacturer. The eluents were 
collected and visualized on 10% SDS–PAGE followed 
by silver staining with Fast Silver Stain Kit 
(Beyotime). Distinct protein bands were retrieved and 
analyzed by LC-MS/MS [38].  
Immunopurification (IP)  

For IP, 50 μl of 50% protein A/G agarose (Pierce) 
was incubated with control or specific antibodies (1–2 
μg) for 8 h at 4 °C with constant rotation. Hela, 
PLC-PRF-5 and Hep3B cell lysates were prepared by 
incubating the cells in 0.3% Nonidet P-40 lysis buffer 
in the presence of protease inhibitor cocktails. The 
lysates were centrifuged at 12000 rpm for 10 min at 
4°C and then incubated with antibody-conjugated 
beads for an additional 12 h. After incubation, beads 
were washed five times using cold 0.1% Nonidet P-40 
lysis buffer. The precipitated proteins were eluted 
from the beads by re-suspending the beads in 2 × 
SDS–PAGE loading buffer and boiling for 10 min at 99 
°C. The boiled immune complexes were subjected to 
SDS–PAGE followed by IB with USP5 (abcam, 
ab154170, 1:1000) and SLUG (Affinity, DF6202, 
1:1000). 

FPLC 
Hela cell extracts were applied to a Superdex 200 

10/300 GL (GE Healthcare) that was equilibrated with 
1 × phosphate-buffered saline (PBS). The column was 
eluted at a flow rate of 0.5 mL/min, and fractions 
were collected. Western blotting analysis was 
conducted to detect USP5 (abcam, ab154170, 1:1000) 
and SLUG (Affinity, DF6202, 1:1000). 

Immunofluorescence assay 
For the immunofluorescence assay, PLC-PRF-5 

and Hep3B cells subjected to different treatments 
were washed three times with 1 × PBS, fixed in 4% 
paraformaldehyde (pre-cooled at 4 °C, Solarbio) for 20 
min, and blocked with 5% bovine serum albumin 
(BSA, KeyGEN BioTECH) containing 0.1% 
TritonX-100 (Sigma) for 30 min at room temperature. 
Then, the resultants were incubated with 
anti-E-cadherin (CST, 14472, 1:50) and anti-Vimentin 
(CST, 5741, 1:100) or anti-SLUG (Affinity, DF6202, 
1:100) and anti-USP5 antibodies (Abcam, ab154170, 
1:100). After washing with 1 × PBS again, and then 
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incubated with fluorescently conjugated secondary 
antibodies (1:200, KeyGEN BioTECH) diluted in 5% 
BSA for about 50 min at room temperature. Finally, 
the cells were washed with 1 × PBS and mounted with 
the DAPI-containing mounting medium (Solarbio). 
The images of cells were taken with a laser scanning 
confocal microscope (Leica).  

Deubiquitination assay 
PLC-PRF-5 cells with different treatments 

were lysed by 0.3% Nonidet P-40 lysis buffer and 
centrifuged at 12000 rpm for 10 min. Then, anti-FLAG 
affinity gel or anti-SLUG antibody-conjugated protein 
A/G agarose were used to incubate with cellular 
extracts for 12 h at 4 °C. Thereafter, the resultants 
were washed five times with cold 0.1% Nonidet P-40 
lysis buffer, boiled in SDS loading buffer, and 
subjected to SDS-PAGE followed by IB[39]. 
ChIP 

PLC-PRF-5 cells treated with USP5 siRNA or 
Formononetin were cross-linked using 1% 
formaldehyde (Sigma–Aldrich). Then, the cells were 
lysed, and chromatin was sheared by sonication. 
Chromatin fraction was incubated with SLUG 
antibody overnight at 4 °C, and DNA was extracted 
and used for polymerase chain reaction amplification 
with E-cadherin specific primers (Forward: 
5’-AGCCTCGGCAACATAGT-3’, Reverse: 
5’-CACCACACCGGCTAATT-3’). Histone H3 (PTM 
Bio) was used as a positive control and IgG was used 
as a negative control (abcam, ab190475). 

Synthesize of Formononetin-Probe 
A solution of Formononetin (100 mg, 0.37 mmol, 

meilunbio) and 4-Pentynoic acid (44 mg, 0.45 mmol) 
in CH2Cl2 (8 mL) was added with DCC (152 mg, 0.74 
mmol) and DMAP (90 mg, 0.74 mmol). The reaction 
mixture was then stirred under nitrogen at 20 °C for 8 
h. The aqueous solution was extracted with CH2Cl2 (3 
× 10 mL). The combined organic layer was washed 
with H2O (2×10 mL), dried over anhydrous MgSO4, 
and filtered. The solvent was removed under reduced 
pressure. The crude product was purified by column 
chromatography (silica gel, PE:EA = 2:1) to facilitate 
Formononetin probe in 75% yield (97 mg): 1H-NMR 
(400 MHz, CDCl3) δ 8.33 (d, J = 8.7 Hz, 1H), 7.98 (s, 
1H), 7.52 – 7.48 (m, 2H), 7.32 (d, J = 2.2 Hz, 1H), 7.18 
(dd, J = 8.7, 2.2 Hz, 1H), 7.00 – 6.97 (m, 2H), 3.85 (s, 
3H), 2.87 (t, J = 7.3 Hz, 2H), 2.66 (m, J = 7.3, 2.6 Hz, 
2H), 2.07 (t, J = 2.6 Hz, 1H). 

RNA interference 
All siRNAs were transfected using 

Lipofectamine RNAi MAX following the 
recommendations of the manufacturer. The final 

concentration of the siRNA was 10 nM, and the cells 
were collected after 72 or 96 h for the experiments. 
SLUG siRNA sequence: 5’-CCCAUUCUGAUGUAA 
AGAAAU-3’. USP5 siRNA: 5’-GAUAGACAUGAA 
CCAGCGGAU-3’. 

Lentiviral production 
The shRNAs targeting USP5 in the 

pLKO-U6-shRNA, carried by pLP1, pLP2, pLP VSV-G 
assistant vectors transfected into HEK293T cells. Viral 
supernatants were collected 48 h later, clarified by 
filtration, and concentrated by ultracentrifugation. 
The plasmids were purchased from OBIO, Shanghai. 
USP5 shRNA sequence: 5’-CCGGGACCACACGAT 
TTGCCTCATTCTCGAGAATGAGGCAAATCGTGT
GGTCTTTTT-3’. 

Immunofluorescence co-localization 
PLC-PRF-5 cells treated with or without 

Formononetin probe were fixed by 3.7% 
formaldehyde and blocked with 5% FBS containing 
0.1% TritonX-100. Samples were then stained with 
anti-SLUG (Affinity, DF6202, 1:100) and anti-USP5 
antibodies (Abcam, ab154170, 1:100) and secondary 
antibodies coupled to AlexaFluor 488 or 594 
(Invitrogen). Formononetin probe was connected to 
647 dyes by click reaction. Pictures were taken with 
the N-stochastic optical reconstruction microscopy 
system (N-STORM, Nikon, Tokyo, Japan).  
Biacore 

The experiments were carried out using Biacore 
T200 SPR sensor (Biacore, GE Healthcare) with control 
software version 3.0 and Sensor Chip CM5 
(carboxymethylated dextran surface). All the assays 
were performed at 25 °C. USP5 was immobilized via 
amine groups in all of the four available flow cells. To 
this end, the chip surface was first activated following 
a standard EDC/NHS protocol11 with Biacore 
PBS-EP buffer used as the running buffer. USP5 at a 
concentration of 0.4 mg/mL in 10 mM phosphate 
buffers (pH 7.4) was then injected for 12 min followed 
by a 7-min injection of 1 M of ethanolamine (pH 8.5) 
to inactivate the residual active groups. Typically, 
approximately 4000 RU of USP5 was immobilized per 
flow cell. Formononetin was diluted at 3, 6, 12, 25, and 
50 μM. The insoluble residue was pelleted by 
centrifugation and discarded. The supernatant of 200 
μL was injected at a flow rate of 20 μL/min. Protein 
binding time was set to 3 min, and the dissociation 
time was 300 s. The chip was regenerated with 
glycine-HCl (pH 2.5, 10 mM) [40]. 
SEM 

Cells were seeded on climbing films and treated 
with Formononetin. Then, the cells were fixed with 
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4% paraformaldehyde (pre-cooled at 4 °C), 
dehydrated in acetone/isoamyl acetate (1:1), dried 
with a gradient concentration of acetonitrile, and 
coated with gold. Subsequently, images of the cells 
were taken with a scanning electron microscope (LEO 
1530 VP, Germany) [41]. 

Invasion assay 
For the invasion assays, PLC-PRF-5 and Hep3B 

cells subjected to different treatments were added in 
top-chamber inserts coated with matrigel (BD 
Biosciences). The bottom chamber was filled with 500 
μL of medium containing 10% FBS. After being 
cultured at 37 °C for 24 h, the cells transferred through 
the filter membrane at the bottom of the chambers 
were washed three times with 1 × PBS, fixed in 4% 
paraformaldehyde (pre-cooled at 4 °C), and stained 
with crystal violet staining solution (KeyGEN 
BioTECH). The passed cells were counted under a 
microscope (Nikon, Japan). 

Colony formation  
PLC-PRF-5 and Hep3B cells with different 

treatments were maintained in culture media for 14 
days, and this procedure was followed by staining 
with crystal violet. 

Migration assay 
For the migration assays, PLC-PRF-5 and Hep3B 

cells with different treatments were scratched in the 
center of the well. Wound images were photographed 
every 12 h using a light microscope (Nikon, Japan).  

Luciferase activity assay 
PLC-PRF-5 and Hep3B cells were seeded in 

96-well plates. After 24 h, the plasmids of SLUG, USP5 
or siRNA were transfected separately into the cells or 
co-transfected with E-cadherin promoter. After 48 h, 
Gaussia luciferase and secreted alkaline phosphatase 
(SEAP) luciferase activities were measured 
consecutively by using Dual-Luciferase Reporter 
Assay System (GeneCopoeia Inc., USA). Gaussia 
luciferase was normalized to SEAP activity. The 
experiment was performed in triplicate [38]. 

Tumor xenograft 
PLC-PRF-5 and Hep3B cells were infected with 

USP5 shRNA or USP5 overexpressed plasmids with 
lentiviruses in vitro. After forty-eight hours, 2 × 106 
cells in PBS were injected into BALB/c nude mice (6–8 
weeks old, Charles River, Beijing, China) by 
subcutaneous injection. For testing the effect of 
Formononetin on inhibiting liver cancer, 2 × 106 
PLC-PRF-5 and Hep3B cells or cells knocked down 
USP5 suspended in PBS were subjected to BALB/c 
nude mice (5–6 weeks old) by subcutaneous injection. 

From the 15th to the 30th day since injection, the mice 
in experimental groups were treated with 
Formononetin at a concentration of 100 mg/kg every 
2 days. By contrast, the mice in the control group were 
treated with the same volume of saline. Tumors were 
measured every 3 days using a Vernier calliper, and 
the volume was determined using the formula 
V=ab2/2 (a = length of tumor, b = width of tumor). 
After the mice were sacrificed, the tumors and lungs 
were harvested and fixed in 4% paraformaldehyde 
and embedded in paraffin for histologic examination 
or hematoxylin and eosin staining.  

IHC  
The tissues were deparaffinized with xylene and 

dehydrated with ethanol of decreasing 
concentrations. Endogenous peroxidase was blocked 
by incubating with 3% hydrogen peroxide for 15 min. 
The antigen retrieval was done in a steam pressure 
cooker with citrate buffered saline (pH 6.0) for 15 min 
at 95 °C. After incubation with normal goat serum for 
20 min at room temperature to block unspecific 
labeling, the tissues were incubated with primary 
antibodies including anti-E-cadherin (CST, 14472, 
1:100,), anti-Vimentin (CST, 5741, 1:100,), anti-SLUG 
(CST, 9585, 1:100), anti-USP5 (abcam, ab154170, 1:50), 
anti-Ki67 (Abcam, ab15580 1:500) antibodies in a 
humidified chamber overnight at 4 °C. 
Diaminobenzidine was utilized for color development 
and hematoxylin as counterstain. Expression levels of 
E-cadherin, Vimentin, USP5, and SLUG were 
independently evaluated by two investigators.  

Molecular docking 
The crystal structure of USP5 was downloaded 

from the Protein Data Bank (PDBID: 3IHP). The 
crystal structure of SLUG was modeled by 
SWISS-MODEL (https://www.swissmodel.expasy 
.org/). Then, the protein structure was prepared with 
by adding hydrogen, optimizing the H-bond 
assignment, assigning bond order, treating disulfides, 
and performing energy minimization to relax the 
structure. The HEX software was used to perform 
protein–protein docking. Schrodinger software was 
used to perform molecule screening. The ligand in the 
crystal structure was used to define the center site of a 
docking grid box, and the xyz dimensions of docking 
grid box were 60×60×60. The 3D structures of the 
Traditional Chinese medicine molecule were 
generated with LigPrep and were minimized with 
OPLS-2005 force field. Docking score was used to sort 
small molecules [42]. 

Bioinformatics analysis 
PLC-PRF-5 cells treated with Formononetin (20 

μM) or DMSO were lysed with TRIZOL reagent 
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(Invitrogen) and underwent microarray-based high 
throughput gene expression profiling. The genes 
underwent GO and KEGG analysis by using gene set 
enrichment analysis (GSEA) soft. GO and KEGG gene 
sets was analyzed from MSigDB v2.5 gene set 
database (http://software.broadinstitute.org/gsea/ 
msigdb/index.jsp). In generally, the analysis consists 
of the following steps. The list of all the gene names 
and corresponding quantitative value were loaded. 
Then, minimum number of gene sets matches to 15 
and maximum number of gene matches to 500. Given 
a gene set, GSEA soft distinguishes whether the gene 
is belongs to the top or bottom of the list. And 
enrichment score indicates the degree of gene 
enrichment.  

Statistical analysis 
Data from biological triplicate experiments were 

presented with error bar as mean ± SD. Two-tailed 
unpaired Student’s t-test was used for comparing two 
groups of data. One-ANOVA was used to compare 
multiple groups of data. P value of less than 0.05 was 
considered significant. 
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