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ARTICLE INFO ABSTRACT

Keywords: Herein, we aimed to elucidate the molecular and cellular mechanism in which ubiquitin-specific protease 8
uspg (USP8) is implicated in liver cancer progression via TRAF6-mediated signal. USP8 induces the deubiquitination
Autophagy of TRAF6, TAB2, TAK1, p62, and BECN1, which are pivotal roles for NF-xB activation and autophagy induction.

Toll-like receptor 4
TRAF6-mediated signal
Liver cancer progression

Notably, the LIHC patient with low USP8 mRNA expression showed markedly shorter survival time, whereas
there was no significant difference in the other 18-human cancers. Importantly, the TCGA data analysis on LIHC
and transcriptome analysis on the USP8 knockout (USP8KO) SK-HEP-1 cells revealed a significant correlation
between USP8 and TRAF6, TAB2, TAK1, p62, and BECN1, and enhanced NF-kB-dependent and autophagy-
related cancer progression/metastasis-related genes in response to LPS stimulation. Furthermore, USP8KO SK-
HEP-1 cells showed an increase in cancer migration and invasion by TLR4 stimulation, and a marked increase
of tumorigenicity and metastasis in xenografted NSG mice. The results demonstrate that USP8 is negatively
implicated in the LIHC progression through the regulation of TRAF6-mediated signal for the activation of NF-kB
activation and autophagy induction. Our findings provide useful insight into the LIHC pathogenesis of cancer

progression.
Introduction proteins [1,2]. However, recent evidences have demonstrated that
ubiquitin specific peptidase 8 (USP8) stabilizes oncogenes and
Ubiquitin-specific proteases (USPs) as a deubiquitinases, regulate proto-oncogenes, therefore promoting cancer progression and survival
multiple fundamental cellular processes including cell proliferation, cell through the activation of multiple signaling pathways [1,3,4]. It is
cycle, and cancer progression by removing ubiquitin from the substrate critically associated with the movement of the ubiquitin from oncogenes
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and proto-oncogenes, and thus protect the proteins from degradation [3,
4]. Depending with the ubiquitination linkages, the ubiquitinated sub-
strate proteins can either play part in the regulation of protein degra-
dation pathway, like in the case of K48-linkage ubiquitination, or
functional regulation of cellular signaling, like in the case of K63-linkage
ubiquitination [5-7]. USP8 can cleave K6, K48, and K63 linkages in the
ubiquitin chain of the substrate proteins [8,9]. However, while there are
numerous studies on the regulation of K48-linkage ubiquitinated sub-
strates by USP8 and the subsequent role in cancer progression [10,11],
the implication of K63-linkage deubiquitination by USP8 in cancer
progression is poorly understood.

Accumulating evidences have demonstrated that the autophagy and
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«xB)
activity induced by toll-like receptors (TLRs) functionally regulates
cancer progression [12-18]. When TLRs are stimulated, TNF Receptor
Associated Factor 6 (TRAF6) simultaneously induces the K63-linked
ubiquitination of TAK1 Binding Protein 2 (TAB2) and TGF-Beta Acti-
vated Kinase 1 (TAK1) for the activation of NF-xB, and the K63-linked
ubiquitination of BECN1 for autophagy induction, subsequently
enhancing cancer progression [15-24]. Interestingly, several deubiqui-
tinating enzymes, such as A20 and USP14, have been reported to give
raise to dampen cellular signals for the activation of NF-xB and auto-
phagy induction through the deubiquitination of TRAF6-downstream
molecules [23-26]. A20 specifically targeting the K63-linked ubiquitin
chain antagonizes the modifying function of TRAF6 on the ubiquitinated
Beclin-1, thereby attenuating autophagy induction and cancer progres-
sion in response to TLR signaling [23,24]. Additionally, USP14 nega-
tively regulates the autophagy induction by controlling K63
ubiquitination of Beclin 1 and the activation of NF-kB by controlling K63
ubiquitination of TAB2 [25,26]. The above findings strongly suggest
that the functional identification of cellular USPs might help to under-
stand their pathological mechanism and explore the relevance of USPs as
therapeutic targets in cancer progression.

Liver hepatocellular carcinoma (LIHC) is a major cause of cancer-
related mortality and cellular activation of NF-xB and autophagy has
been reported to majorly affect its progression [27-32]. Several cellular
factors including vascular endothelial growth factor (VEGF) and
monocyte chemotactic protein-1 (MCP-1) are regulated by reactive ox-
ygen species (ROS) and NF-kB, and play an essential role in tumor
angiogenesis and tumor aggressiveness [33-35]. On the other hand,
accumulating evidence has demonstrated that autophagy is robustly
activated in hepatocellular carcinoma (HCC tumor) under various
cellular stressors and promotes tumor malignancy and progression [36,
37]. Recent reports have also shown that TLRs stimulation enhance the
production of cytokines, such as IL-6, CCL2/MCP-1, CCL20/MIP-3a,
VEGFA, and MMP2, which are necessary for cancer cells migration and
invasion, through the TRAF6-mediated ubiquitination of BECN1 for
autophagy activation [15-18]. However, while increasing evidence
have suggested that NF-xB and autophagy functionally promotes
tumorigenesis and cancer progression it is partly controversial whether
the two are either positively or negatively implicated in the cancer
progression [27-32].

In the present study, we investigated the functional role of USP8 in
the LIHC cancer progression in vitro and in vivo. The current work has
addressed the molecular and cellular mechanism by which USP8 as a
deubiquitinase is implicated in the TRAF6-mediated signaling for the
activation of NF-kB and autophagy. Furthermore, we provide evidence
using CRISPR/Cas9 knockout method, transcriptome analysis, TCGA
data analysis, and xenografted NOD scid gamma (NSG) mice to support
the molecular and cellular mechanism of USP8 in the regulation of liver
cancer progression. Our data also provide useful insights in to the
pathogenesis of cancer progression and might contribute to develop new
therapeutic targets for LIHC.
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Methods and materials
Animal experimentation

NOD/SCID/IL—ZR\(rlull (NSG) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA) and maintained under specific
pathogen-free conditions in accordance with the ethical guidelines for
the care of these mice at the Laboratory Animal Research Center (LARC)
of the Samsung Biomedical Research Institute (SBRI) and Samsung
Medical Center (SMC), Seoul, South Korea. All experimental procedures
were approved by the Institutional Animal Care and Use Committee
(IACUC) of the SMC (No. 20160617001). The NSG mice were 6—8 weeks
old at the time of injection with cancer cell line. USP8KO (5 x 10° cells
per mouse, n = 10) or control (Ctrl) SK-HEP-1 cells (5 x 10° cells per
mouse, n = 10) were injected under the NSG mice skin (back area)
within serum free DMEM. Final injection volume was 100 pl/mouse, cell
suspension was 50 pl and 1:1 v/v mixture of ice-chilled Matrigel (BD
Biosciences, La Jolla, CA, USA), and kept on ice until injection. Two
weeks after cancer cell injection, tumor volume was measured by a
caliper every 3, 4 days until 70 days after injection, and the volumes
(mm?) were calculated by (length x width)? x 0.5. Tumor growth curves
are presented as average tumor volume + SEM for each group in this
study. All studies involving mice were approved by the Nemours IACUC.

Cells

Human embryonic kidney (HEK) 293T cells (ATCC, CRL-11268)
were cultured and maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Thermo Fisher Scientific, 11965092) with 10% fetal bovine
serum (FBS). Human liver adenocarcinoma SK-HEP-1 cells (ATCC, HTB-
52) were cultured and maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM, HyClone, Logan, UT, USA) supplemented with 10% fetal
bovine serum (FBS, Biological Industries, Cromwell, CT, USA), 100 U/ml
penicillin, and 100 pg/ml streptomycin (HyClone) in a humidified at-
mosphere at 37 °C with and 5% CO5.

Generation of USP8-knockout (USPS8KO) SK-HEP-1 cells by CRISPR/
Cas9

The guide RNA sequences for CRISPR/Cas9 were designed as 5'-
CACCG AATGGATGCTCGAAGAATGC -3’ and 3- CTTACCTAC-
GAGCTTCTTACG CAAA -5’ for human USP8. USPSKO SK-HEP-1 cells
were generated as previously described.!”!® Complementary oligonu-
cleotides to the guide RNAs (gRNAs) were annealed and cloned into a
lentivirus CRISPR v2 vector (Addgene plasmid, 52961). Lenti CRISPR
v2/gRNA was transfected into SK-HEP-1 cells using Lipofectamine 2000
according to the manufacturer’s instructions. USPSKO SK-HEP-1 col-
onies were selected and confirmed by western blots, as previously
described [17,18].

Antibodies and reagents

Anti-Myc (2276), anti-GAPDH (2118), and anti-LC3A/B (4108) were
purchased from Cell Signaling Technology. Anti-HA (ab18181) was
purchased from Abcam. Flag (SAB4200071), lipopolysaccharide (LPS;
serotype 0128: B12), chloroquine (CQ; C6628), dimethyl sulfoxide
(DMSO; 472301), puromycin (P8833), paraformaldehyde (P6148),
Triton X-100 (T8787), 3-methyladenine (3-MA; M9281), gentamicin
(G1272), deoxycholate (D6750), and Dulbecco’s phosphate-buffered
saline (DPBS; D8537) were purchased from Sigma-Aldrich. Lipofect-
amine 2000 (11668019) was purchased from Thermo Fisher Scientific.

Plasmids

Flag-TRAF6 (21624), Flag-HA-USP8 (22608), HA-p62 (28027),
PRK6-HA-TAK1 (44160), Flag-BECN1 (24388) plasmids were purchased
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from Addgene. Using Flag-TRAF6 plasmid, a full-length Myc-TRAF6
construct was cloned into a pCMV-3Tag-7 vector (Agilent Technologies,
240202) and generated. Using Flag-HA-USP8 plasmid, a full-length
Myc-USP8 or a full-length Flag-USP8 construct was cloned into a
pCMV-3Tag-7 vector (Agilent Technologies, 240202) and generated.
Using Flag-BECN1 plasmid, a full-length Myc-BECN1 construct was
cloned into a pCMV-3Tag-7 vector (Agilent Technologies, 240202) and
generated. Using HA-p62 plasmid, a full-length Myc-p62 construct was
cloned into a pCMV-3Tag-7 vector (Agilent Technologies, 240202) and
generated. Using pRK6-HA-TAK1 plasmid, a full-length Myc-TAK1
construct was cloned into a pCMV-3Tag-7 vector (Agilent Technologies,
240202) and generated. Flag-TAB1 and HA-Ub plasmids were obtained
from Dr. J. H. Shim (University of Massachusetts Medical School, USA).
Truncated mutants of Flag-TRAF6, Flag-TRAF6 110-522, Flag-TRAF6
260-522, and Flag-TRAF6 349-522, were generated as previously
described [26]. Flag-USP8 C786S mutant was generated by site-directed
mutagenesis as previously described [38].

Western Blotting (WB) and Immunoprecipitation (IP) assays

Western Blotting and IP assays were performed as previously
described [16-18,22,26]. Briefly, HEK-293T cells were seeded in 6-well
plates, transfected, treated as described in the text and Figures. The cells
were incubated for 38 to 48 h. Then, the cells were collected, and cell
lysates were immunoprecipitated with anti-Myc, anti-Flag, or anti-HA
antibody. The IP complexes were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 6-10%) and
immune-probed with anti-Myc, anti-Flag, or anti-HA antibody. For the
ubiquitination assay, mock vector, Flag-TRAF6, Myc-USP8, Flag-TAB2,
Myc-TRAF6, Myc-TAK1, Myc-p62, Flag-USP8, Myc-BECN1, and
Flag-USP8 C786S mutant were transfected separately into HEK293T
cells along with HA-tagged Ub, as described in the text and Figures. Cell
lysates were immunoprecipitated with anti-Myc or anti-Flag antibody
and probed with anti-Myc, anti-Flag, or anti-HA antibody (the different
antibodies indicated in the text and Figures). Control (Ctrl) SK-HEP-1
and USP8KO SK-HEP-1 cells were treated with or without a vehicle or
CQ (10 pM) or 3-MA (5 mM) in the presence or absence of LPS (10
pg/mL) for 6 h. The cell lysates were immunoblotted with anti-LC3A/B
antibody and anti-GAPDH as a loading control.

Wound-healing migration assay

A wound-healing migration assay was performed following previous
protocols [17,18,26]. Briefly, Ctrl SK-HEP-1 and USP8KO SK-HEP-1 cells
were seeded in 12-well plates and cultured to reach confluence. The cell
monolayers were gently scratched and washed with culture medium.
After the floating cells and debris were removed, the cells were treated
with a vehicle (DMSO), 3-MA (5 mM), and CQ (10 pM) in the presence or
absence of LPS (10 pg/mL). Cell images were captured after culturing for
different time periods as indicated in each experiment.

Transwell invasion assay

The Transwell Matrigel invasion assay was performed following
previous protocols [17,18,26]. Briefly, Ctrl SK-HEP-1 and USP8KO
SK-HEP-1 cells were suspended in a culture medium (200 pL) without
FBS, and cells were added to the upper compartments of a 24-well
Transwell® chamber containing polycarbonate filters with 8 mm
pores and coated with 60 mL of Matrigel (Sigma Aldrich, E1270; 1:9
dilution). Culture medium with 10% FBS was added to the lower
chambers and incubated for 24 h. Cells in the upper compartments were
removed, washed with PBS, and fixed. The invaded cells were stained
with 4,6-diamidino-2-phenylindole (Sigma-Aldrich, D9542) and quan-
tified by counting the number of fluorescent cells.
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The cancer genome atlas (TCGA) cancer patient survival and gene
correlation analysis

The survival data of 20 different cancer patients was analyzed using
OncoLnc (http://www.oncolnc.org/search_results/?q=USP8, http://
www.oncolnc.org/search_results/?q=USP8). The gene correlation
analysis between USP8 and TRAF6, TAK1 (MAP3K7), TAB2, BECN1, or
p62 (SQSTM1) in LIHC was performed by using TCGA data (GAPIA, gene
expression profiling interactive analysis; http://gepia.cancer-pku.
cn/detail.php?gene=USP8).

RT-gPCR analysis of hCCL20 and hIL-6

Control (Ctrl) and USP8KO SK-HEP-1 cells were treated without or
with 10 pg/mL LPS for 9 h. Total RNA was extracted, cDNA was ob-
tained. Specific primers of hCCL20 and hIL-6 were purchased from
Qiagen (Hilden, Germany). RT-qPCR analysis was performed, as previ-
ously described [16,17].

Transcriptome sequencing analysis

For RNA sequencing (RNA-seq), USPSKO and Ctrl SK-HEP-1 cells
were treated with or without LPS (10 pg/ml) for different time periods
(0 h, 6 h, and 9 h). Cells were dissolved in TRIzol reagent (Invitrogen)
and RNA extraction was performed, as previously described [39]. RNA
pellets were dried for 10 min at RT, and then dissolved in RNase-free
water. The purified RNA quality was measured using an Agilent 4200
tape station. RNA-seq and cDNA libraries were constructed, as previ-
ously described [39]. RNA-seq was performed by Macrogen Inc., Korea,
following previous protocols [40-42]. Differential gene expression
analysis was performed using EdgeR [43]. The R package Heatmaps was
used to generate the DEG heatmap. For gene ontology enrichment and
functional annotation analysis, the GO database (http://www.geneonto
logy.org/) was used. The biological pathways and functions were
analyzed on the basis of q value through DAVID, and ClusterProfiler.

Histological analysis

Tumor and liver tissues were isolated from NSG mice xenografted
with USP8KO or Ctrl SK-HEP-1 cells at the end of experiment and
embedded in paraffin. The paraffin-embedded tissue sections were
stained with hematoxylin and eosin (H&E). Immunohistochemistry
(IHC) staining was performed on 4 pm tissue sections fixed on slide glass
after deparaffinization with xylene and rehydration with ethanol. An-
tigen epitope retrieval was performed by heating in 0.01 M citrate buffer
(pH 6.0) in a microwave for 15 min and cooling at room temperature.
Endogenous peroxidase was inhibited with 3% H»05 for 10 min at room
temperature. The slides were washed with 1X Tris-buffered saline (TBS)
containing 0.1% Tween-20 and incubated in 1% BSA in TBS buffer for 2
h. at room temperature. The slides were stained with primary anti-
bodies, recombinant anti-CEACAM5 + CD66b + CEACAMI1 -+ CEA-
CAM6 (EPR20721; 1:4000, abcam), anti-mitochondria (MAB1273,
clone 113-1; 1:100, Merckmillipore), and incubated at 40 °C for an
overnight. The next day, the slides were washed and treated with Real
Envision Detection System Peroxidase/DAB, Rabbit/Mouse kit (DAKO).
Stained slides were observed using an Olympus CX41 light microscope
(Olympus, Japan) with x 10/22 numeric aperture and x 40/ 0.75
numeric aperture objectives, and photographic images were collected
with a Virtual Slide System (Aperio Technologies, Inc., CA, USA) and
analyzed using AperiolmageScope software (Aperio Technologies, Inc.).

Statistical analysis
The in vitro and in vivo data are expressed as the mean + SEM of

triplicate samples. Statistical significance was analyzed using ANOVA or
Student’s t-test in GraphPad Prism 5.0 (GraphPad Software, San Diego,
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Fig. 1. USP8 induces the deubiquitination of TRAF6, TAB2, and TAK1. (A) Inmunoprecipitation (IP) assay was performed with anti-Myc antibody on HEK 293T cells
transfected with mock, Myc-USP8, and Flag-TRAF6, as indicated. (B) Truncated mutants of TRAF6, TRAF6 110-522, TRAF6 260-522, and TRAF6 349-522. (C) IP
assay was performed with anti-Myc antibody on HEK 293T cells transfected with mock, Myc-USP8, Flag-TRAF6 wild type (WT), and Flag-TRAF6 truncated mutants,
Flag-TRAF6 110-522, Flag-TRAF6 260-522, and Flag-TRAF6 349-522, as indicated. (D) A schematic model for the interaction between TRAF6 and USP8. (E)
Deubiquitination assay was performed on HEK 293T cells transfected with mock, Flag-TRAF6, HA-Ub, and different concentrations of Myc-USP8, as indicated. (F) A
schematic model for the deubiquitination of TRAF6 by USP8. (G) IP assay was performed with anti-Flag antibody on HEK 293T cells transfected with mock, Flag-
USP8, and HA-TAB2, as indicated. (H) IP assay was performed with anti-Myc antibody in HEK 293T cells transfected with mock, Flag-USP8, and Myc-TAK1, as
indicated. (I) Deubiquitination assay was performed on HEK 293T cells transfected with mock, Flag-TAB2, HA-Ub, Myc-TRAF6, and different concentrations of Myc-
USP8, as indicated. (J) Deubiquitination assay was performed on HEK 293T cells transfected with mock, Myc-TAK1, Flag-TRAF6, HA-Ub, and different concen-
trations of Flag-USPS8, as indicated. (K) A schematic model of how USP8 induces the deubiquitination of TRAF6, TAB2, and TAK1 for the inhibition of the activation

of IKKs.
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CA, USA). *p < 0.05, **p < 0.01, ***p < 0.001, or ****p < 0.0001 was
considered statistically significant.

Results

USP8 induces the deubiquitination of TRAF6-associated proteins for the
activation of NF-«xB

The processes of protein ubiquitination and deubiquitination are
functionally implicated in TLR signaling [44,45], especially in
TRAF6-mediated signaling for the activation of NF-xB and autophagy
[12-18,44,45]. To investigate whether USP8 is involved in the
TRAF6-mediated signaling, we first examined the molecular association
of USP8 with TRAF6. Our results showed that Myc-USP8 interacted with
Flag-TRAF6 (Fig. 1A, lane 4). In addition, USP8 interacted with
Flag-wild type (WT) TRAF6, Flag-TRAF6 110-522 truncated mutant,
and Flag-TRAF6 260-522 truncated mutant (Fig. 1B, TRAF6 truncated
mutants; Fig. 1C, lanes 6-8), whereas there was no significant interac-
tion with Flag-TRAF6 349-522 truncated mutant (Fig. 1C, lane 9),
indicating that USP8 interacts with the coiled-coil domain of TRAF6
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(Fig. 1D). TRAF6 auto-ubiquitination serves as a key role for the mo-
lecular association with the TAKI1-TAB1-TAB2 complex, thereby
enhancing the activation of NF-xB [19,46]. Therefore, we examined
whether USP8 induces the deubiquitination of TRAF6. The ubiquitina-
tion of TRAF6 could be seen in the absence of Myc-USP8 (Fig. 1E, lane
2), whereas the marked deubiquitination of TRAF6 was observed in the
presence of Myc-USP8 in a dose-dependent manner (Fig. 1E, lane 3-5),
indicating that USP8 induces the deubiquitination of TRAF®6, as depicted
in Fig. 1F. The ubiquitinated TRAF6 is associated with the
TAK1-TAB1-TAB2 complex and induces the ubiquitination of TAB2 and
TAK1, leading to the activation of NF-kB [19,46,47]. We further
examined whether USP8 is involved in the deubiquitination of TAB2 and
TAK1. Flag-USP8 interacted with HA-TAB2 (Fig. 1G, lane 4) or
Myc-TAK1 (Fig. 1H, lane 4). The ubiquitination of TAB2 and TAK1 was
markedly attenuated in the presence of Myc-USP8 or Flag-USPS8 in a
dose-dependent manner (Fig. 11, lane 4, 6; Fig. 1J, lane 4, 6), as
compared with that in the absence of Myc-USP8 or Flag-USP8 (Fig. 11,
lane 3; Fig. 1J, lane 3). Notably, the activation of NF-kB and production
of pro-inflammatory cytokines, such as IL-6, TNF-a, and IL-1p, were also
significantly attenuated in the USP8-overexpressed HEK293T (SFig. 1A,
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Fig. 2. USP8 induces the deubiquitination of BECN1 and p62. (A) Immunoprecipitation (IP) assay was performed with anti-Myc antibody on HEK 293T cells
transfected with mock, Myc-BECN1, and Flag-USP8, as indicated. (B) Deubiquitination assay was performed on HEK 293T cells transfected with mock, Myc-BECN1,
Flag-TRAF6, HA-Ub, and different concentrations of Flag-USP8, as indicated. (C) Deubiquitination assay was performed on HEK 293T cells transfected with mock,
Myc-BECN1, HA-Ub, Flag-TRAF6, Flag-USP8 wild type (WT), and Flag-USP8 C786S mutant, as indicated. (D) IP assay was performed with anti-Flag antibody on HEK
293T cells transfected with mock, Myc-p62, and Flag-USPS8, as indicated. (E) Deubiquitination assay was performed in HEK 293T cells transfected with mock, Myc-
p62, Flag-TRAF6, HA-Ub, and different concentrations of Flag-USP8, as indicated. (F) A schematic model for the deubiquitination of BECN1 (left) and p62 (right)

by USP8.
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NF-kB; SFig. 1B, IL-6, SFig. 1C, TNF-o; SFig. 1D, IL-1B), whereas marked
increase was observed in the USP8-knockdown (USPS8KD) THP-1 cells
(SFig. 2A) in response to LPS stimulation (SFig. 2B, NF-xB; SFig. 2C,
IL-6). These results suggest that USP8 is negatively implicated in the
TLR4-mediated signaling for the activation of NF-kB through the

de-ubiquitination of TRAF6, TAB2, and TAK1, as depicted in Fig. 1K.
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USPS8 induces deubiquitination of BECN1 and p62 protein related to
autophagy induction

TRAF6 induces the ubiquitination of BECN1 and p62, therefore
regulating autophagy induction [23,24,48,49]. Having shown that USP8
induces the deubiquitination of TRAF6, TAB2, and TAK1, and resulted in
the attenuation of NF-kB activation induced by TLR4 stimulation, we
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Fig. 3. Kaplan-Meier survival analysis and logrank test show a significant association between the USP8 expression and the survival of LIHC patient. For Kaplan-
Meier survival analysis on 20 different cancers (provided by OncoRank (http://www.oncolnc.org), (A) BLCA, Bladder Urothelial Carcinoma; (B) BRCA, Breast
Invasive Carcinoma; (C) COAD, Colon Adenocarcinoma; (D) ESCA, Esophageal Carcinoma; (E) GBM, Glioblastoma Multiforme; (F) HNSC, Head and Neck Squamous
Cell Carcinoma; (G) KIRP, Kidney Renal Papillary Cell Carcinoma; (H) LAML Acute Myeloid Leukemia; (I) LGG, Brain Lower Grade Glioma; (J) LUAD, Lung
Adenocarcinoma; (K) LUSC, Lung Squamous Cell Carcinoma; (L) OV, Ovary Serous Cystadenocarcinoma; (M) PAAD, Pancreatic Adenocarcinoma; (N) READ, Rectum
Adenocarcinoma; (O) SARC, Sarcoma; (P) SKCM, Skin Cutaneous Melanoma; (Q) STAD, Stomach Adenocarcinoma; (R) UCEC, Uterine Corpus Endometrial Carci-
noma; (S) LIHC, Liver Hepatocellular Carcinoma; (T) KIRC, Kidney Renal Clear Cell Carcinoma, the patients were categorized into high-expression group (upper 50
percentile, red curve) and low-expression group (lower 50 percentile, blue curve) based on USP8 gene expression levels. (U and V) The combined Kaplan-Meier
overall (U) or disease free (V) survival analysis was performed using GAPIA TCGA data. The number of patients in each group and the p-value were represented.
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further investigated whether USP8 induces the deubiquitination of
BECN1 and p62. Flag-USP8 interacted with Myc-BECN1 (Fig. 2A, lane
4). Moreover, Myc-BECN1 was ubiquitinated in the absence of
Flag-USP8, whereas significant deubiquitination of Myc-BECN1 could
observed in the presence of Flag-USP8 in a dose-dependent manner
(Fig. 2B, lane 4-6 vs. lane 3), indicating that USP8 induces the
de-ubiquitination of BECN1. To evaluate whether the deubiquitination
of BECN1 was dependent on the catalytic activity of USP8, we generated
a catalytic mutant of USP8, USP8 C786S mutant [38], and performed an
ubiquitination assay. Consistently, the wild-type USP8 induced the
deubiquitination of BECN1 (Fig. 2C, lane 3 vs 4), whereas the catalytic
mutant of USP8 did not (Fig. 2C, lane 5), indicating that the BECN1
deubiquitination by USP8 is dependent on the catalytic activity of USP8.
The ubiquitination of p62/sequestosomel activates its autophagy re-
ceptor function and controls selective autophagy upon ubiquitin stress.
TRAF6 interacts with p62, and the ubiquitination of p62 activates its
autophagy receptor function and controls selective autophagy upon
ubiquitin stress [48,49]. Consistently, we observed that Flag-TRAF6
interacted with Myc-p62 (SFig. 3, lane 4). In addition, Flag-USP8
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interacted with Myc-p62 (Fig. 2D, lane 4). Myc-p62 was ubiquitinated
in the absence of Flag-USP8 (Fig. 2E, lane 3), whereas marked deubi-
quitination could be seen in the presence of Flag-USP8 in a
dose-dependent manner (Fig. 2E, lane 4-6 vs. lane 3), indicating that
USP8 induces the deubiquitination of p62. Taken together, these results
suggest that USP8 interacts with TRAF6, BECN1, and p62, induces the
deubiquitination of these ubiquitinated proteins, and subsequently may
be negatively implicated in the autophagy induction, as depicted in
Fig. 2F.

USPS8 is negatively implicated in the liver cancer progression induced by
TLR4

Autophagy promotes tumor progression at advanced stages of tumor
development, and USP8 negatively regulates the autophagy by deubi-
quitinating p62 (SQSTM1) at K420 [36,50-52], supposing that USP8
may be negatively implicated in the tumor progression via the regula-
tion of autophagy. In order to get an insight into the mechanism through
which USP8 enhance tumor progression, we analyzed the relationship
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Fig. 4. A significant correlation between USP8 and TRAF6, TAK1 (MAP3K7), TAB2, BECN1, or p62 (SQSTM1) is found in the normal and LIHC cells. The GEPIA
TCGA database was used to analyze the correlation between USP8 and TRAF6, TAK1 (MAP3K?7), TAB2, BECN1, and p62 (SQSTM1) in normal and LIHC cells. (A)
USP8 and TRAF6 were positively correlated in normal (R = 0.81) and LIHC (R = 0.74). (B) USP8 and TAK1 were positively correlated in normal (R = 0.8) and LIHC
(R = 0.58). (C) USP8 and TAB2 were positively correlated in normal (R = 0.6) and LIHC (R = 0.6). (D) USP8 and BECN1 were positively correlated in normal (R =
0.63) and LIHC (R = 0.57). (E) USP8 and p62 were positively correlated in normal (R = 0.51), but not in LIHC (R = 0.11). The p-value was represented in the inner

panel of each figure.
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between USP8 expression and patient survival in 20-different human (KIRC) with low USP8 mRNA expression had significantly shorter sur-
cancers provided by OncoRank  (http://www.oncolnc.org). vival time (Fig. 3S, LIHC; Fig. 3T, KIRC). The combined patient survival
Kaplan-Meier analysis revealed that no significant associations in of LIHC and KIRC showed a markedly decrease in patients with USP8
18-different cancers patients (Fig. 3A-R), whereas patients with liver mRNA expression (Fig. 3U, overall survival; Fig. 3V, disease free sur-
hepatocellular carcinoma (LIHC) and kidney renal clear cell carcinoma vival), indicating that USP8 might have an important role in LIHC and
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KIRC patient survival. Previous reports have suggested that autophagy
activation promotes the progression of hepatocellular carcinoma and
contributes to the tolerance of oxaliplatin via reactive oxygen species
(ROS) modulation [53,54]. Moreover, it has been reported that TLR4
plays a pivotal role in HCC cancer tumorigenesis by promoting the
malignant transformation of epithelial cells and tumor growth [54,55].
Based on the findings that USP8 induced the deubiquitination of
TRAF6-associated proteins, such as TRAF6, TAK1 (MAP3K7), TAB2,
BECN1, and p62 (SQSTM1), for the activation of NF-kB and autophagy
in response to TLR4, the GEPIA database was used to analyze the cor-
relation between USP8 and these genes in the normal and LIHC cells.
Our results revealed that USP8 was positively correlated with TRAF6

Translational Oncology 15 (2022) 101250

(Fig. 4A, R = 0.81 in normal; R = 0.74 in LIHC), TAK1 (MAP3K7)
(Fig. 4B, R = 0.8 in normal; R = 0.58 in LIHC) and TAB2 (Fig. 4C,R=0.6
in normal; R = 0.6 in LIHC), and with BECN1 (Fig. 4D, R = 0.63 in
normal; R = 0.57 in LIHC). There was a significant correlation between
USP8 and p62 in the normal (Fig. 4E, R = 0.51 in normal), but not in the
LIHC cancer (Fig. 4E, R = 0.11 in LIHC). Similar correlations between
USP8 and TRAF6 (SFig. 4A, R = 0.81), TAB2 (SFig. 4B, R = 0.79) TAK1
(SFig. 4C, R = 0.75), or BECN1 (SFig. 4D, R = 0.79), but not p62
(SFig. 4E, R = 0.082) could be observed in the normal and KIRC cancer.

To verify the functional role of USP8 in liver cancer progression,
USP8 knockout (KO) SK-HEP-1 human hepatic adenocarcinoma cell line
was generated using CRISPR/Cas9 gene editing method (SFig. 5, lane 2),
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Fig. 6. Differential expression analysis shows USP8 is critical in cancer progression. (A) The volcano plot shows that the genes were significantly up- and down-
regulated in USP8KO SK-HEP-1 vs Ctrl SK-HEP-1 cells under 6 h (top) and 9 h (bottom) LPS stimulation. (B) Top 30 pathways enriched with the genes that are
significantly differentially expressed both under 6 h and 9 h LPS stimulation. (C-L) The top 20 genes that are most significantly differentially expressed in USPSKO SK-
HEP-1 vs Ctrl SK-HEP-1 cells that are related to cell growth (C), cell-cell adhesion (D and E), epithelial cell migration (F), endothelial cell proliferation (G), in-
flammatory response (H), cytokine biosynthetic process (I), NF-kB-dependent genes (J), cell migration and metastasis and adhesion and EMT(K), and autophagy (L).
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and the autophagy induction by TLR4 stimulation was assessed. The
level of LC3-II was significantly increased in USPSKO SK-HEP-1 stimu-
lated with LPS, as compared with that of Ctrl SK-HEP-1 (Fig. 5A, lane 2
vs. lane 6; Fig. 5B). As expected, autophagy inhibitors, such as chloro-
quine (CQ) and 3-Methyladenine (3-MA), induced the accumulation or
decrease of LC3-II levels, respectively, in response to LPS stimulation
(Fig. 5A and B in CQ or 3-MA treatments). In addition, upon LPS stim-
ulation the migration in USP8KO SK-HEP-1 cells was significantly
enhanced, as compared with that of Ctrl SK-HEP-1 cells (Fig. 5C and D,
USP8KO SK-HEP-1 cells treated with LPS vs. Ctrl SK-HEP-1 cells treated
with LPS). Consistently, the invasive ability induced by LPS stimulation
in USPSKO SK-HEP-1 cells was markedly higher than that of Ctrl SK-
HEP-1 cells (Fig. 5E and F, USPS8KO SK-HEP-1 cells treated with LPS
vs. Ctrl SK-HEP-1 cells treated with LPS). The production of CCL20, IL-6,
MMP2, and CCL2, which are critical for enhanced invasion of cancer
cells triggered by TLR4,3-induced autophagy [15], were also markedly
increased in USP8KO SK-HEP-1 cells treated with LPS (Fig. 5G, CCL20,
left and IL-6, right; SFig. 6A, MMP2; SFig. 6B, CCL2). These results
suggest that USP8 is negatively involved in the liver cancer progression
induced by TLR4.

USP8 negatively regulates liver cancer-related genes induced by TLR4

Based on the above results, we examined whether USP8 is affected on
the expression of cancer-related genes in response to TLR4 stimulation.
Ctrl SK-HEP-1 and USP8KO SK-HEP-1 cells were treated with or without
LPS for different time periods (6- and 9 h), and transcriptome analysis
was performed using RNA-Seq. Differentially Expressed Genes (DEG)
analysis was performed using edgeR for 6 comparison combinations, as
indicated in SFig. 7. 742 Genes satisfying the condition (p-value < 0.05)
in at least one comparison combination were extracted, and represented
as hierarchical clustering heat map (SFig. 7). To characterize the genes
and pathways functionally associated with USP8, we performed a DEG
analysis. Both for the cases of 6- and 9 h LPS stimulation, the number of
upregulated genes in USP8KO SK-HEP-1 cells was higher (>74%,
Fig. 6A), where the overlap of the upregulated/downregulated genes in
the two conditions was significant (hypergeometric P < 10E-300). The
genes (n = 285) that were significant in both conditions showed
enrichment in the pathways strongly associated with cancer (Fig. 6A).
Among the top 30 significantly enriched pathways, 10 pathways are
cancer-related pathways, such as cell proliferation, adhesion and
migration, angiogenesis, and immune response (Fig. 6B, red bars). The
top 20 genes that are differentially significant in 7 pathways were rep-
resented (Fig. 6C-I). Notably, ten representative genes; HAS2, CXCR4,
JAM2, CCL28, FOXJ1, JCAD, WNT5A, FOXP3, PPARG and SAA1 genes,
which have been reported to promote cancer progression (HAS2 [56],
CCL28 [57], JCAD [58], SAA1 [59], and PPARG [60]), carcinogenesis
(CXCR4 [61]), adhesion (JAM2 [62]), cancer proliferation (FOXJ1
[63]), cancer malignancy (WNT5A [64]), or metastasis (FOXP3 [65] and
PPARG [60]), were significant up-regulated in the USPSKO SK-HEP-1
cells treated with LPS (Fig. 6C-I, indicated as blue-dashed squares).
Furthermore, NF-kxB-dependent-, cell migration, metastasis and adhe-
sion, and EMT-, and autophagy-related genes were markedly
up-regulated in USPSKO SK-HEP-1 cells treated with LPS (Fig. 6J,
NF-kB-dependent genes; Fig. 6K, cell migration, metastasis and adhe-
sion, and EMT-related genes; Fig. 6L autophagy-related genes), sug-
gesting that USP8 negatively regulates liver cancer-related genes
induced by TLR4.

The tumorigenicity of USPSKO SK-HEP-1 cells is enhanced in xenografted
NSG mice

To study USP8 function in an in vivo model, we subcutaneously
injected Ctrl SK-HEP-1 or USP8KO SK-HEP-1 cells into NSG mice (n =
10, each). The percentage of visible tumor formation was ~ 90% on day
66 post-injection in both Ctrl SK-HEP-1 cells injected group and USPSKO
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SK-HEP-1 cells injected group (Fig. 7A). A significant difference in the
tumor mass of the USP8KO SK-HEP-1 cells injected group was observed
on day 27 after injection of cells, as compared with that of Ctrl SK-HEP-1
cells injected group (Fig. 7B, Ctrl SK-HEP-1 vs. USP8KO SK-HEP-1).
Consistently, the overall tumor growth rate and tumor masses at the
end of the experiment on day 66 were significantly increased in USPS8KO
SK-HEP-1 cells injected group (Fig. 7C, Ctrl SK-HEP-1 vs. USPS8KO SK-
HEP-1). To characterize the morphology and tumor derived from
human SK-HEP-1 cells, H&E staining and immunohistochemistry (IHC)
assay with antibody to human mitochondria were performed in the
tumor tissues derived from Ctrl SK-HEP-1 cells injected or USPSKO SK-
HEP-1 injected NSG mice (Fig. 7D, H&E staining; Fig. 7E, human
mitochondria). Neoplastic epithelial cells masses were observed in the
USP8KO SK-HEP-1 injected tumor (Fig. 7D, Ctrl SK-HEP-1 vs. USP8KO
SK-HEP-1). Histopathologic features of carcinoembryonic antigen (CEA)
staining revealed marked elevation of CEA in the USP8KO SK-HEP-1
injected tumor, as compared with that of Ctrl SK-HEP-1 injected
tumor (Fig. 7F, USP8KO SK-HEP-1 vs. Ctrl SK-HEP-1). To observe the
liver metastasis of injected Ctrl SK-HEP-1 or USPSKO SK-HEP-1 cells into
NSG mice, liver tissues were isolated from both groups, and IHC assay
was performed on the liver tumor tissues. The tumor mass in the liver
tissues was markedly increased in the USP8KO SK-HEP-1 injected NSG
mice (Fig. 7G). Similar results with those of tumor tissue staining could
be observed in H&E (Fig. 7H), human mitochondria (Fig. 7I), and CEA
(Fig. 7J) staining. Taken together, these results suggest that USP8
negatively regulates the liver cancer formation and progression in vivo.

Discussion

Emerging evidence has recently suggested that ubiquitination and
deubiquitination play a pivotal role in cancer development and pro-
gression through the regulation of cancer metabolism [1,10]. Ubiquiti-
nation is known as an enzymatic post-translational modification in
which an ubiquitin is attached to a substrate protein, whereas deubi-
quitination is known as an opposing process where the ubiquitin is
removed from the ubiquitinated substrate protein [1,8-10,66]. The
K63-linked ubiquitylation is known to regulate proteasome-independent
events such as signal transduction, whereas K48-, K11-, or K29-linked
ubiquitin chains are known to regulate proteasome-dependent events
for the degradation [5-7]. Therefore, the de-ubiquitination by USPs is
critically linked to cellular functions of ubiquitinated proteins [1,8-10,
66]. Herein, we report for the first time USP8 induced deubiquitination
of TRAF6-assocaited proteins for the activation of NF-kB and induction
of autophagy, and subsequent attenuation of liver cancer progression in
vitro and in vivo.

Recently, TRAF6-mediated signaling have been reported to play
pivotal roles in regulating cancer progression through the activation of
NF-kB and the induction of autophagy in response to TLR4 stimulation
[12-18]. Upon TLR4 stimulation, TRAF6 is auto-K63 ubiquitinated, the
ubiquitinated TRAF6 interacts with TAB2 and induces the K63-linked
ubiquitination of TAB2 [19,46,47]. The TRAF6-ubiqutinated TAB2
proteins complex further interact and induce the K63-linked ubiq-
uitylation of TAK1, which is an ubiquitin-dependent kinase of MKK and
IKK, for the activation of NF-xB [19,46,47], as also depicted in Fig. 8.
Importantly, in this study, we found that USP8 interacts with TRAF6,
TAB2, and TAK1 proteins, and induces their deubiquitination resulting
in the inhibition of NF-xB activation in response to TLR4 stimulation
(Fig. 8, left). Additionally, USP8 interacted with p62 and BECN1, which
are key regulatory proteins for the induction of autophagy through the
TRAF6-dependent ubiquitination (Fig. 8, right) [23,24,48,49], and
induced the deubiquitination of p62 and BECN1. Based on these previ-
ous findings, we hypothesized that USP8 might be negatively implicated
in the cancer progression induced by TLR4 stimulation through the in-
hibition of NF-xB activation and autophagy induction. Notably, the
clinical pan-cancer TCGA data analysis revealed that the survival of
LIHC and KIRC patients with the low USP8 mRNA levels was



M.-J. Kim et al.

A

Translational Oncology 15 (2022) 101250

C

Ctrl USP8KO Ctrl USP8KO
SK-HEP-1  SK-HEP-1 s THSKHEPY @i USREKO SKEHERHA SK-HEP-1  SK-HEP-1
]
£ E
£ 3000
o 2500
S 2000 -
S 1500+
S 1000 -
£
2 500
o T T T T T T T T T T T T T T T T
14 17 21 24 27 31 35 38 42 45 50 52 56 59 63 66
Days after inoculation
D H&E E Human mitochondria F Carcinoembryonic antigen(CEA)
Ctrl SK-HEP-1 USP8KO SK-HEP-1 Ctrl SK-HEP-1 USP8KO SK-HEP-1 Ctrl SK-HEP-1 USP8KO SK-HEP-1

P : T e Ly

G Ctrl
SK-HEP-1

H&E Human mitochondria
Ctrl SK-HEP-1 USP8KO SK-HEP-1 Ctrl SK-HEP-1 USP8KO SK-HEP-1

N

. * % e

o

.

Fig. 7. Tumorigenicity and metastasis of USPSKO SK-HEP-1 cells are increased in NSG mice. (A) The primary tumors (human xenografts) at day 66 post subcu-
taneous injection of Ctrl SK-HEP-1 or USP8KO SK-HEP-1 cells in NSG mice. (B) Xenograft tumor volumes of each group (Ctrl SK-HEP-1 injected group; USPSKO SK-
HEP-1 cells injected group) were measured, at indicated times after post-injected day. Values are mean + SEM. (n = 10 each, *p < 0.05, **p < 0.01, ***p < 0.001,
w*kxp < 0.0001 significant compared with Ctrl SK-HEP-1 and USPSKO SK-HEP-1, Student’s t-test). (C) Macroscopic primary tumors formed after the subcutaneous
injection of Ctrl SK-HEP-1 or USP8KO SK-HEP-1 cells at day 66 post injection in NSG mice. (D-F) The histological and pathological features of primary subcutaneous
tumor cells derived from NSG mice xenografted with Ctrl SK-HEP-1 or USP8KO SK-HEP-1 cells were assessed by H&E staining (D), human mitochondria staining (E),
and carcinoembryonic antigen (CEA) (F). (G) Macroscopic metastatic liver tumors formed by the subcutaneous injection of Ctrl SK-HEP-1 or USP8KO SK-HEP-1 cells
day 66 post-injection in NSG mice. (H-J) The histological and pathological features of metastatic liver tumor cells derived from NSG mice xenografted with Ctrl SK-
HEP-1 or USPSKO SK-HEP-1 cells were assessed by H&E staining (H), human mitochondria staining (I), and carcinoembryonic antigen (CEA) (J).
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TRAFG6-BECN1-p62 signaling
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¥
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Fig. 8. A schematic model of the functional role of USP8 in cancer progression via the regulation of TRAF6-mediated signaling for the activation of NF-xB and
autophagy. Upon TLR4 stimulation, two signaling axis, TRAF6-TAB2-TAK]1 signaling (left) for the activation of NF-kB and TRAF6-BECN1-p62 signaling (right) for the
activation of autophagy, were activated via the TRAF6-mediated ubiquitination, as indicated. USP8 interacts with TRAF6 and TAB2 and TAK1, and induces the
deubiquitination of these proteins, thereby inhibiting the activation of NF-kB. Simultaneously, USP8 interacts with BENC1 and p62, and induces the de-ubiquitination
of BECN1 and p62, thereby inhibiting the induction of autophagy. Eventually, the USP8-mediated inhibition of NF-kB and autophagy negatively regulates LIHC

cancer progression.

significantly decreased, whereas no significant difference was observed
in 18 other cancers. Furthermore, there was a positive correlation be-
tween USP8 and TRAF6-associated proteins, such as TRAF6, TAB2,
TAK1, and BECN1, with LIHC and KIRC. These results strongly sug-
gested that USP8 might be functionally associated with the LIHC and
KIRC cancer progression.

Recent studies have shown that the ubiquitination and de-
ubiquitination have multiple roles in liver cancer progression [10,67,
68]. Although it is still controversial whether cellular DUBs are either
positively or negatively implicated in liver cancer progression and
tumorigenicity, growing evidence suggest that DUBs may have pivotal
roles altering liver cancer progression in response to various cellular
contexts [67-72]. Given that USP8 negatively regulates the
TRAF6-associated signaling for the activation of NF-xB and autophagy,
in the present study, we investigated the role of USP8 in liver cancer
progression and tumorigenicity. Notably, USPSKO SK-HEP-1 human
hepatic adenocarcinoma cell line significantly enhanced cancer migra-
tion and invasion in response to TLR4 stimulation, accompanying the
autophagy induction. Furthermore, transcriptome analysis on USP8KO
SK-HEP-1 cells revealed an increase in the number of genes related to
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growth, adhesion, migration, invasion, proliferation and metastasis, as
well as NF-kB-dependent genes, in response to TLR4 stimulation.
Importantly, the NSG mice xenografted with USPSKO SK-HEP-1 cells
showed marked increases of the metastasis into liver and tumorige-
nicity, as compared to those of NSG mice xenografted with Ctrl
SK-HEP-1 cells. These results strongly suggest that USP8 negatively
regulates liver cancer progression and formation through the regulation
of deubiquitination of cellular proteins related to TRAF6-mediated
signaling for the activation of NF-kB activity and autophagy induction.

Taken together, we propose the molecular mechanism by which
USP8 is negatively implicated in liver cancer progression regulated by
TRAF6-mediated signaling, as depicted in Fig. 8. Upon TLR4 stimula-
tion, two signaling axis, TRAF6-TAB2-TAK1 signaling (left) for the
activation of NF-kB and TRAF6-BECN1-p62 signaling (right) for the
activation of autophagy, are activated via the TRAF6-mediated ubiq-
uitination, as indicated. USP8 interacts with TRAF6 and TAB2 and
TAK1, and induces the de-ubiquitination of these proteins, thereby in-
hibits the activation of NF-kB. A previous report showed that USP8
protected against LPS-induced inflammatory response in vitro and in vivo
via the reductions of TNF-a, IL-1p, PGE2, and NO [73]. In addition, USP8



M.-J. Kim et al.

interacted with TAK1 and deubiquitinated the K63-linked ubiquitina-
tion of TAK1, resulted in the inhibition of intermittent hypoxia/reox-
ygenation (IHR)-induced activation of NF-kB [74]. We suppose that
these USP8 regulatory roles might be implicated in the
TRAF6-TAB2-TAK]1 signaling (Fig. 8, left). Simultaneously, USP8 in-
teracts with BENC1 and p62, and induces the de-ubiquitination of
BECN1 and p62, thereby inhibits the induction of autophagy (Fig. 8,
right). Eventually, the USP8-mediated inhibition of NF-kB and auto-
phagy negatively regulates LIHC cancer progression (Fig. 8). Although a
huge progress has been made in exploring the roles of DUBs in cancer
progression, including liver cancer progression, very little is known
about the molecular and cellular mechanism by which USPs is impli-
cated in the liver diseases including liver fibrosis, liver cirrhosis and final
hepatocellular carcinoma. Our present study results provide insight into
the pathological liver processes and future development of therapeutic
agents based on DUB biology.
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