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S119N Mutation of the E3 Ubiquitin Ligase SPOP
Suppresses SLC7A1 Degradation to Regulate
Hepatoblastoma Progression
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A previous study on hepatoblastoma revealed novel mutations
and cancer genes in theWnt pathway and ubiquitin ligase com-
plex, including the tumor suppressor speckle-type BTB/POZ
(SPOP). Moreover, the SPOP gene affected cell growth, and
its S119N mutation was identified as a loss-of-function muta-
tion in hepatoblastoma. This study aimed to explore more
functions and the potential mechanism of SPOP and its
S119N mutation. The in vitro effects of SPOP on cell prolifer-
ation, invasion, apoptosis, and in vivo tumor growth were
investigated by western blot analysis, Cell Counting Kit-8, col-
ony formation assay, flow cytometry, and xenograft animal ex-
periments. The substrate of SPOP was discovered by a protein
quantification assay and quantitative ubiquitination modifica-
tion assay. The present study further proved that SPOP func-
tioned as an anti-oncogene through the phosphatidylinositol
3-kinase/Akt signaling pathway to affect various malignant
biological behaviors of hepatoblastoma both in vitro and
in vivo. Furthermore, experimental results also suggested that
solute carrier family 7 member 1 (SLC7A1) might be a sub-
strate of SPOP and influence cell phenotype by regulating argi-
nine metabolism. In conclusion, these findings demonstrated
the function of SPOP and revealed a potential substrate related
to hepatoblastoma tumorigenesis, which might thus provide a
novel therapeutic target for hepatoblastoma.
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INTRODUCTION
Hepatoblastoma (HB) is the most common primary malignant tumor
of the liver in children, accounting for 80% of pediatric hepatic malig-
nancies and 1% of all malignant tumors in children, with an
increasing trend in recent years.1–5 HB is an embryonal tumor, and
overactivation ofWnt/b-catenin, hedgehog, and phosphatidylinositol
3-kinase (PI3K)/Akt signaling has been reported to be associated with
its development.5–9 Recent progress in research and development of
comprehensive treatments has significantly improved the prognosis
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of HB.4,5,10–14 However, high-risk HB, especially in patients with
extrahepatic involvement, multifocal lesions, or distant metastases,
still has a poor prognosis.15–19 Present studies on molecular-targeted
drugs are thus in progress with the aim of improving the prognosis for
children with high-risk HB.

The speckle-type BTB/POZ (SPOP) protein is a component of the
multi-subunit cullin 3-dependent ubiquitin ligase complex. It is
mutated at high frequency in prostate and endometrial cancers.20,21

SPOP has been shown to be downregulated in HB compared with
matched nontumor tissues and may thus function as a tumor sup-
pressor gene. Moreover, SPOP S119N was found to be a loss-of-func-
tion mutation that inhibited HB cell proliferation by upregulating cy-
clin-dependent kinase inhibitor 2B (CDKN2B).6 This mutation may
affect the substrate recognition domain and impair substrate binding.
However, the mechanism of SPOP and the substrate affected by the
SPOP S119N mutation remain unclear.

In this study, SPOP was further confirmed as a tumor suppressor
participating in HB development through the PI3K/Akt pathway,
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whose anti-cancer function was impaired by S119N mutation. More-
over, solute carrier family 7 member 1 (SLC7A1) might act as a sub-
strate of SPOP and promote HB progression via disturbing arginine
metabolism.

RESULTS
SPOP Promoted HB Cell Apoptosis and Inhibited Cell

Proliferation

We first constructed stably transfected HB cells with SPOP-knock-
down, SPOP-overexpressing, and S119N mutations, respectively.
The efficiency of transfection was confirmed by both real-time
PCR and western blot (Figures 1A–1C). Cell counting kit-8
(CCK8) and colony-formation assays indicated that SPOP downre-
gulation facilitated cell proliferation and colony formation, while
SPOP upregulation conversely suppressed cell proliferation and col-
ony formation. SPOP S119N mutation promoted cell proliferation
and colony formation (Figures 1D–1F). 5-Ethynyl-20-deoxyuridine
(EdU) assays also verified the function of SPOP in cell proliferation
(Figures S1A and S1B). Flow cytometry showed that SPOP
increased apoptosis in HepG2 and Huh6 cells (Figures 1G–1I).
Moreover, knockdown of SPOP increased the expression of Bcl2
(anti-apoptotic) and decreased the expression of Bax (pro-
apoptotic), while the opposite results were obtained from SPOP
overexpression. Moreover, SPOP S119N mutation also reduced
Bax but increased Bcl2 levels compared with SPOP overexpression
groups (Figure 1J).

SPOP Affected Cell Cycle and Tumor Metastasis

The influence of SPOP on the cell cycle was studied using flow cytom-
etry. SPOP knockdown promoted cell cycle transition from the G1 to
S phase, while its overexpression caused cell cycle arrest at the G2

phase, although this latter effect was lost in SPOP S119N-mutated
cells (Figures 2A–2C). Moreover, the cell cycle proteins p21 and
p27, but not other cyclin-dependent kinases, were significantly
decreased in the SPOP-knockdown and S119N mutation groups
compared with the relative control groups (Figures 2D–2F and
S1E). In addition, transwell assays showed that SPOP downregulation
increased, while SPOP upregulation decreased, both cell migration
and invasion, and SPOP S119N mutation prevented its inhibition
of cell migration and invasion in both HepG2 and Huh6 cells (Figures
2G–2K). Furthermore, wound-healing experiments demonstrated
similar results in HepG2 cells (Figures S1C and S1D). Western blot-
ting indicated that SPOP affected tumor metastasis, possibly via
affecting the epithelial-mesenchymal transition (EMT) (Figures 2L–
2O).
Figure 1. SPOP Promoted Apoptosis and Inhibited Cell Proliferation

(A and B) Real-time PCR was performed to detect the expression of SPOP after down

hepatoblastoma HepG2 cells (A) and Huh6 cells (B). (C) Western blot analysis was perfor

mutation of SPOP compared with the control in HepG2 and Huh6 cells. (D and E) CC

overexpression of SPOP decreased cell proliferation, and S119N mutation also promote

that the silencing of SPOP promoted cell proliferation, the upregulation of SPOP inhib

cytometry showed that the knockdown of SPOP decreased cell apoptosis, the overe

apoptosis. (J) Apoptosis marker proteins Bcl2 and Bax were detected by western blot
RNA-Seq and Protein Mass Spectrometry in Cells with SPOP

Overexpression and S119N Mutation

We explored the function of the SPOP S119N mutation by RNA
sequencing (RNA-seq) and identifiednumerousdifferentially expressed
genes.The top40differentially expressed geneswere shown(Figure3A).
These genes included various cell cycle proteins, including CDKN2B
(which we previously found to be associated with SPOP), stratifin,
and cyclin-dependent kinase 1. We also performed protein mass spec-
trometry inSPOP-overexpressingandS119N-mutated cells (Figure3B).
Kyoto Encyclopedia of Genes andGenomes (KEGG) analysis indicated
that SPOP was related to the PI3K/Akt signaling pathway (Figures 3D,
3E, S1F, andS1G).Western blot also demonstrated that downregulation
of SPOP or SPOP S119N mutation could activate the PI3K/Akt
signaling pathway, while upregulation of SPOP inhibited the pathway
(Figure 3C).
Protein Quantification and Quantitative Ubiquitination

Modification in SPOP-Overexpressing and S119N-Mutated Cells

Protein quantification and quantitative ubiquitination modification in
SPOP-overexpressing and S119N-mutated cells were performed to
explore the substrate of SPOP.A total of 4,746 proteinswere identifiedus-
ing label-free quantitative proteomics technology (Figures 4A–4D).
Forty-three proteins were increased and 31 were decreased (significantly
changed in abundance) in SPOP S119N-mutated compared with SPOP-
overexpressing cells. In addition, 96 proteinswere increased and 106were
decreased (consistent presence/absence expression profile) (Figure 4E).
Theheatmap showed several differentially expressedproteins (Figure 4F).
Gene Ontology (GO) and KEGG analyses demonstrated that the SPOP
S119Nmutationparticipated invariousbiological processes and signaling
pathways, such as mitogen-activated protein kinase (MAPK) signaling
and ubiquitin-mediated proteolysis (Figures 4G and 4H). Western blot
also showed that SPOP and S119N mutation could affect the MAPK
signaling pathway (Figure 4I). Ubiquitinated label-free quantitative pro-
teomics technology identified 4,327 ubiquitination sites, 4,002 ubiquiti-
nated peptides, and 1,753 ubiquitinated proteins (Figures 5A–5E). Two
proteins were increased and 225 were decreased (significantly changed
in abundance) between the SPOP S119N mutation and overexpression
groups. Moreover, 43 proteins were increased and 543 were decreased
(consistent presence/absence expression profile) (Figure 5F). Ubiquitin
protein ligase binding, the PI3K/Akt signaling pathway, and cell cycle
were identified by bioinformatics analysis (Figures 5G and 5H).
SLC7A1 Was a Substrate of SPOP

To investigate the mechanism of SPOP in HB, we combined the up-
regulated proteins identified in the protein quantification experiment
regulation, upregulation, or S119N mutation of SPOP compared with the control in

med to check the expression of SPOP after downregulation, upregulation, or S119N

K8 assays showed that the knockdown of SPOP increased cell proliferation, the

d proliferation. (D) HepG2 cells; (E) Huh6 cells. (F) Colony formation assays showed

ited cell proliferation, and S119N mutation also increased proliferation. (G–I) Flow

xpression of SPOP increased cell apoptosis, and S119N mutation also inhibited

analysis in HepG2 cells. Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. SPOP Affected Cell Migration, Invasion, and Cell Cycle

(A–C) Representative results and statistical analysis of the cell cycle were analyzed by flow cytometry in HepG2 and Huh6 cells. (D–F) Western blot analysis was performed for

cell cycle proteins in HepG2 cells. (G–K) Transwell assays showed that the silencing of SPOP promoted migration and invasion, while the upregulation of SPOP inhibited

migration and invasion, and S119N mutation also increased migration and invasion. (L–O) The EMT marker was detected by western blot analysis, and relative protein

grayscale was accounted. Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. RNA-Seq and Mass Spectrometry Were Performed in the SPOP Overexpression and S119N Mutation Groups

(A) Heatmap was drawn for the top 40 differential genes of RNA-seq in SPOP overexpression (OE) and SPOP S119N-mutated HepG2 cells. (B) Western blot analysis for

immunoprecipitation of SPOP OE and SPOP S119N compared with negative control group immunoglobulin G (IgG). (C) Western blot analysis for the PI3K/Akt signaling

pathway enriched by protein mass spectrometry showing control, shSPOP, SPOP OE, and SPOP S119N groups in HepG2 cells. (D and E) KEGG analysis for protein mass

spectrometry of SPOP OE (D) and SPOP S119N (E) in HepG2 cells.
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and downregulated proteins in the ubiquitination modification
experiment. Nine proteins were identified, among which we were
most interested in the arginine transporter protein SLC7A1 (Fig-
ure 6A). Western blot revealed that overexpression of SPOP
decreased SLC7A1 expression, while SPOP S119N mutation
increased SLC7A1 expression (Figure 6B). However, SLC7A1
mRNA levels did not differ significantly among the groups (Fig-
ure 6C). Immunoprecipitation experiments indicated that SPOP
may interact with SLC7A1, and that ubiquitin could also bind with
SLC7A1 (Figure 6D). Co-localization by immunofluorescence veri-
fied the interactions between SPOP and SLC7A1 (Figure 6E).
SLC7A1 expression was increased in HepG2 cells treated with
50 mMMG132 (proteasome inhibitor) at 0, 0.75, 1.5, 3, and 6 h (Fig-
ure 6F). Moreover, SLC7A1 protein stability was determined in
SPOP-overexpressing, S119N-mutated, and control HepG2 cells us-
ing cycloheximide, which indicated that SLC7A1 was more stable
in SPOP S119N compared with SPOP-overexpressing cells (Fig-
ure 6G). SLC7A1 was knocked down and overexpressed in HepG2
cells to verify the function of SLC7A1 (Figure S3A). Both CCK8
and EdU results showed that the knockdown inhibited cell prolifera-
tion, while the overexpression of SLC7A1 promoted proliferation
(Figures S3B–S3D). Moreover, the silencing of SLC7A1 decreased
cell migration and invasion, and the upregulation of SLC7A1
increased migration and invasion (Figures S3E–S3G).

SPOP S119NMutation Promoted Tumor Growth and Metastasis

In Vivo

We investigated the functions of SPOP and the SPOP S119N muta-
tion in vivo by injecting stably transfected cells into nudemice. Tumor
volumes differed significantly between the groups after 6 weeks (Fig-
ures 7A–7C). SPOP knockdown or S119N mutation increased tumor
growth (Figure 7D). We also injected the same cells into the tail vein
of nude mice to study the relationship between SPOP and HB metas-
tasis. In vivo fluorescence imaging demonstrated that overexpression
of SPOP inhibited tumor metastasis, while SPOP knockdown or
S119Nmutation promoted metastasis (Figures 7E and 7F). Hematox-
ylin and eosin staining and Ki67 immunohistochemistry of lung tis-
sues from mice showed similar results (Figure 7G). Furthermore,
immunofluorescence assays for EMT markers verified the previous
western blot results (Figure 7H).

Downregulation of SLC7A1 in SPOP S119NMutation Cells Partly

Rescued Malignant Biological Behaviors

Given that S119N mutation could increase SLC7A1 expression by
decreasing ubiquitination-mediated degradation of SPOP, we knocked
Figure 4. Label-free Quantitative Proteomics between SPOP OE and S119N M

(A) Three repeated protein Venn map showing the SPOP OE sample group by label-free

SPOP S119N sample group by label-free relative quantitative proteomics. (C) Protein Ve

using two factors showing the difference in protein expression between the two sets of sa

groups of samples. (E) Differentially expressed proteins were found between the SPOP

less than 0.5, and p value less than 0.05). (F) Heatmap for differentially expressed pro

proteomics. (G and H) GO (G) and KEGG (H) analyses were performed for differentially e

quantitative proteomics. (I) Western blot analysis was performed for key proteins of the
down SLC7A1 and examined its effects on cell proliferation andmigra-
tion. Downregulation of SLC7A1 inhibited cell proliferation indicated
by CCK8 and colony-formation assays (Figures 8A–8C) and decreased
cell migration and invasion indicated by transwell assays (Figures 8D–
8F). However, flow cytometry showed no difference in apoptosis or cell
cycle between the SPOP S119N and SLC7A1 downregulation groups
(Figures S2A and S2B). The PI3K/Akt signaling pathway was sup-
pressed by downregulation of SLC7A1 (Figure 8G). As SLC7A1 is an
arginine transporter, we performed metabolomics analysis targeting
this amino acid. Arginine was increased in SPOP S119N and decreased
in SLC7A1-downregulated cells compared with their respective control
groups (Figures 8H and S2C).

DISCUSSION
We previously identified 24 somatic nonsynonymous mutations in 21
genes in HB by whole-exome sequencing. SPOP mRNA and protein
expression levels were detected by real-time PCR and immunohisto-
chemistry, respectively, in HB and adjacent non-tumor tissues, and
we found that SPOP expression was significantly downregulated in
the tumors. This indicated that SPOPmight be a critical candidate tu-
mor suppressor in HB carcinogenesis. The SPOP S119N mutation
was also previously shown to decrease the tumor suppressor ability
of the SPOP gene in HB cells, possibly by regulating the expression
of CDKN2B.6 However, the functions and substrates of SPOP remain
to be explored.

Wang et al.22 revealed that SPOP-mediated NANOG degradation,
controlled by the AMPK-BRAF signaling axis via phosphorylation
of NANOG, played a crucial role in prostate cancer (PCa).23 Further-
more, the novel dual BET and CBP/p300 inhibitor NEO2734 was
active in SPOP Q165P-mutated PCa cells. The results of the present
study also showed that SPOP and the S119N mutation affected
CBP/p300 of the SWI/SNF complex (Figure S2C).24 Yu et al.25

demonstrated that TRIM28 interacted with TRIM24 to prevent its
ubiquitination and degradation by SPOP, thus providing a novel
mechanism for TRIM24 protein stabilization and establishing
TRIM28 as a promising therapeutic target. SPOP was also found as
an important regulator of luminal epithelial cell proliferation, and
c-Myc as a novel SPOP substrate, and helped to explain the frequent
inactivation of SPOP in human PCa.26 Ameta-analysis of nine studies
including 928 patients with various cancers suggested that SPOP pro-
tein may be a useful prognostic biomarker in cancer patients.27

We previously found that SPOP downregulation or S119N mutation
resulted in loss of function in HB. We carried out various experiments
utation

relative quantitative proteomics. (B) Three repeated protein Venn map showing the

nn map identified between the SPOP OE and SPOP S119N groups. (D) Volcano plot

mples, and the p value obtained by the t test showing the difference between the two

OE and SPOP S119N groups (upregulation more than two times or downregulation

teins between SPOP OE and SPOP S119N through label-free relative quantitative

xpressed proteins between SPOP OE and SPOP S119N through label-free relative

MAPK signaling pathway.
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Figure 5. Ubiquitinated Label-Free Quantitative Proteomics between SPOP OE and S119N Mutation

(A) Ubiquitinated label-free quantitative proteomics identified 4,327 modified sites, 4,002 modified peptides, and 1,753 modified proteins. (B and C) Three repeated protein

Vennmaps showing the SPOPOE (B) and SPOP S119N (C) sample groups by ubiquitinated label-free quantitative proteomics. (D) Protein Vennmap showing SPOPOE and

SPOP S119N groups. (E) Volcano plot showing the differential proteins with ubiquitination of SPOP OE and SPOP S119N groups. (F) Differentially expressed ubiquitination

proteins shown between SPOP OE and SPOP S119N groups (upregulation more than two times or downregulation less than 0.5, and p value less than 0.05). (G and H) GO

(G) and KEGG (H) analyses were performed for differentially expressed ubiquitination proteins between SPOP OE and SPOP S119N groups.
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Figure 6. SLC7A1 Might Be a Ubiquitination

Substrate of SPOP

(A) Venn map of upregulated proteins and downregulated

ubiquitin-modified protein for the SPOP S119N group

compared with the SPOP OE group. (B) Expression of

SLC7A1 (substrate of SPOP) in the control, shSPOP,

SPOP OE, and SPOP S119N groups was detected by

western blot analysis. (C) Real-time PCR was used for the

detection of relative SLC7A1 mRNA level in the control,

shSPOP, SPOP OE, and SPOP S119N groups. (D) A

coimmunoprecipitation (coIP) assay was performed for

SPOP and SLC7A1, SLC7A1, and ubiquitin. (E) A co-

localization assay was performed for SPOP and SLC7A1 in

HepG2 and Huh6 cells (original magnification �63). (F)

Western blot analysis showed the expression of SLC7A1

with 50 mMMG132 treatment after 0, 0.75, 1.5, 3, and 6 h.

(G) Western blot analysis showed the expression of

SLC7A1 with 0.1 mM cycloheximide after 0, 0.75, 1.5, 3, 6,

and 12 h in the control, SPOP OE, and SPOP S119N

groups, respectively.
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to verify SPOP as an anti-oncogene and S119N as a loss-of-function
mutation. SPOP promoted HB cell apoptosis and inhibited cell prolif-
eration, migration, and invasion in vivo and in vitro. Furthermore,
S119N mutation damaged the anti-cancer function of SPOP. In addi-
tion, SPOP overexpression caused cell cycle G2 arrest, while SPOP
S119N mutation lost this potential. Moreover, the knockdown of
Molecular Th
SPOP led to cell cycle transition from the G1 to
S phase. The upregulation or downregulation of
SPOP caused various changes in the cell cycle,
indicating that the level of SPOP had many effects
on the cell cycle. RNA-seq and protein mass spec-
trometry revealed that SPOP and the S119N mu-
tation were associated with the cell cycle pathway
and with the PI3K/Akt signaling pathway. SPOP
is known to be an E3 ubiquitin ligase, and the
MATH domain could bind with its substrate.28,29

The S119N mutation is located in the MATH
domain and may thus affect the interaction be-
tween SPOP and its substrate. We therefore per-
formed protein quantification and quantitative
ubiquitination modification experiments to iden-
tify the substrate of SPOP. In addition, we synthe-
sized the upregulated proteins and downregulated
ubiquitinationmodification proteins and detected
nine proteins (CD320, SNRPG, SUMO2, RPL14,
HIST1H1E, GABARAP, SLC7A1, C21orf59,
and ACTR10). Among these, SLC7A1 is an argi-
nine transporter reportedly related to liver
cancer.30–32 Our results demonstrated that
SLC7A1 could interact with SPOP and ubiquitin.
Moreover, SLC7A1was degraded by the ubiquitin
proteasome pathway, and amino acid metabolo-
mics revealed that SLC7A1 affected arginine, but
not other amino acids. SPOP may thus affect the malignant biological
behaviors of HB via arginine metabolism. Rescue assays confirmed
these results. SLC7A1 affected cell proliferation and metastasis, but
not apoptosis and the cell cycle, leading to the question of how
SPOP affects apoptosis and the cell cycle. It was assumed that this effect
may be mediated through the SWI/SNF complex, given that SPOP was
erapy: Oncolytics Vol. 19 December 2020 157
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shown to bind to various proteins (CBP, p300, ARID1A, ARID1B,
BRG1, and BRM) in this complex by an immunoprecipitation assay.
However, further studies are needed to confirm this hypothesis.

In summary, SPOP is a tumor suppressor gene that participates in HB
development via the PI3K/Akt signaling pathway, and its anti-cancer
function can be destroyed by the S119N mutation. Moreover,
SLC7A1 is a substrate of SPOP and may promote HB development
by affecting arginine metabolism. SPOP and SLC7A1 may thus be
joint targets for the future treatment of HB.

MATERIALS AND METHODS
HB Cell Lines

HepG2 and Huh6 cells were obtained from the Cell Bank of the Chi-
nese Academy of Science (Shanghai, China). HEK293T cells were
gifted by the School of Basic Medical Sciences, Fudan University
(China). All cells were cultured in Dulbecco’s modified Eagle’s me-
dium with 10% fetal bovine serum (FBS) and 1% penicillin–
streptomycin solution in a humidified incubator with 5% CO2 at
37�C. All cell culture dishes and culture plates were purchased from
Hangzhou Xinyou Biotechnology (China).

Quantitative Real-Time PCR

Total RNAwas extracted with TRIzol reagent (Takara, Japan) and used
to synthesize cDNA using a cDNA reverse transcription kit (Takara).
The procedure was carried out at 42�C for 2 min to erase genomic
DNA (gDNA), followed by 37�C for 15min and 85�C for 5 s for reverse
transcription. Quantitative real-time PCR was performed using SYBR
Green PCR master mix (Takara) with a Roche machine. PCR was car-
ried out as follows: an initial denaturation step at 95�C for 5 min, fol-
lowed by 35 cycles at 95�C for 30 s, 58�C for 30 s, and 72�C for 30 s.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as
an internal control. Primer sequences were as follows: SPOP, forward,
50-GAAATGGTGTTTGCGAGTAAACC-30, reverse, 50-GCCCGAAC
TTCACTCTTTGGA-30; SLC7A1, forward, 50-GCCTGTGCTATGG
CGAGTTT-30, reverse, 50-ACGCTTGAAGTACCGATGATGTA-30;
GAPDH, forward, 50-GGAGCGAGATCCCTCCAAAAT-30, reverse,
50-GGCTGTTGTCATACTTCTCATGG-30. Relative gene expression
was determined by the 2�DDCt method, and data were analyzed using
GraphPad Prism 5 software.

Construction of Stably Transfected Cell Lines

SPOP short hairpin RNA (shRNA) (shSPOP) plasmids were designed
and constructed by GenePharma (Shanghai, China) using the LV3
vector. The shRNA target for SPOP was 50-GCTGATGAT
TTGCTGGCAGCT-30, and for SLC7A1 it was 50-GCTGAGGATGG
Figure 7. SPOP Suppressed Tumor Growth and Metastasis In Vivo

(A) Images of tumors of nude mice injected with control, SPOP OE, and SPOP S119N He

control, SPOP OE, and SPOP S119N HepG2 cells. (C and D) Relative tumor volume (C

mice.Mean ± SEM. *p < 0.05, **p < 0.01. (E and F) In vivo imaging shown after tail vein inj

and eosin staining and Ki67 immunohistochemistry were performed for lung tissues of

(original magnification �100). (H) Immunofluorescence was performed for E-cadherin,

S119N groups (original magnification �100). Mean ± SEM. *p < 0.05, **p < 0.01, ***p
ACTGCTATTT-30. SPOP-overexpressing and SPOP S119N muta-
tion plasmids were also constructed by GenePharma using the LV5
vector. 293T cells were cultured in a 10-cm culture dish to 80%–

90% confluence for virus packaging using a standard procedure.
The virus was collected after 48 h and transfected into tumor cells us-
ing 10 mg/mL Polybrene (Genomiditech, Shanghai, China).

Western Blot

Cell proteins were extracted using cell lysis buffer for western blot and
immunoprecipitation (Beyotime Institute of Biotechnology, Nan-
tong, China). Protein electrophoresis was carried out and the protein
bands were transferred to membranes, following standard proced-
ures. The membranes were blocked with 8% skimmilk and then incu-
bated with primary antibodies (Table S1) overnight at 4�C. After
washing three times with Tris-buffered saline with Tween 20
(TBST) (New Cell & Molecular Biotech, Suzhou, China), the mem-
branes were incubated with the relative secondary antibody for 2 h
at room temperature.

Cell Proliferation Assay

Cells were cultured in a 96-well plate at a concentration of 1,000
cells in 100 mL of medium. CCK8 reagent (10 mL; Yeasen,
Shanghai, China) was then added to the medium and detected
2 h later using a microplate reader. HepG2 cells were also treated
with 50 mM EdU for 2 h, followed by staining according to the
protocol described by the instructions (RiboBio, Guangzhou,
China). For the colony formation assay, 1,000 cells were cultured
in a six-well plate for 2 weeks, fixed with 4% paraformaldehyde
for 10 min at room temperature, stained with crystal violet for
30 min, washed three times with phosphate-buffered saline
(PBS), and then imaged under a microscope.

Cell Migration and Invasion Assays

Cell migration and invasion assays were performed in 24-well culture
plates with 8-mm Micropore inserts. For the migration experiments,
1 � 105 HB cells were placed into the upper wells without FBS for
48 h. For the cell invasion assays, the upper wells were coated with
Matrigel (BD Biosciences, USA), followed 30 min later by the addi-
tion of 2 � 105 HB cells into the upper wells without FBS for 48 h.
The cells were washed three times with PBS, fixed with 4% parafor-
maldehyde, and stained with 0.2% crystal violet for 30 min. For the
wound-healing assay, 1 � 104 HepG2 cells were seeded in two wells
of culture inserts (Ibidi, Germany). The inserts were removed after
1 day, leaving a gap between the cells. The cells were then cultured
with 2% FBS and observed and imaged under a light microscope
(Thermo Fisher Scientific) at �100 magnification after 0 and 24 h.
pG2 cells. (B) Tumor growth curve of the xenograft tumor of nude mice injected with

) and tumor weight (D) of the control, SPOP OE, and SPOP S119N groups in nude

ection in the control, shSPOP, SPOPOE, and SPOP S119N groups. (G) Hematoxylin

tail vein injection mice in the control, shSPOP, SPOP OE, and SPOP S119N groups

vimentin, and N-cadherin in the control, shSPOP, and SPOP OE groups, or SPOP

< 0.001.
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Figure 8. Knockdown of SLC7A1 in SPOP S119N Mutation Cells Rescued Cell Proliferation, Migration, and Invasion Phenotype

(A) CCK8 assays showed that SLC7A1 knockdown in SPOP S119N cells inhibited cell proliferation. (B and C) Colony formation assays showed that downregulation of

SLC7A1 in SPOP S119N cells inhibited colony formation. (D–F) Transwell assays showed that knockdown of SLC7A1 decreased migration and invasion in SPOP S119N

cells. (G) The PI3K/AKT signaling pathway was inhibited by SLC7A1 knockdown in SPOP S119N cells. (H) Relative arginine content was shown in SPOP OE, SPOP S119N,

and SLC7A1 knockdown in SPOP S119N cells, respectively. Mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Apoptosis and Cell Cycle Assays

Apoptosis and cell cycle assays were performed by flow cytometry.
Cells were digested and washed twice with pre-cooled PBS, followed
by the addition of 5 mL of annexin V-allophycocyanin and 10 mL of
propidium iodide (PI) (Yeasen Biotechnology) in the dark at room
temperature for 20 min. Apoptosis rates were then detected within
1 h and analyzed using FlowJo software. For cell cycle assay, cells in
6-cm dishes were digested with trypsin and stained using PI/RNase
staining buffer (BD Pharmingen, USA), and the results were analyzed
using ModFit software.
Immunofluorescence Experiment

Cells were cultured in 48-well plates for the immunofluorescence
assay. When the cell density reached 80%, the cells were fixed with
4% paraformaldehyde for 15 min and washed three times with PBS
for 5 min each. After blocking with goat serum for 1 h, primary anti-
bodies and DAPI were mixed and added to the cells overnight at 4�C.
Fluorescent secondary antibodies were purchased from Yeason
(Shanghai, China). For tissue immunofluorescence, paraffin sections
of tissues were treated according to the above procedure for cellular
immunofluorescence.
Integrated Analysis of Multiple Omics

An RNA-seq assay and protein mass spectrometry were performed by
Lianchuan Biotechnology (Hangzhou, China).33,34 Protein quantifi-
cation and quantitative ubiquitination modification were carried
out by Shanghai Applied Protein Technology (Shanghai, China).35

Amino acid metabolomics analysis was performed by Novogene Bio-
informatics Technology (Beijing, China).36
Tumor Xenografts

Animal housing and procedures were approved by the local Animal
Care and Use Committee at the Children’s Hospital of Fudan Univer-
sity and complied with humane animal care standards. HepG2 cells
were cultured for animal experiments. The cells were collected by
trypsin digestion, washed with precooled PBS, and converted into sin-
gle-cell suspensions in PBS. Then, 2 � 106 cells were subcutaneously
inoculated into 5-week-old BALB/c nude mice (five mice in every
group) randomly. Six weeks later, mice were sacrificed by cervical
vertebrae dislocation. The tumors were quickly removed for imaging
and weight. Next, 2 � 106 cells were inoculated into the tail vein of
mice (two mice from every group) randomly, and 150 mg/kg D-lucif-
erin was intraperitoneally injected 4 weeks later. In vivo imaging was
performed 5 min later, and fluorescence was quantified. After the
experiment, the mice were sacrificed by cervical dislocation, the
lung tissue was stripped, and images were taken. Then, the lung tissue
was immersed in formalin and fixed.
Statistical Analysis

The data were analyzed using GraphPad Prism 5 software (GraphPad
Software) and expressed as mean ± standard error of themean (SEM).
Differences were analyzed using the Student t test, and p < 0.05 was
considered significant.
Data Availability

The authors declare that all the other data supporting the findings of
this study are available within the article and its additional files and
from the corresponding author upon reasonable request.
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