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A B S T R A C T

Background: Emerging evidence has demonstrated that SPOP functions as an oncoprotein in kidney cancer to
promote tumorigenesis by ubiquitination-mediated degradation of multiple regulators of cellular prolifera-
tion and apoptosis. However, the detailed molecular mechanism underlying the oncogenic role of SPOP in
kidney tumorigenesis remains elusive.
Methods:Multiple approaches such as Co-IP, Transfection, RT-PCR, Western blotting, and animal studies were
utilized to explore the role of SPOP in kidney cancer.
Findings: Here we identified LATS1, a critical component of the Hippo tumour suppressor pathway, as a novel
ubiquitin substrate of SPOP. We found that LATS1 interacted with Cullin3, and depletion of Cullin 3 upregu-
lated the abundance of LATS1 largely via prolonging LATS1 protein half-life. Mechanistically, SPOP specifi-
cally interacted with LATS1, and promoted the poly-ubiquitination and subsequent degradation of LATS1 in a
degron-dependent manner. As such, over-expression of SPOP promoted cell proliferation partly through reg-
ulating cell cycle distribution in kidney cancer cells. Furthermore, SPOP also promoted kidney cancer cell
invasion via degrading LATS1.
Interpretation: Our study provides evidence for a novel mechanism of SPOP in kidney cancer progression in
part through promoting degradation of the LATS1 tumour suppressor.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Kidney cancer is the sixth leading malignancy in the United States,
accounting for 5% of all cancer incidents. In 2018, it is expected that
approximately 41,730 new cases and nearly 10,010 cancer-related
deaths [1]. Clear-cell renal cell carcinoma (ccRCC) is the most common
pathological subtype of RCC, which accounts for about 75% of all clini-
cal cases [2]. Nearly 30% of kidney cancer patients present with
metastases at the time of diagnosis and almost half of the rest will sub-
sequently develop metastases in their disease progression [3]. As met-
astatic kidney cancer has been shown to be highly resistant to
cytotoxic agents, the first-line treatment of metastatic disease in the
1990s and 2000s largely relied on interferon-alpha [4, 5] and high-
dose interleukin-2, despite the response rate was only 5�20 % [6, 7].
Since 2005, several agents targeting mTOR and VEGFR/TKI pathways
have been approved for the treatment of metastatic kidney cancer [8].
Unfortunately, most patients still inevitably develop resistance to tar-
geted therapies, leading to tumour progression and eventual death [8].
Thus, it is urgent to comprehensively explore the molecular mecha-
nisms of how kidney cancer develops and progresses and discover
promising therapeutic approaches for this deadly disease.

The large tumour suppressor 1 (LATS1) acting as a tumour sup-
pressor is a serine/threonine kinase of the AGC kinase family and is
found to be down-regulated in various types of human cancers [9].
Recently, LATS1 has been identified as a central player of the emerg-
ing tumour suppressive Hippo signaling pathway. The Hippo path-
way was originally discovered in Drosophila, which is a highly
conserved pathway and plays a crucial role in regulation of biological
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Research in Context

Evidence before this study

Kidney cancer is one of the common malignancies in the world.
SPOP plays a critical role in tumorigenesis and progression via
ubiquitination and degradation of multiple substrates of SPOP.
SPOP functions as a tumour suppressor in prostate cancer,
whereas SPOP acts as an oncoprotein in kidney cancer.

Added value of this study

Cullin3SPOP is the physiological E3 ubiquitin ligase for LATS1
and negatively regulates the protein stability of LATS1.
SPOP mediated ubiquitination and degradation of LATS1 in a
degron-dependent manner.
CKId promotes the interaction and degradation of LATS1 by SPOP.
SPOP promotes kidney cancer cell proliferation, invasion and reg-
ulates cell cycle in part via promoting the degradation of LATS1.
SPOP overexpression accelerated tumour growth in mice.

Implications of all the available evidence

SPOP promotes kidney cancer progression via enhancement of
degradation of the LATS1.
Targeting SPOP might be a novel strategy for the treatment of
kidney cancer patients.
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processes such as organ size control, stem cell differentiation and
renewal, drug resistance, and tumorigenesis [10, 11]. In this pathway,
the MST1/2 (mammalian homolog of Drosophila Hippo) kinase phos-
phorylates activates LATS1/2 which, together with its co-factor
MOB1, subsequently phosphorylates and inhibits the YAP (or TAZ,
depending on cell context) transcriptional factor by preventing them
from translocating to the nucleus [12�14]. In addition to the critical
role in the Hippo pathway, LATS1 also inhibits in vitro cell prolifera-
tion in part by regulating cell apoptosis and cell cycle progression.
Ectopic expression of LATS1 induces cell apoptosis by promoting the
BAX protein level. Furthermore, ectopic expression of LATS1 also
down-regulates Cyclin A and Cyclin B protein levels and inhibits the
kinase activity of CDC2, leading to a G2/M blockade [15]. Additionally,
LATS1 is localized to the centrosome regulating actin that is neces-
sary for efficient cell migration. As such, knockdown of LATS1 induces
cell migration [9]. Thus, recent studies reveal that LATS1 functions as
a tumour suppressor through several different mechanisms that neg-
atively regulate tumour development.

Ubiquitin signaling regulates diverse cellular processes through
controlling protein ubiquitination and degradation [16]. The protein
ubiquitination process involves multistep enzymatic reactions cata-
lyzed by a cascade of enzymes, including the ubiquitin-activating
enzyme E1, the ubiquitin-conjugating enzyme E2, and the ubiquitin
ligase E3. Ubiquitin ligase recognizes and catalyzes the ubiquitination
of substrate proteins for targeted degradation through the 26S pro-
teasome [17, 18]. Recently, it has been reported that Speckle-type
POZ (pox virus and zinc finger protein) protein (SPOP) is an adaptor
for Cullin 3-based E3 ligases (CRL3). Structurally, SPOP contains
MATH and BTB domains: the C-terminal BTB domain that binds Cullin
3, and the N-terminal MATH domain that recruits substrates for ubiq-
uitination [19].

Almost in all ccRCCs, it has been shown that SPOP is overex-
pressed and accumulated in the cytoplasm of ccRCC cells, whereas
SPOP is largely a nucleoprotein in other cell types [20]. The ongoing
list of SPOP substrates includes death domain�associated protein
(Daxx) [21], the polycomb group protein BMI-1, and the histone vari-
ant MacroH2A [22]. SPOP plays a critical role in regulating cell apo-
ptosis, proliferation and animal development. A more recent study
showed that SPOP promotes tumorigenesis by ubiquitination and
degradation of multiple regulators of cellular proliferation and apo-
ptosis in kidney cancer [23]. However, in other cancer settings
including prostate and endometrial cancers, SPOP probably functions
largely as a tumour suppressor by ubiquitination and degradation of
oncoproteins such as ERG [24, 25], PD-L1 [26], and BRD4 [27]. Recent
deep sequencing studies found that SPOP is frequently mutated in
prostate cancer with up to 15% mutation rate [28]. However, no SPOP
mutation has been detected in kidney cancers thus far [20, 29]. Thus,
the physiological role and expression level of SPOP in tumorigenesis
are rather context dependent. Hence, we aim to elucidate the tumour
promoting mechanism of SPOP in kidney cancer progression.

2. Material and methods

2.1. Cell culture

293T, T98G, and Hela cells were cultured in Dulbecco’s Modifica-
tion of Eagle’s Medium (DMEM) (Corning, USA); U2OS and two ccRCC
cell lines, 786-O, and A498, were grown in RPMI medium 1640 (Corn-
ing). All mediums were supplemented with 10% fetal bovine serum
(FBS; Gibco) and 1% Penicillin/Streptomycin. All cells were incubated
at 37°C and 5% CO2.

2.2. Antibodies

All antibodies were used at 1:1000 dilution in 5% non-fat milk for
Western blot. Anti-SPOP antibody (16750-1-AP) was purchased from
Proteintech. Anti-Cul3(2759), anti-LATS1(3477) and anti-CK1(12417)
antibodies were purchased from Cell Signaling. Anti-Tubulin(T9028),
anti-Actin-Peroxidase(A3854), anti-Flag(F1804) and anti-C-Myc
(A5598) antibodies were purchased from Sigma. Peroxidase-conju-
gated anti-mouse secondary antibody (32430) and peroxides-conju-
gated anti-rabbit secondary antibody(31462) were purchased from
Thermo. Anti-HA antibody (sc-805) was purchased from Santa Cruz
Biotechnology.

2.3. Reagents

MG132 and cycloheximide (CHX) were purchased from Sigma.
CK1 inhibitor IC261 (SC-3561) and D4476 (SC-202522) were pur-
chased from Santa Cruz Biotechnology. The kidney cancer tissue
microarray slides (HKid-CRC180Sur-01) was purchased from Shang-
hai Outdo Biotech Co., Ltd (Shanghai, China) for measuring the
expression of SPOP and LATS1 by IHC staining.

2.4. Plasmids

Myc-tagged Cullins, Myc- tagged SPOP, pLenti-HA-SPOPWT, Myc-
tagged CK1d, CK1a1, CK1a2, CK1g1, CK1g2, CK1g3, CK1e, Flag-
tagged LATS1, and His-tagged Ub were kindly offered by Dr. Wenyi
Wei (Harvard Medical School). Various LATS1 mutants were gener-
ated in this study. Negative control siRNA and gene-specific siRNAs
for human LATS1, CK1d, Cullin3 were purchased from GenePharma
(Shanghai, China). The siRNA transfection of cells was
performed according to the manufacturer's instructions. The sequen-
ces of the siRNA oligonucleotides are as follows: siLATS1, sense 50-
GAG CUG GAA AGG UUC UAA ATT-30, antisense 50-UUU AGA ACC
UUU CCA GCU CTT-30; siCK1d_1, sense 50-GCU GCU UGC UGA CCA
AAU GTT-30, antisense 50-CAU UUG GUC AGC AAG CAG CTT-30;
siCK1d_2, sense 50-GCA CCU UGG AAU UGA ACA ATT-30, antisense 50-
UUG UUC AAU UCC AAG GUG CTT-30; siCUL3_1, sense 50-GCU UGG
AAU GAU CAU CAA ATT-30, antisense 50-UUU GAU GAU CAU UCC AAG
CTT-30; siCUL3_2, sense 50-CCA AGC ACA UGA AGA CUA UTT-30,
antisense 50-AUAGUCUUCAUGUGCUUGGTT-30; siCUL3_3, sense 50-
GGA GCA AGG UAA AGC UCU UTT-30, antisense 50-AAG AGC UUU ACC
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UUG CUC CTT-30; Negative control (NC) siRNA, sense 50-UUC UCC GAA
CGU GUC ACG UTT30, antisense 50-ACG UGA CAC GUU CGG AGA ATT
-30. shRNA to deplete endogenous SPOP was purchased from Gene-
chem Co., Ltd. (Shanghai, China).
2.5. qRT-PCR

The total RNA was extracted with Trizol (Invitrogen, Carlsbad, CA)
and reversed-transcribed into cDNA by RevertAid First Strand cDNA
Synthesis Kit (Thermo). qPCR was undertaken using Power SYBR
Green PCR Master Mix and the results were quantified by 2�DDCt

method. The primers used in the PCR are as follows: SPOP, forward
primer (50-GCC CTC TGC AGT AAC CTG TC-30) and reverse primer (50-
GTC TCC AAG ACA TCC GAA GC-30); b-actin, forward primer (50- GGA
GAT TAC TGC CCT GGC TCC TA-30) and reverse primer (50-GAC TCA
TCG TAC TCC TGC TTG CTG -30); LATS1, forward primer (50-AAA CCA
GGG AAT GTG CAG CAA -30) and reverse primer (50-CAT GCC TCT GAG
GAA CTA AGG A -30).
2.6. Protein half-life assays

Cells were treated with indicated condition. For half-life stud-
ies, cycloheximide(CHX) was added to the medium with the con-
centration of 100 mg/ml. At indicated time points thereafter, cells
were harvested and protein abundances were measured by West-
ern blotting analysis.
2.7. Immunoblot and immunoprecipitation

Harvested cells were washed by PBS and lysed in protein lysis
buffer supplemented with protease inhibitors tablets (Thermo)
and phosphatase inhibitors (phosphatase inhibitors cocktail 1,
Sigma). Protein concentration was determined using BCA reagent
(Thermo Fisher). Same amount of protein samples were separated
by electrophoresis in sodium dodecyl sulfonate (SDS)-polyacryl-
amide gel and transferred onto a nitrocellulose filter (NC) mem-
brane (Amersham). The membrane was incubated in 5% nonfat
dry milk/TBST for 1 h; and then incubated with the primary anti-
body at 4°C overnight. The membrane was washed with TBST for
three times, followed by incubated with second antibody for 1 h
at room temperature. Proteins of interest were measured by elec-
trochemiluminescence (ECL) assay. For immunoprecipitation
assay, 293T cells were transfected with indicated plasmids for 20
h and then treated with MG132 at concentration of 10mM for 10
h. Cells were washed with PBS and lysed in the IP lysis buffer
(25mM Tris�HCL pH7.4, 150mM NaCl, 1mM EDTA, 1% NP-40, 5%
glycerol, 1 £ Thermo protease inhibitor). Protein concentration
was determined using BCA reagent (Thermo Fisher) and then
incubated 1000mg of cell lysate with the primary antibody-conju-
gated beads at 4°C for 4 h. The immunocomplexes were washed
3 times with IP lysis buffer before being resolved by SDS-PAGE
and immunoblotted with the indicated antibodies.
2.8. In vivo ubiquitination

For the In vivo ubiquitination assay, 293T cells were transfected
with plasmids for His-Ub, Flag-LATS1 and other indicated proteins.
Cells were treated with 10mM MG132 for 10 h before they were har-
vested. Cells were washed with PBS and lysed with IP lysis buffer
(25mM Tris¢HCL pH7.4, 150mM NaCl, 1mM EDTA, 1% NP-40, 5% glyc-
erol, 1 £ Thermo protease inhibitor). 1000mg of cell lysate were incu-
bated with 2mg LATS1 antibody at 4°C for 4 h and then incubated
with Protein A/G plus agarose overnight. Beads were washed with
lysis buffer for 3 times and detected by SDS-PAGE.
2.9. In vitro ubiquitination

This assay was carried out via incubation of the purified proteins
including E1, E2 (UbcH5b), ubiquitin, GST-LATS1, SPOP-Cul3-ROC1
complex in ubiquitination buffer for reactions at 37°C for 1 h. The
reactions were stopped by the addition of 1% SDS and the reaction
products were resolved by SDS-PAGE and probed with the indicated
antibodies.

2.10. Immunohistochemistry

Renal cancer tumour microarray slides (HKid-CRC180Sur-01) or
786-O xenograft tumours were deparaffinized, dehydrate and incu-
bated in heat-mediated antigen retrieval. Subsequently, slides were
cooled to RT and incubated with 3% H2O2 for 10 min to block endoge-
nous peroxidase activity. After washing, slides were incubated in nor-
mal bovine serum (biosharp) to block non-specific binding of IgG.
Then, slides were treated with primary antibody LATS1 (abcam,
ab234820, 1:500) and SPOP (protein-tech, 16750-1-AP, 1:500) at 4°C
overnight. Slides were washed and incubated with streptavidin-con-
jugated horseradish peroxide (Gene Tech) in PBS for 1 hour at RT.
After washing with PBS for 3 times, slides were treated with DAB
(Gene Tech) for 5 min. Images were acquired by the Olympus camera
and matched software. IHC straining was scored by two independent
pathologists on the basis of the “most common” criteria.

2.11. Cell proliferation assays

Cells were seeded in a 96-well plate (5 £ 103 cells/well). At the
indicated time points, cell proliferation was performed by the Cell-
Titer-Glo Luminescent Cell Viability Assay (CTG, Promega) according
to the manufacture's instruction. Independent experiments were
repeated in triplicate.

2.12. Cell cycle analysis

Renal cancer cells were seeded in a 6-well plate (3 £ 105 cells/
well). After 48h, cells were harvested and suspended with 70% cold
alcohol for overnight at 4°C. Thereafter, cells were washed with PBS
and re-suspended with PBS mixing with 0.1mg/ml RNase I and
50 mg/ml PI at 37°C in the dark room for 30 min. The cell cycle distri-
bution was measured using a FACScalibur flow cytometer (BD, USA).

2.13. Cell invasion assay

For cell invasion assay, 1 £ 104- 1 £ 105 cells were placed on each
upper chamber with 200 mL of serum-free medium and 500ml of
medium containing 10% FBS at the bottom. Cells were incubated for
24 h at 37°C in 5% CO2. After washed with PBS, cells in the upper sur-
face of the insert were removed with cotton swabs. Cells attached on
the bottom were stained with Wright's-Giemsa for 5 min and washed
with ddH2O. The stained cells were photographed and counted under
a light microscope in 5 fields with random choice.

2.14. Bioinformatics analysis

The correlation of SPOP expression with the overall survival of
KIPR (Kidney renal papillary cell carcinoma) patients initially
assessed using the OncoLnc database (www.oncolnc.org).

2.15. Mouse xenograft assay

For mouse xenograft assay, six-week-old BALB/c-nu/nu mice were
randomly divided into two different experimental groups. Renal can-
cer cells were collected and suspended in 100ml PBS mixing with
Matrigel (BD 356234, 2:1) and injected into the nude mouse (5 mice

http://www.oncolnc.org
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for each group). The volume of tumour was measured with a ver-
nier caliper every 4d and calculated by the formula: L £ W2 £ 0.52
(L: the longest diameter of the tumour, W: the shortest diameter
of the tumour). After 40 days, mice were killed and the tumours
were dissected and weighted. The animal studies were conducted
in accordance with guidelines and approved by Animal Experi-
mentation Ethical Committee of Soochow University (Suzhou,
Jiangsu, China).

2.16. Statistical analysis

GraphPad Prism 5 was used for analysis. All results were shown as
the means § S.D. A two-tailed independent student0s t-test and
ANOVA were performed to analyze statistical associations between
two groups and multiple groups, respectively. P < 0.05 was consid-
ered to be statistically significant.

3. Results

3.1. Cullin3SPOP is the physiological E3 ubiquitin ligase for LATS1

Given the important role of LATS1 in kidney cancer progres-
sion [30], it is crucial to explore how LATS1 protein level is regu-
lated at physiological conditions and misregulated in kidney
cancer setting. Firstly, we detected that proteasome inhibitor
MG132 could stabilize the endogenous LATS1 protein level
(Fig. 1a and Supplementary Fig. 1a). In keeping with this notion,
we found that LATS1 interacted specifically with Cullin 3 (CUL3)
and Cullin 1 (CUL1), but not other members of Cullin family (Fig.
1b), suggesting that CUL3 and CUL1 E3 liagses might be involved
in LATS1 ubiquitination and degradation. The role of CUL1 E3
ligase in regulation of LATS1 stability needs further investigation.
In keeping with a critical role of Cullin 3 in regulating LATS1 pro-
tein stability, depletion of Cullin 3 promoted the abundance of
LATS1 (Fig. 1c and Supplementary Fig. 1b). Moreover, depletion of
endogenous CUL3 dramatically extended protein half-life of
LATS1 (Fig. 1d,e and Supplementary Fig, 1c,d). On the other hand,
overexpression of CUL3 reduced the protein half-life of LATS1
(Supplementary Fig, 1e,f). Notably, we observed that LATS1 inter-
acted specifically with SPOP in cells (Fig. 1f and Supplementary
Fig. 1g and 1j). In keeping with this notion, we confirmed that
overexpression of SPOP down-regulated the LATS1 expression in
a dose-dependent manner (Fig. 1g,h and Supplementary Fig. 1h),
a process that can be blocked by MG132 treatment (Fig. 1i and
Supplementary Fig. 1i). We further demonstrated that SPOP pro-
moted the ubiquitination of LATS1 in cells (Fig. 1j). Together,
these results suggest that LATS1 is a potential substrate of the
Cullin3/SPOP E3 ligase.

3.2. Cullin3SPOP E3 ubiquitin ligase negatively regulates the protein
stability of LATS1

Consistent with an important role for SPOP in modulating the sta-
bility of LATS1, we demonstrated that depletion of endogenous SPOP
with several different small hairpin RNA (shRNA) markedly elevated
the protein abundance of LATS1 in multiple cell lines (Fig. 2a). On the
other hand, overexpression of SPOP led to a noticeable decrease in
the abundance of LATS1 (Fig. 2b). Notably, we confirmed that in mul-
tiple cell lines, depletion of endogenous SPOP with shRNA barely
changed the mRNA levels of LATS1 (Fig. 2c). Moreover, the half-life of
LATS1 was markedly extended with depleting of endogenous SPOP
protein, whereas overexpression of SPOP reduced the protein half-
life of LATS1 (Fig. 2d�g). These data collectively support the notion
that SPOP regulates the protein stability of LATS1 mainly through a
post-translational mechanism.
3.3. SPOP-mediated ubiquitination and degradation of LATS1 depends
on the degron motif

As SPOP contains two conserved domains: the N-terminal con-
served MATH domain could recognize its ubiquitin substrate, and the
C-terminal BTB domain could bind CRL scaffold protein Cullin3[19].
Notably, we demonstrated that the SPOP mutant with deletion of the
MATH domain failed to bind to LATS1 (Supplementary Fig. 2a,b).
Moreover, either loss of MATH or BTB domain of SPOP prevented the
degradation of LATS1 (Supplementary Fig. 2c). Consistent with previ-
ous reports that most of SPOP substrates share a SPOP-binding con-
sensus motif F-P-S-S/T-S/T (F-nonpolar; P, polar), we analyzed
LATS1 protein sequence and found two putative motifs, or “degrons”
located in the N-terminus of LATS1 (Fig. 3a). Notably, deletion of
degron1 (DDeg1), and to a lesser extent of degron2 (DDeg2), largely
blocked SPOP-mediated degradation of LATS1, whereas deletion of
both degron1 and 2 (DDeg1+2) nearly abolished the LATS1 degrada-
tion of SPOP-mediated (Fig. 3b). Consistently, deletion of degron 1 or
both degrons dramatically attenuated the interaction of LATS1 with
SPOP in cells (Fig. 3c). Moreover, DDeg1+2 and DDeg1 mutation
exhibited resistance to SPOP-mediated destruction (Fig. 3d,e and
Supplementary Fig. 2d,e) and poly-ubiquitination (Fig. 3f) in cells.
Mutagenesis studies demonstrated that the serine 336-to alanine
mutation (S336A) in DDeg1 rarely attenuated the interaction of
LATS1 with SPOP, but mutating Ser334, Ser335, Ser336 to alanine
(LATS1-3A) dramatically attenuated the interaction of LATS1 with
SPOP in cells (Fig. 3g). Consistently, the LATS1-3A mutation exhibited
resistance to SPOP-mediated degradation in cells (Fig. 3h,j and Sup-
plementary Fig. 2f). Notably, our in vitro ubiquitylation assay result
confirmed that LATS1 is a direct ubiquitylation substrate of SPOP
(Supplementary Fig. 2g).

3.4. CKId promotes the interaction and degradation of LATS1 by SPOP

It has been previously reported that proper substrate phosphoryla-
tion is necessary before substrate ubiquitination and degradation by
SCF type of E3 ligases including FBW7 and b-TRCP. Consistently, recent
studies have identified that SPOP promoted SRC-3 and ERG degrada-
tion in a casein kinase I e (CKIe) -dependent and casein kinase I d
(CKId)-dependent manner [25, 31]. Given that the SPOP recognizable
degron in LATS1 contains several putative CKI phosphorylation sites,
we aimed to detect whether CKI also involves in SPOP-mediated deg-
radation of LATS1. Notably, we observed that only CKId, but not other
CKI, could promote LATS1 degradation under overexpression condi-
tions (Fig. 4a). Moreover, depletion of CKIdwith its siRNA or inhibitors,
D4476 and IC261, dramatically elevated the protein level of LATS1 in
cells (Fig. 4b,c). More importantly, co-overexpression of CKId in cells
enhanced the association of LATS1 with SPOP to promote the ubiquiti-
nation of LATS1 (Fig. 4d). Moreover, the LATS1-DDeg1+2 and LATS1-
3A mutant, but not the LATS1-S336A, exhibited resistance to CKId-
mediated LATS1 degradation (Fig. 4e,f). In support of this notion, the
ubiquitination of LATS1-3A mutant was reduced in cells (Fig. 4g). In
addition, we found that MTS1 kinase that phosphorylates LATS1 did
not involve in SPOP-mediated degradation of LATS1 (Fig. S2h).

3.5. The biological function of SPOP in kidney cancer cells

It has been previously reported that SPOP plays a critical role in reg-
ulating cell apoptosis, proliferation and animal development through
mediating Daxx, BMI-1, and MacroH2A [21, 22]. On the other hand,
SPOP could promote tumorigenesis by ubiquitination and degradation
of multiple regulators of cellular proliferation and apoptosis in kidney
cancer [23]. One recent study demonstrated that SPOP promoted renal
cell carcinoma cell epithelial-mesenchymal transition (EMT) and
enhanced cell invasion via activation of b-catenin/TCF4 complex [32].
Therefore, we intended to further explore the biological function of



Fig. 1. Cullin3SPOP is the physiological E3 ubiquitin ligase for LATS1. (a) IB analysis of WCLs derived from 293T, 786-O and A498 cells treated with 10mM MG132 for 10 hr. (b) IB
analysis of immunoprecipitates (IPs) and WCLs derived from 293T kidney cells transfected with indicated constructs. Cells were treated with MG132 (10 mM) before harvesting. (c)
IB analysis of WCLs derived from A498 cells transfected with Cullin3 siRNA. (d) IB analysis of WCLs derived from 786-O cells after the specified duration of 100mg/ml cycloheximide
(CHX) transfected with Cullin3 siRNA. (e) The abundance of LATS1 protein in (d) was quantified and plotted. (f) IB analysis of WCLs and immunoprecipitates (IPs) derived from 293T
cells transfected with indicated constructs. Cells were treated with MG132 (10mM) before harvesting. (g) IB analysis of WCLs derived from 293T kidney cells transfected with
increasing doses of plasmid encoding SPOP. (h) IB analysis of WCLs derived from 786-O cells transfected with increasing doses of plasmid encoding SPOP. (i) IB analysis of WCLs
derived from 293T kidney cells or A498 cells transfected with indicated constructs. Where indicated, cells were treated with 10mMMG132 before harvesting. (j) IB analysis of WCLs
and products of ubiquitination derived from 293T cells transfected with indicated constructs.
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SPOP in kidney cancer cells. To this end, we observed that depletion of
SPOP decreased cell proliferation in A498 kidney cancer cells (Fig. 5a).
On the other hand, overexpression of SPOP promoted cell proliferation
in A498 cells and 786-O cells (Fig. 5b). Moreover, we found that overex-
pression of SPOP enhanced cell invasion (Fig. 5c,d). In contrast, overex-
pression of LATS1 reduced cell invasion (Fig. 5c,d). Notably,
overexpression of SPOP rescued cell invasion inhibition induced by
overexpression of LATS1 (Fig. 5c,d). On the other hand, we observed
that depletion of SPOP reduced cell invasion which can be rescued by
additional depletion of LATS1 (Fig. 5e,f). These results suggest that SPOP
downregulates cell invasion partly through modulating LATS1 protein
abundance. Moreover, co-expression with SPOP suppressed LATS1-WT



Fig. 2. Cullin3SPOP E3 ubiquitin ligase negatively regulates the protein stability of LATS1. (a) IB analysis of WCLs derived from A498 or 786-O cells infected with the indicated lentivi-
ral shRNA vectors. (b) IB analysis of WCLs derived from 293T or A498 cells transfected with HA-tagged SPOP plasmid. (c) Quantitative real-time PCR (qRT-PCR) analysis to detect
LATS1 and SPOP mRNA levels derived from 786-O or A498 cells after depletion of SPOP. Data are shown as mean §SD of three independent experiments. *P<0.05, Student’s t test.
(d) IB analysis of WCLs derived from 293T cells after the specified duration of cycloheximide (CHX) transfected with Myc-tagged SPOP plasmid. (e) The abundance of LATS1 protein
in (d) was quantified and plotted. (f) IB analysis of WCLs derived from A498 cells after the specified duration of 100mg/ml cycloheximide (CHX) infected with indicated lentiviral
shRNA vectors. (g) The abundance of LATS1 protein in (f) was quantified and plotted.
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Fig. 3. SPOP-mediated ubiquitination and degradation of LATS1 depends on the degron motif. (a) Amino acid sequence alignment of LATS1 with the SPOP�binding motif (degron)
in known substrates of SPOP. (b) IB analysis of WCLs derived from 293T cells transfected with indicated plasmids. (c) IB analysis of WCLs and immunoprecipitates (IPs) derived from
293T cells transfected with indicated plasmids and treated with 10mMMG132 for 10 h before harvesting. (d) IB analysis of WCLs derived from 293T cells after the specified duration
of 100mg/ml cycloheximide (CHX) transfected with indicated Flag-tagged LATS1 plasmids. (e) The abundance of LATS1 protein in (d) was quantified and plotted. (f) IB analysis of
WCLs and immunoprecipitates (IPs) derived from 293T cells transfected with indicated plasmids and treated with 10mM MG132 for 10 hr before harvesting. (g) IB analysis of WCLs
and immunoprecipitates (IPs) derived from 293T cells transfected with indicated plasmids and treated with 10mMMG132 for 10 h before harvesting. (h) IB analysis of WCLs derived
from 293T cells transfected with indicated plasmids. (i) IB analysis of WCLs derived from 293T cells after the specified duration of 100mg/ml cycloheximide (CHX) transfected with
indicated Flag-tagged LATS1 plasmids. (j) The abundance of LATS1 protein in (i) was quantified and plotted.
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Fig. 4. CKId promotes the interaction and degradation of LATS1 by SPOP. (a) IB analysis of WCLs derived from 293T cells transfected with indicated plasmids. (b) IB analysis of WCLs
derived from 293T, A498 and 786-O cells incubated with CKI inhibitor IC261 (50mM) or D4476 (20mM) before harvesting. (c) IB analysis of WCLs derived from kidney derived 293T
cells transfected with CKId siRNA. (d) IB analysis of WCLs and immunoprecipitates (IPs) derived from 293T kidney cells transfected with indicated plasmids and treated with 10mM
MG132 for 10 hr before harvesting. (e) IB analysis of WCLs derived from 293T cells transfected with indicated plasmids. (f) IB analysis of WCLs derived from 293T cells transfected
with indicated plasmids. (g) IB analysis of WCLs and immunoprecipitates (IPs) derived from 293T cells transfected with indicated plasmids and treated with 10mM MG132 for 10 h
before harvesting.
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but not DDeg1+2-mediated inhibition of cell invasion (Fig. 5g,h). Since
ShSPOP infection still decreased cell invasion after downregulation of
LATS1, indicating that LATS1 might not be the main downstream of
SPOP in regulation of cell invasion in ccRCC.

It has been previously reported that ectopic expression of LATS1
induced cells at G2/M arrest. Thus, we also detected the biological
function of SPOP on cell cycle. We found that depletion of SPOP
induced cells at G2/M arrest. Notably, simultaneous depletion of
SPOP and LATS1 reduced cells populations at G2/M phase compared
with single depletion of LATS1 (Supplementary Fig. 3a). In keeping
with a possible role of SPOP in regulating cell cycle via LATS1, we
found that co-expression with CKId suppressed LATS1-WT-mediated
G2/M arrest (Supplementary Fig. 3b). Moreover, co-expression with
SPOP suppressed LATS1-WT, but not DDeg1+2, -mediated G2/M
arrest (Supplementary Fig. 3c). These findings are consistent with the
expression of LATS1 and its downstream targets, YAP and TAZ in cells
after dysregulation of SPOP and LATS1 (Supplementary Fig. 3d�f).
Together, these results suggest that SPOP promotes kidney cancer
cell proliferation, invasion and regulates cell cycle in part via promot-
ing the degradation of LATS1.

3.6. SPOP promotes tumorigenesis

It has been shown that SPOP could promote kidney tumorigenesis
[23]. In agreement with this study, we observed that overexpression
of SPOP in 786-O cells dramatically elevated the growth of tumour
xenografts in mouse models (Fig. 6a�e). We performedWestern blot-
ting of LATS1 and immunohistochemistry (IHC) of SPOP and LATS1 on
the xenografted tumours and found that LATS1 was down-regulation
in the SPOP overexpression xenografted tumours (Fig. 6f,g). On the
other hand, depletion of SPOP by shRNA-mediated knockdown in
786-O cells suppressed the growth of tumour xenografts in mouse



Fig. 5. SPOP promote the proliferation and invasion of kidney cancer cells. (a) The CTG assay was used to detect the proliferation capability of A498 kidney cancer cells infected with
SPOP lentiviral shRNA. Data are shown as mean§SD of three independent experiments. *P<0.05. (b) The CTG assay was used to detect the proliferation capability of A498 and 786-O
kidney cancer cells transfected with SPOP plasmids. Data are shown as mean §SD of three independent experiments. *P<0.05. (c) Transwell chambers assay was performed to
detect the invasion capability of 786-O kidney cancer cells transfected with the indicated plasmids. (d) The quantification of invasion cells in (c). Data are shown as mean §SD of
three independent experiments. **P<0.01. (e) Transwell chambers assay was performed to detect the invasion capability of 786-O kidney cancer cells infected with the indicated
lentiviral shRNA or transfected with the indicated siRNA. (f) The quantification of invasion cells in (e). Data are shown as mean §SD of three independent experiments. *P<0.05,
**P<0.01. (g) Transwell chambers assay was performed to detect the invasion capability of 786-O kidney cancer cells transfected with the indicated plasmids. (h) The quantification
of invasion cells in (g). Data are shown as mean §SD of three independent experiments. *P<0.05, **P<0.01. ns: no significant difference.
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models (Supplementary Fig. 4a�e). To further investigate the clinical
relevance between SPOP and LATS1 in kidney cancer, we monitored
SPOP and LATS1 IHC signals in kidney cancer tissues. We found that
SPOP was overexpressed in most of kidney cancer clinical tissues.
Moreover, we identified an inverse correlation between SPOP and
LATS1 expression in kidney cancer tissue cytoplasm (Fig. 6h,i). There-
fore, it is necessary to further investigate the associations between
the expression levels of SPOP, LATS1, Cullin 3 and survival in renal
cancer patients.

4. Discussion

Here we identified that the Cullin3/SPOP E3 ligase mediates the
abundance of LATS1 protein through promoting its ubiquitination



Fig. 6. SPOP promotes tumorigenesis. (a) 786-O-pcDNA3.1, 786-O-SPOP polyclonal stable kidney cancer cell lines were injected subcutaneously into the BALB/c-nu/nu mice. 40 days
later, mice were anesthetic and taken a picture. (b) The tumours were dissected and taken a picture. (c) The weights of the dissected tumours in (b). (d) In vivo tumour growth was
measured over the indicated time period. (e) The body weights of the BALB/c-nu/nu mice are measured over the indicated time period. (f) Immunohistochemistry staining of SPOP
and LATS1 in tissue sections of xenografted tumours in BALB/c-nu/nu mice injected with the indicated cell lines. Scale bars, 20 mm. (g) IB analysis of the LATS1 protein levels in the
dissected tumours. (h) Statistical analyses of the correlation between SPOP and LATS1 expression in cytoplasm of the kidney cancer tissue microarray. (i) Representative images of
SPOP and LATS1 IHC from 89 cases of kidney cancer.
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and subsequent destruction. Moreover, previous studies have shown
that CKI was involved in SRC-3 and ERG degradation mediated by
SPOP [25, 31]. In line with those studies, our results demonstrated
that only CKId, but not other CKI, could promote LATS1 degradation
under overexpression conditions. One study showed that long non-
coding RNA cytoskeleton regulator RNA (CYTOR) could bind to cyto-
plasmic b-catenin and prevent CK1-mediated b-catenin phosphory-
lation, leading to its translocation to the nucleus [33]. Another study
revealed that lncRNA01638 impeded SPOP-involved c-Myc degrada-
tion in breast cancer [34]. These two studies indicate that lncRNAs
could be involved in SPOP-mediated tumorigenesis, which need to be
further investigated.

Previous studies demonstrate that SPOP functions as either a
tumour suppressor or an oncogene in context-depending [35]. It is
implicated that SPOP functions as a tumour suppressor in the pros-
tate cancer because there is a high mutation rate in prostate cancer
and mutations is likely inactive [36-39]. However, there is no
detected mutation of SPOP in kidney cancers so far [20, 29]. One
study has revealed that SPOP protein and mRNA level were highly
expressed in ccRCC compared to normal kidney tissues [32]. More-
over, SPOP was associated with tumour metastasis, tumour recur-
rence-free survival of ccRCC [32]. Similarly, another study confirmed
that positive expression of SPOP and ZEB1 in addition to negative E-
cadherin was associated with poor prognosis in ccRCC patients [40].

Importantly, SPOP is a direct transcriptional target of HIFs (hyp-
oxia-inducible factors) in ccRCC. Hypoxia led to cytoplasmic accumu-
lation of SPOP and subsequently caused tumorigenesis, which is
through targeting PTEN, ERK phosphatases, Daxx, and Gli2 in ccRCC
[23]. RCC cell lines express either both HIF1a and HIF2a or HIF2a
that affect the expression of SPOP. For instance, both 786-O and A498
cells predominantly express HIF2a, while Caki-2 cells express both
HIF1a and HIF2a [23]. Knockdown of HIF1a in Caki-2 cells, or knock-
down of HIF2a in A498 cells, or double-knockdown of both HIF1a
and HIF2a in Caki-2, leads to a reduction of SPOP expression at
mRNA and protein levels, suggesting that both HIF1a and HIF2a reg-
ulate SPOP expression [23]. Mechanistically, SPOP drove EMT and
promoted cell invasion via enhancement of b-catenin protein expres-
sion and its nuclear translocation and upregulation of TCF4 in ccRCC
[32]. Both TCF4 and b-catenin could regulate the ZEB1 expression in
ccRCC cells [32]. In addition, PTEN and ERK governed the expression
of b-catenin, and mediated EMT in human cancer [41, 42]. Thus,
these studies indicate that SPOP mediated cell invasion in part via
targeting PTEN and ERK, and activation of b-catenin/TCF4 and subse-
quent upregulation of ZEB1. Moreover, previous studies revealed that
SPOP always misallocated to the cytoplasm which is a nucleoprotein
originally [23, 43]. Our results also revealed that SPOP is overex-
pressed in the cytoplasm in most of the ccRCC clinical tissues (Fig. 6h,
i). It has been reported previously that over-expression of SPOP is an
unfavorable prognostic indicator in ccRCC patients according to sur-
vival regression estimates [32]. Thus, our findings identify that SPOP
function as an oncogene in kidney cancer.

It is generally accepted that as a tumour suppressor, LATS1 sup-
presses cell proliferation through inducing cell apoptosis and G2/M
phase arrest [44]. Several E3 ubiquitin ligases including ITCH, WWP1,
DCAF1, and NEDD4 have been reported to regulate stability of LATS1
[45�48]. Here, we identified SPOP is a new E3 ligase of LATS1 in
ccRCC cells. Moreover, we identified that depletion of endogenous
SPOP by shRNA induced G2/M arrest via elevating LATS1 protein
abundance. In line with this, we observed that overexpression of
SPOP could promote cell proliferation partly through regulating cell
cycle distribution in A498 cells and 786-O cells (Fig. 5b). On the other
hand, SPOP could promote kidney cancer cell invasion in part via reg-
ulating LATS1. Therefore, our studies identified E3 ubiquitin ligase
Cullin3/SPOP mediated the stability of the tumour suppressor LATS1
through poly-ubiquitination and subsequent degradation of LATS1 in
kidney cancer in a degron-dependent manner. It is worth noting that
SPOP also targets PTEN, DUSP7, Daxx, and Gli2 in ccRCC [23], thereby
suggesting that SPOP could exert its oncogenic function in part via
LATS1 pathway.

Together, in this study we demonstrate that SPOP acts as an onco-
protein in kidney cancer. It is worthy to mention that there are sev-
eral limitations in this study. The basal level of SPOP expression in
multiple ccRCC cell lines needs to be measured by Western blotting
analysis. The effects of CKId inhibitors on the viability and invasion
potential of ccRCC cells should be determined. In addition, the
expression levels of SPOP in ccRCC cells with different treatments in
various control groups, including shRNA control infection and empty
vector transfection, are variable. This could be in part due to different
exposure times in Western blotting to show the remarkably differen-
ces between control and treatment groups. Since LATS1 is a tumour
suppressor in ccRCC, it is better to target its upstream regulators such
as SPOP to upregulate LATS1 expression. Thus, targeting SPOP in
ccRCC is an important strategy for the treatment of ccRCC patients. In
fact, several small molecules yield by structure-based design and sub-
sequent hit optimization have been identified to inhibit the SPOP-
substrate protein interaction and to suppress oncogenic SPOP path-
ways [49]. Further investigation is required to discover the novel
inhibitors of SPOP including natural compounds as well as its anti-
cancer potential, at least in kidney cancer with elevated SPOP expres-
sion. Taken together, our study provided new insight into the
molecular mechanisms of SPOP-driven ccRCC progression, in which
SPOP promotes that ubiquitination and subsequent degradation of
the LATS1 tumour suppressor protein.
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