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SPOP targets oncogenic protein ZBTB3 for
destruction to suppress endometrial cancer
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Abstract: Dysregulation of the ubiquitin-proteasome pathway is closely associated with cancer initiation and progres-
sion. SPOP is an adapter protein of the CUL3-based E3 ubiquitin ligase complexes. Several whole genome/exome
sequencing studies on endometrial cancers (ECs) revealed that the SPOP gene is frequently mutated. However, how
SPOP mutations contribute to EC remains poorly understood. In this study, transcription factor ZBTB3 was identified
as a proteolytic substrate for the SPOP-CUL3-RBX1 E3 ubiquitin ligase complex. SPOP specifically recognizes two
Ser/Thr (S/T)-rich degrons located in ZBTB3 and triggers the degradation of ZBTB3 via the ubiquitin-proteasome
pathway. By contrast, EC-associated SPOP mutants are defective in regulating ZBTB3 stability. SPOP inactivation
promotes endometrial cell proliferation, migration, and invasion partly through ZBTB3 accumulation. Sonic hedge-
hog (SHH) was found to be a transcriptional target of ZBTB3. SPOP inactivation leads to ZBTB3-dependent SHH
upregulation in EC cells. RUSKI-43, a small molecule inhibitor of SHH, suppresses cell proliferation, migration, and
invasion in SPOP-depleted or EC-associated SPOP mutant-overexpressed EC cells. Our data indicate that pharmaco-
logical inhibition of SHH represents a possible treatment strategy for SPOP-mutated ECs.

Keywords: SPOP, ZBTB3, endometrial cancer, ubiquitination, sonic hedgehog

Introduction quently altered genes by somatic point muta-
tions in ECs. Nonetheless, how SPOP mutations
contribute to the pathogenesis and progression

of EC remains poorly understood.

Endometrial cancer is the most common gyne-
cologic malignancy in developed countries [1].
Most patients present with low-grade, early-

stage disease. However, patients with aggres- The CRL3 E3 ubiquitin ligase complex is com-

sive high-grade tumors that spread beyond the
uterus will usually progress within one year [2].
Thus, identifying the genetic alterations that
initiate EC and contribute to its progression for
effective cancer prevention and treatment is
necessary. The mutational landscape of ECs
has been reported by several groups including
the Cancer Genome Atlas (TCGA) [3-6]. Among
these investigations, speckle-type POZ protein
(SPOP) was identified as one of the most fre-

posed of the scaffold CUL3, the RING protein
RBX1, and a BTB domain-containing protein
that acts as an adaptor for substrate binding
[7]. SPOP is a structurally well-characterized
BTB protein that interacts with substrates via
the MATH domain at its N terminus and binds
CUL3 through the BTB domain at its C terminus
[8]. SPOP has been linked to the ubiquitination-
dependent degradation of multiple oncopro-
teins, such as SRC-3, AR, ERa, EGLN2, HDACG,
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Cyclin E, DEK, TRIM24, ERG, PD-L1 and BETs
[9-22]. SPOP also promotes the non-degrada-
tive ubiquitination of INF2 and MacroH2A to
regulate mitochondrial dynamics and epigene-
tic silencing, respectively [23, 24]. All EC-ass-
ociated SPOP mutations identified to date
affect the evolutionarily conserved residues in
the MATH domain. This fact suggests that the
mutations may alter the interaction between
SPOP and its substrates. In addition to EC,
SPOP is frequently mutated (4.6%-14.4%) in of
patients with prostate cancer across different
ethnic and demographic backgrounds [25].
SPOP mutations also occur in other tumor
types, albeit at low frequency. The identification
of additional SPOP substrates may help eluci-
date the underlying molecular mechanisms of
SPOP-mutated cancers.

Zinc finger (ZF) and BTB/POZ domain-contain-
ing (ZBTB) proteins are an emerging family of
transcription factors commonly containing a
DNA-binding ZF and a transcription-repressing
BTB/POZ domain [26]. The BTB domain directly
interacts with transcriptional co-repressors,
such as NCOR, BCOR, CTBP1 or mSin3A, and
thus mediates chromatin remodeling and gene
silencing/activation. By contrast, the ZF domain
determines the transcriptional specificity of
ZBTB proteins through binding to the sequence-
specific DNA elements [26]. Human ZBTB3
plays positive roles in cancer cell growth via the
regulation of the ROS detoxification pathway
genes [27]. Mouse Zbtb3 was highly expressed
in mouse embryonic stem cells (ESCs). Zbtb3
potentiates the ESC self-renewal in a Nanog-
dependent manner, and Zbtb3 deficiency im-
pairs the early embryonic development [28].
Therefore, ZBTB3 may regulate diverse biologi-
cal processes by controlling the transcription of
its targets.

In this study, we demonstrated that SPOP forms
a functional CUL3-SPOP-RBX1 E3 ubiquitin-
ligase complex, which targets ZBTB3 for ubiqui-
tination and proteasomal degradation to facili-
tate the neoplastic transformation of EC cells.
This effect is also abrogated by the EC-ass-
ociated SPOP mutations. Our results showed
that oncogenic deregulation of SPOP-ZBTB3-
SHH axis in SPOP-mutated ECs.

Materials and methods
Cell culture and transfection

The 293T cells and EC cell lines (ECC-1 and
HEC-1-A) were obtained from the American
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Type Culture Collection (ATCC). The 293T cells
were maintained in DMEM with 10% (v/v) fetal
bovine serum (FBS). The ECC-1 and HEC-1A
cells were maintained in RPMI1640 with 10%
(v/v) FBS. All cells were grown at 37°C with 5%
CO,. The cells were transiently transfected with
plasmids or siRNAs using Lipofectamine 3000
(Thermo, USA) according to the manufacturer’s
instructions.

Plasmid constructions

The expression vectors for SPOP-WT or mutants
were described previously [11]. The ZBTB3
cDNA was kindly provided by Dr. Jiahui Han
(Xiamen University, China) and subcloned into
pCMV-FLAG and pCMV-Myc expression vectors.
The ZBTB3 mutants were generated by KOD-
Plus Mutagenesis Kit (Toyobo, Japan) following
the manufacturer’s instructions. For lentiviral
knockdown, the shRNA sequence targeting
SPOP or ZBTB3 were subcloned intro pLKO.3G
GFP-shRNA vectors. The shRNA sequence is
shown in Supplementary Table 1. For lentiviral
overexpression, the SPOP or ZBTB3 cDNA were
subcloned into pCDH vectors. All the constructs
were verified by DNA sequencing.

Protein complex purification

The epitope-tagging strategy to isolate SPOP-
containing protein complexes from human cells
was performed. In brief, to obtain a FLAG-HA-
SPOP expressing cell line, 293T cells were
transfected with pCIN4-FLAG-HA-SPOP con-
structs and selected for 2 weeks in 1 mg/ml
G418. The tagged SPOP protein levels were
detected by WB analyses. The stable cell lines
were chosen to expand for protein complex
purification. For purification, the cells were
lysed in BC100 buffer (20 mM Tris-Cl, pH 7.9,
100 mM NaCl, 0.2 mM EDTA, 20% glycerol)
containing 0.2% Triton X-100 and fresh prote-
ase inhibitor on ice for 2 hr. The homogenate
was centrifuged for 30 min at 12000 rpm at
4°C. Cleared lysates were filtered through 0.45
MM spin filters (Millipore, USA) and immunopre-
cipitated by anti-FLAG antibody-conjugated M2
agarose (Sigma, USA). The bound polypeptides
eluted with the FLAG peptide (Sigma, USA) were
further affinity purified by anti-HA antibody-con-
jugated agarose (Sigma, USA). The final elutes
from the HA-beads with HA peptides were
resolved by SDS-PAGE on a 4%-20% gradient
gel (Bio-Rad) for Coomassie Blue staining. Gel
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bands were cut out from the gel and subjected
to mass-spectrometric sequencing.

Mass-spectrometric sequencing

Nano-LC MS/MS experiment was performed on
an HPLC system composed by two LC-20AD
nano-flow LC pumps, an SIL-20 AC auto-sam-
pler and an LC-20AB micro-flow LC pump
(Shimadzu) connected to an LTQ-Orbitrap mass
spectrometer (Thermo Fisher). Sample was
loaded onto a CAPTRAP column (0.5 x 2 mm,
MICHROM Bioresources) in 5 min at a flow rate
of 10 pl/min. The sample was subsequently
separated by a C18 reverse-phase column
(0.075 x 150 mm, packed with 3 um Aeris C18
particles, Phenomenex) at a flow rate of 300 nl/
min. The mobile phases were 0.1% formic acid
as the loading phase and 4% acetonitrile in
0.1% formic acid (phase A) and 96% acetoni-
trile with 0.1% formic acid (phase B). To achieve
proper separation, a 60-min linear gradient
from 5 to 40% phase B was employed. The sep-
arated sample was introduced into the mass
spectrometer via nanoelectrospray. The spray
voltage was set at 2.3 kV and the heated capil-
lary at 180°C. The mass spectrometer was
operated in data-dependent mode and each
cycle of duty consisted one full-MS survey scan
at the mass range 300~1600 Da with resolu-
tion power of 100,000 using the Orbitrap sec-
tion, followed by MS/MS experiments for 10
strongest peaks using the LTQ section. The AGC
expectation during full-MS and MS/MS were
1000000 and 10000, respectively. Peptides
were fragmented in the LTQ section using colli-
sion-induced dissociation with helium and the
normalized collision energy value set at 35%.
Only 2+ and 3+ peaks were selected for MS/
MS run and previously fragmented peptides
were excluded for 60 s. Protein searches were
performed with the Mascot 2.3.02 software
(MatrixScience) against the SWISSPROT human
protein database (release 2014_07) with the
following criteria: 2 possible missed cleavage
sites with enzymeset to trypsin, peptide mass
tolerance of 25 ppm, fragment mass tolerance
of 0.80 Da, Acetylated protein N-term and oxi-
dized Met were considered as variable modifi-
cations. The acceptance criterion for peptide
identifications was the rate of false positive
identification less than 1%.

RNA interference

Nonspecific control siRNA and siRNAs for hu-
man CUL3 and RBX1 were purchased from
GenePharma (Shanghai, China). The siRNA
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transfection of cells was performed following
the manufacturer’s instructions. The siRNA se-
quence information is provided in Supple-
mentary Table 1.

In vivo ubiquitination assay

The 293T cells were transfected with HA-
ubiquitin and the indicated constructs. 36 h
after transfection, the cells were treated with
30 yM MG132 for 6 h and then lysed in 1% buf-
fer (Tris [pH 7.5], 0.5 mM EDTA, 1 mM DTT) and
boiled for 10 min. For immunoprecipitation, the
cell lysates were diluted 10-fold in Tris-HCI buf-
fer and incubated with anti-FLAG M2 agarose
beads (Sigma) for 4 h at 4°C. The bound beads
were then washed four times with BC100 buf-
fer (20 mM Tris-Cl, pH 7.9, 100 mM NacCl, 0.2
mM EDTA, and 20% glycerol) containing 0.2%
Triton X-100. The protein was eluted with 3X
FLAG peptide for 2 h at 4°C. The ubiquitinated
form of ZBTB3 was detected by Western blot
using anti-HA antibody.

Transcriptional reporter assay

Luciferase assay (Promega) was conducted in
cells that were transiently transfected with the
reporter constructs (SHH-promoter (1-2000
bp)-Luc), pTK-galactosidase, and indicated pl-
asmids. The luciferase activity in cell lysates
was measured using the luciferase assay sys-
teminaBertholdLumatLB9507 luminometer(Pro-
mega, USA). Luciferase activity was normalized
to galactosidase activity as an internal control.
Each assay was performed in triplicate, and the
results were confirmed by at least three indi-
vidual repeating experiments.

Real-time reverse transcription PCR (qRT-PCR)

Total RNA was isolated from ECC-1 and HEC-1-A
cells by using the TRIzol reagent (Tiangen,
China), and cDNA was reversed-transcribed by
employing the Superscript RT kit (Toyobo,
Japan) following the manufacturer’'s instruc-
tions. PCR amplification was performed using
the SYBR Green PCR Master Mix Kit (Toyobo,
Japan). All quantitations were normalized to the
level of endogenous control GAPDH. The se-
quences of primers for gqRT-PCR were listed in

Supplementary Table 1.

Cell proliferation assay

The cell proliferation rate was determined us-
ing Cell Counting Kit-8 (CCK-8) (Dojindo
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Table 1. The number of total/unique peptides

identified by mass spectrometry analysis
FLAG-HA-SPOP

Group Gene Name  Peptide  Unique pep

count count

Novel PPP1R12A 12 10
ZBTB3 10 6

HIPK2 8 4

RXRB 7 4

SRRM1 5 2

Known Caprinl 11 6
INF2 7 4

GLI3 6 2

SETD2 4 4

DAXX 4 2

TRIM24 3 2

Laboratories, Japan) according to the manufac-
turer’s protocol. Briefly, the cells were seeded
onto 96-well plates at a density of 1,000 cells
per well. During a culture period of 2-8 days, 10
pl of the CCK-8 solution was added to the cell
culture and incubated for 2 h. The resulting
color was assayed at 450 nm using a micro-
plate absorbance reader (Bio-Rad, USA). Each
assay was carried out in triplicate.

Colony formation assay

EC cell lines (ECC-1 and HEC-1A) were seeded
in 6-well plates containing 1 x 10% individual
cells per well in triplicate. After incubating for 2
weeks, the cell lines were fixed with 100%
methanol for 5 min followed by staining with
Giemsa dye for 20 min (Solarbio, China).

Migration and invasion assays

Cell migration and invasion were determined by
Transwell (Corning, USA) migration and invasion
assays. The ECC-1 and HEC-1-A cells were pre-
cultured in serum-free medium for 48 h. For
migration assay, the 2 x 10* cells were seeded
in serum-free medium in the upper chamber,
and the lower chamber was filled with RPMI-
1640 containing 5% FBS. After 48 h, we care-
fully removed the non-migrating cells on the
upper chambers with a cotton swab and stained
and counted the migrated cells underside of
the filter in nine different fields. Matrigel inva-
sion assays were performed using Transwell
inserts (Costar) coated with Matrigel/fibronec-
tin (BD Biosciences, USA).
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Statistical analysis

The statistical calculations were performed
using GraphPad Prism software. All data are
shown as mean values + SD for experiments
performed with at least three replicates. The
difference between 2 groups was analyzed
using paired Student’s t-test unless otherwise
specified. * represents P < 0.05; ** represents
P < 0.01; *** represents P < 0.001.

Results

Identification of ZBTB3 as a novel SPOP inter-
acting protein

To identify the molecular mediators of the
tumor suppressive function of SPOP, we isolat-
ed the SPOP protein complex from the 293T
cells stably expressing FLAG-HA-SPOP through
the TAP methods and determined the proteins
present in the complex by using mass spec-
trometry. As verification of the efficiency of this
approach, the peptides of known SPOP sub-
strates, such as Caprinl, INF2, GLI3, SETD2,
DAXX, and TRIM24, were detected in the com-
plex. In addition to the known binding partners,
some potential novel SPOP interactors (PPP-
1R12A, ZBTB3, HIPK2, RXRB and SRRM1) in-
volved in diverse biological processes were
identified (Table 1). Given that the interaction
between SPOP and ZBTB3 has not been previ-
ously reported, we examined the potential func-
tional relationship between them.

To verify that ZBTB3 is a bona fide SPOP inter-
acting protein, we first examined whether SPOP
could interact with ZBTB3 in cells. Co-imm-
unoprecipitation (co-IP) analysis showed that
Myc-SPOP was co-immunoprecipitated by FLAG-
ZBTB3 (Figure 1A), and FLAG-SPOP was able to
co-immunoprecipitate Myc-ZBTB3 (Figure 1B),
suggesting an interaction between the two
exogenously expressed proteins. FLAG-SPOP
was able to immunoprecipitate endogenous
ZBTB3 and a known SPOP substrate INF2 in
ECC-1 cells (Figure 1C). The potential binding
between the endogenous SPOP and ZBTB3
was investigated next. We performed immuno-
precipitation by using the anti-ZBTB3 antibody
in cell lysates prepared from ECC-1 cells. As
shown in Figure 1D, endogenous SPOP was
efficiently co-immunoprecipitated by the ZBT-
B3, suggesting an endogenous interaction be-
tween these two proteins.
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Figure 1. Identification of ZBTB3 as a novel SPOP Interactor. Western blot of whole cell lysates (WCLs) and co-IP
samples of anti-FLAG antibody obtained from 293 T cells transfected with indicated plasmids (A, B). (C) Western
blot of WCLs and co-IP samples of anti-FLAG antibody obtained from ECC-1 cells infected with lentivirus expressing
FLAG-SPOP or control. The cells were treated with 20 yM MG132 for 8 h before harvesting. (D) Western blot of co-IP
samples of IgG or anti-ZBTB3 antibodies obtained from cell lysates of ECC-1 cells. The cells were treated with 20 uM
MG132 for 8 h before harvesting. (E) Schematic representation of SPOP deletion mutants. Binding capacity of SPOP
to ZBTB3 is indicated with the symbol. (F) Western blot of WCLs and co-IP samples of anti-FLAG antibody obtained
from 293 T cells transfected with indicated plasmids.

SPOP contains two structural domains: a sub-
strate-binding MATH domain at the N-terminus
and a CUL3-binding BTB domain at the C-ter-
minus. To determine the domain that mediates
its interaction with ZBTB3, two deletion mu-
tants of SPOP corresponding to the deletion of
these two domains were generated, namely,
SPOP-ABTB and AMATH (Figure 1E). Co-IP
assay was then performed to test the ability of
the overexpressed ZBTB3 to bind the two dele-
tion mutants. As shown in Figure 1F, the inter-
action was abolished between SPOP-AMATH
and ZBTB3 while full-length SPOP or SPOP-
ABTB interacted with ZBTB3. Overall, these
findings demonstrate that SPOP interacts with
ZBTB3 in vivo through the MATH domain.

ZBTB3 is a bona fide substrate of SPOP-CUL3-
RBX1 E3 ubiquitin-ligase complex

We next explored whether the SPOP-CUL3-
RBX1 E3 ubiquitin-ligase complex could pro-
mote the ubiquitination and degradation of
ZBTB3. As shown in Figure 2A, SPOP decreased
the protein level of ectopically co-expressed
ZBTB3 in a dose-dependent manner. This eff-
ect was completely blocked when cells were
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treated with the proteasome inhibitors MG132
or Bortezomib (Figure 2A). By contrast, the lys-
osome inhibitor Chloroquine had no effect on
SPOP-mediated ZBTB3 degradation (Figure
2A). These results indicated that SPOP down-
regulates ZBTB3 protein via the proteasomal-
but not the lysosomal-degradation pathway.
Moreover, SPOP-AMATH and SPOP-ABTB mu-
tant didn’t promote the degradation of overex-
pressed or endogenous ZBTB3 (Figure 2B, 2C),
indicating that the MATH and BTB domains are
both required for SPOP-mediated ZBTB3 degra-
dation. The endogenous SPOP in endometrial
cells was also depleted using two SPOP-specific
shRNAs, and an increase was observed in the
ZBTB3 protein level (Figure 2D, 2E) but not the
mRNA level (Figure 2F). This result indicated
that the effect of SPOP on ZBTB3 is not medi-
ated through the regulation of ZBTB mRNA
expression. SPOP knockdown also prolonged
the half-life of endogenous ZBTB protein (Figure
2G, 2H), further suggesting that SPOP regu-
lates ZBTB3 at the protein level.

Next, whether other subunits of the SPOP-
CUL3-RBX1 E3 ubiquitin-ligase complex are
also required for ZBTB3 degradation was evalu-

Am J Cancer Res 2019;9(12):2797-2812
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Figure 2. ZBTB3 is a bona fide substrate of the SPOP-CUL3-RBX1 E3 ubiquitin ligase complex. (A) Western blot of
WCLs from 293 T cells transfected with the indicated plasmids. and treated with MG132 (20 uM), Bortezomib (200
nM), Chloroquine (100 mM) or DMSO for 8 h. (B) Western blot of WCLs of 293 T cells transfected with indicated
plasmids. (C) Western blot of WCLs of ECC-1 cells infected with empty vector (EV) or lentivirus expressing wild-type
or mutant SPOP. (D) Western blot of the WCLs of ECC-1 cells infected with control or lentivirus expressing SPOP-
specific ShRNAs (shSPOP#1,2). (E) Western blot of the WCLs of HEC-1-A cells infected with control or lentivirus
expressing SPOP-specific ShRNAs (shSPOP#1,2). (F) Quantitative RT-PCR measurement of SPOP and ZBTB3 mRNA
levels in SPOP-depleted ECC-1 cells. GAPDH mRNA levels were used for normalization. Data are shown as means
+ SD (n=3). *P < 0.01. (G) Western blot of WCLs of ECC-1 cells infected with control or lentivirus expressing SPOP-
specific shRNAs and then treated with 50 pg/ml cycloheximide (CHX) and harvested at different time points. (H) At
each time point, the intensity of each ZBTB3 protein was normalized to the intensity of actin and then to the value
at O h. Western blot of the WCLs of ECC-1 cells transfected with control siRNAs or siRNAs towards Cul3 (l) or RBX1
(J). (K) Western blots of the products of in vivo ubiquitination assays performed using cell lysate from 293 T cells
transfected with the indicated plasmids and treated with 20 yM MG132 for 8 h.

ated. CUL3 or RBX1 was depleted through
gene-specific siRNAs, and the changes in
ZBTB3 protein level in ECC-1 cells were exam-
ined. As shown in Figure 21 and 2H, the knock-
down of either CUL3 or RBX1 increased the
ZBTB3 protein levels. This result suggested
that the integrity of SPOP-CUL3-RBX1 E3 ligase
complex is required for ZBTB3 degradation.
ZBTB3 protein was robustly polyubiquitinated
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upon SPOP-WT co-expression in a dose-depen-
dent manner. By contrast, minimal or no ZBTB3
polyubiquitination was observed when SPOP-
AMATH or SPOP-ABTB was co-expressed (Fi-
gure 2K). Overall, these data demonstrate that
the SPOP-CUL3-RBX1 E3 ubiquitin-ligase com-
plex regulates ZBTB3 protein stability through
ubiquitin-dependent proteasomal degradation
in EC cells.

Am J Cancer Res 2019;9(12):2797-2812
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Figure 3. Identification of degrons in ZBTB3 are required for SPOP-mediated ZBTB3 degradation. A. Diagram show-
ing wild-type ZBTB3 proteins and SBC motif-deleted mutants. The SBC motif is depicted in red. B. Western blot of
WCLs and co-IP samples of anti-FLAG antibody obtained from 293 T cells transfected with indicated plasmids. C.
Western blot of WCLs of 293 T cells transfected with indicated plasmids. D. Western blots of WCLs from 293 T cells
transfected with the indicated constructs, treated with 50 pug/ml cycloheximide (CHX) and harvested at different
time points. E. Quantification of the western blots carried out in. At each time point, the intensity of ZBTB3 protein
was normalized to the intensity of actin and then to the value at O h. F. Western blots of the products of in vivo ubig-
uitination assays performed using cell lysate from 293 T cells transfected with the indicated plasmids and treated

with 20 yM MG132 for 8 h.

SPOP binding consensus motifs in ZBTB3 are
required for SPOP-mediated ZBTB3 degrada-
tion

Previous studies reported that one or several
SPOP binding consensus (SBC) motifs (®-1-S-
S/T-S/T; ®: nonpolar residues, m: polar resi-
dues) are present in the SPOP substrates [8].
Accordingly, we examined the amino acid
sequence of ZBTB3 and found two potential
SBC motifs (196-LSSTS-200 aa, 272-PSSST-
276 aa) (Figure 3A). Three ZBTB3 mutants
were generated (M1, M2, and M3), in which
single or double SBC motifs were deleted to
examine whether these two regions are
required for SPOP-ZBTB3 interaction (Figure
3A). Co-IP assay demonstrated that deletion of
the first or second motif in ZBTB3 moderately
reduced its SPOP binding capacity compared
with that of ZBTB3-WT. However, the deletion of
both motifs in ZBTB3 completely abrogated its
SPOP-binding capacity (Figure 3B). These data
indicate that both motifs are required for SPOP-
ZBTB3 interaction. Next, we decided to deter-
mine whether both motifs are required for
SPOP-mediated ZBTB degradation. As shown in
Figure 3C, ZBTB3-M1 and M2 mutants were
still degraded by SPOP, albeit less than the
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ZBTB3-WT. By contrast, the ZBTB3-M3 mutant
was resistant to SPOP-mediated degradation.
The half-lives of ZBTB3-WT and ZBTB3-M3
mutant were likewise measured. As shown in
Figure 3D and 3E, the ZBTB3-M3 mutant exhib-
ited a significantly prolonged half-life compared
with ZBTB3-WT. In vivo ubiquitination assays
were performed to further determine the im-
portance of these two motifs as degrons. The
results showed that the deletion of these two
motifs in ZBTB3 totally abolished SPOP-me-
diated ZBTB3 ubiquitination (Figure 3F). Over-
all, these data demonstrate that two SBC mo-
tifs function as ZBTB3 degrons, which are
essential for SPOP binding and subsequent
degradation through the ubiquitin-proteasome
pathway.

EC-associated mutants of SPOP are defective
in promoting ZBTB3 degradation and ubiquiti-
nation

SPOP was mutated in 5.7%-10% of patients
with EC across multiple independent cohorts
[11]. Notably, all the SPOP mutations found in
ECs exclusively occur in the MATH domain,
which is responsible for ZBTB3 binding (Figure
4A). Therefore, this study proposed that
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blot of WCLs of 293 T cells transfected with indicated plasmids. C. Western blot of WCLs and co-IP samples of anti-
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EC-associated SPOP mutations may cause dys- SPOP mutants and ZBTB3. As shown in Figure
function in mediating ZBTB3 destruction. We 4B, the ZBTB3 binding ability of the SPOP
first examined the interactions between the mutants was severely impaired compared with
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wild-type SPOP. SPOP-mediated degradation
and ubiquitination of ZBTB3 protein were also
markedly attenuated for these mutants (Figure
4C, 4D). The stable overexpression of a few
hotspot mutants of SPOP in ECC-1 cells failed
to degrade ZBTB3 protein and instead led to
elevated endogenous levels of ZBTB3, showing
a dominant-negative effect exerted by the
EC-associated SPOP mutants (Figure 4E).
Indeed, the coexpression of SPOP mutants
(G75R, P94A or M1171) was observed to reduce
the interaction between wild-type SPOP and
ZBTB3 (Figure 4F), and suppress the wild-type
SPOP-induced ZBTB3 ubiquitination (Figure
4G). These data indicate that EC-associated
SPOP mutations abrogate SPOP-mediated
ZBTB3 degradation and lead to ZBTB3 stabili-
zation in EC cells.

ZBTB3 is an important mediator of SPOP
inactivation-induced cell growth, migration and
invasion

Previous studies reported that ZBTB3 is associ-
ated with tumorigenesis and stem cell self-
renewal [27, 28]. These observations led us to
explore whether ZBTB3 is a molecular mediator
of SPOP mutation-induced malignant transfor-
mation in EC. Indeed, ZBTB3 depletion in ECC-1
cells decreased the cell growth (Figure 5A). By
contrast, SPOP depletion enhanced cell growth,
and co-depletion of SPOP and ZBTB3 reduced
cell growth compared with the levels with
depletion of SPOP alone (Figure 5A). Similar
results were obtained when we stably overex-
pressed SPOP-G75R mutant in ECC-1 cells
simultaneously with shRNA-mediated knock-
down of endogenous SPOP (Figure 5B). Colony
formation assays were performed, and the
results were consistent with CCK-8 cell growth
assay (Figure 5C, 5D). Migration and invasion
assays were also performed in ECC-1 cells after
depletion of SPOP and/or ZBTB3. We observed
that the increase of migration and invasion in
ECC-1 cells by SPOP depletion or stable overex-
pression of SPOP-G75R mutant was partly
diminished by ZBTB3 depletion (Figure 5E-H).
Similar effects were observed in another EC
cells HEC-1-A (Supplementary Figure 1). Overall,
our data suggest that SPOP inactivation pro-
motes endometrial cell proliferation, migration,
and invasion, at least in part, by upregulating
ZBTB3.
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ZBTB3-regulated gene expression in EC cells

ZBTB3 is a transcription factor, but the tran-
scriptional targets were poorly understood.
RNA-sequencing (RNA-seq) was performed to
identify the differentially expressed genes in
SPOP-depleted ECC-1 cells and further explore
the molecular mechanism by which ZBTB3
affects the endometrial cell phenotypes. A total
of 114 genes were identified, wherein the
expression was significantly altered by ZBTB3
depletion (Figure 6A). Among the 114 genes,
39 genes were downregulated and 75 genes
were upregulated above 1.5-fold (Figure 6B).
For validation, we verified that the mRNAs of
SHH and IL22RAI were downregulated, where-
as BIK was upregulated in ZBTB3-depleted
ECC-1 or HEC-1A cells by RT-gPCR methods
(Figure 6C). Conversely, the mRNA of SHH and
IL22RAl were upregulated, whereas BIK was
downregulated in ZBTB3 (WT or M3 mutant)
stably overexpressed ECC-1 or HEC-1A cells
(Figure 6D). Importantly, SPOP depletion led to
the upregulation of SHH, IL22RAl and down-
regulation of BIK, but these effects were
reversed by co-depletion of ZBTB3 (Figure 6E).
Taken together, these results suggest that a
SPOP-ZBTB3 regulatory axis controls the mRNA
expression of a subset genes in EC cells.

Pharmaceutical inhibition of hedgehog path-
way overcomes spop mutation-caused malig-
nant transformation of EC cells

The secreted protein sonic hedgehog (SHH) is
the ligand of the hedgehog signaling pathway,
which plays critical roles in a range of physio-
logical (e.g., embryonic development and stem
cell maintenance) and pathological (e.g., can-
cer) events [29]. SHH protein expression was
very weak in the normal endometrium but
increased in endometrial hyperplasia and carci-
noma [30]. Given that the mRNA level of SHH
was regulated by SPOP-ZBTB3 axis (Figure 6E),
we investigated whether SPOP plays a tumor
suppressor role in EC partly through modulat-
ing ZBTB3-SHH signaling. First, the SHH protein
was decreased in ZBTB3-depleted ECC-1 or
HEC-1-A cells (Figure 7A). SPOP depletion led to
the upregulation of SHH protein level, but this
effect was reversed by ZBTB3 co-depletion
(Figure 7B). These WB results were consistent
with mRNA level changes examined by RT-gPCR
methods (Figure 6E). Moreover, we found that
stable overexpression of an EC-associated
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with control shRNA or ZBTB3-spefic shRNAs. Cell migration (E) and invasion (F) assay of ECC-1 cells infected with
lentivirus expressing the indicated shRNAs. Data are shown as means * SD (n=3). *P < 0.05. (G, H) Cell migration
(G) and invasion (H) assay of ECC-1 cells with lentivirus expressing FLAG-SPOP-G75R in combination with control
shRNA or ZBTB3-spefic shRNAs. Data are shown as means + SD (n=3). *P < 0.05.
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SPOP-G75R mutant also led
to the upregulation of SHH
protein level (Figure 7C) and
MRNA level (Figure 7D).

ZBTB3 harbors a ZF domain,
which is responsible for DNA
binding. A ZBTB3-AZF mutant
was generated, in which the
ZF domain of ZBTB3 was
deleted, to determine whether
this domain was essential to
the transcription activation
function of ZBTB3 (Figure 7E).
Compared with ZBTB3-WT,
the ZBTB3-AZF mutant was
unable to elevate the protein
and mRNA levels of SHH (Fi-
gure 7F, 7G). ZBTB3-WT, but
not the ZBTB3-AZF mutant,
activated the SHH promotor
luc-reporter activity. SPOP-bi-
nding defective mutant ZB-
TB3-M3 activated the SHH re-
porter more potently than did
ZBTB3-WT.

Co-expression of wild-type SP-
OP suppressed ZBTB3-medi-
ated activation of SHH luc-
reporter but had no obvious
effect on ZBTB3-M3 mutant-
mediated activation of SHH
luc-reporter. Moreover, co-ex-
pression of the EC-associated
SPOP mutants (G75R, P94A or
M1171) or domain deletion
mutants (AMATH, ABTB) had
no obvious effect on ZBTB3-
mediated activation of SHH
luc-reporter (Figure 7H). The-
se data suggest that ZBTB3
stabilization caused by SPOP
inactivation led to upregula-
tion of its transcriptional tar-
get SHH in EC cells.

Next, we investigated whether
the pharmaceutical inhibition
of Hedgehog pathway will ov-
ercome SPOP mutation-cau-
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Figure 7. SPOP suppresses ZBTB3-SHH signaling. (A) Western blot of the indicated proteins in WCLs from ECC-1
or HEC-1-A cells infected with indicated shRNAs. (B) Western blot of the indicated proteins in WCLs from ECC-1
infected with the indicated shRNAs. (C) Western Blot of the indicated proteins in WCLs from of EV and FLAG-SPOP-
G75R-overexpressing ECC-1 cells. (D) Quantitative RT-gPCR measurement of mRNA expression of SHH from of EV
and FLAG-SPOP-G75R-overexpressing ECC-1 cells. Data are shown as means + SD (n=3). *P < 0.05. (E) Schematic
representation of ZBTB3 deletion mutants. (F) Western blot of the indicated proteins in WCLs obtained from ECC-1
cells transfected with indicated plasmids. (G) Quantitative RT-gPCR measurement of mRNA expression of SHH in
ECC-1 cells infected with the indicated plasmids. Data are shown as means + SD (n=3). *P < 0.05. (H) 293T cells
were transfected with the SHH-luc reporter, pTKgalactosidase (internal control), and indicated plasmids. After 24
hr, the luciferase activities were measured by luminometer. Data are shown as means + SD (n=3). *P < 0.05; **P
< 0.01. (I) Western blot and cell proliferation assay of ECC-1 cells infected with lentivirus expressing EV or FLAG-
SPOP-G75R, and treated with DMSO or RUSKI-43 (10 uM). Data are shown as means + SD (n=3). *P < 0.05; **P <
0.01. (J) Cell colony formation assay of ECC-1 cells infected with lentivirus expressing EV or FLAG-SPOP-G75R, and
treated with DMSO or RUSKI-43 (10 uM). Data are shown as means + SD (n=3). *P < 0.05. Cell migration (K) and
invasion (L) assay of ECC-1 cells infected with lentivirus expressing EV or FLAG-SPOP-G75R, and treated with DMSO
or RUSKI-43 (10 uM). Data are shown as means + SD (n=3). *P < 0.05.
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Figure 8. Schematic of the proposed mechanism through which SPOP mutants enhance ZBTB3-SHH axis-induced
malignant transformation in SPOP-mutated endometrial cancer.

sed malignant transformation of EC cells. have been identified, the functional impact of
RUSKI-43 is a potent and specific inhibitor of these mutations on ECs remains poorly un-
SHH palmitoylation, thereby blocking autocrine known. A study that used a mouse model, in
and paracrine Hedgehog signaling [31]. It is which SPOP expression was ablated in uterine
proposed to have therapeutic potential for cells, showed that SPOP was required for nor-
Hedgehog-dependent cancers as well. Indeed, mal uterine function by regulating the homeo-
the treatment of ECC-1 cells with RUSKI-43 sig- stasis of key signaling cues required for embryo
nificantly reduced SPOP-G75R mutant overex- implantation and endometrial decidualization
pression-enhanced cell growth (Figure 71, 7J), [32]. Our previous study revealed that SPOP
migration (Figure 7K), and invasion (Figure 7L). targets estrogen receptor-o (ERa) for ubiquiti-
Similar results were also observed in HEC-1-A nation and proteasomal degradation in EC
cells (Supplementary Figure 2). cells. However, this effect is abrogated by the

EC-associated SPOP mutations [11]. In this
Taken together, these data suggest that SPOP study, we demonstrated that ZBTB3 is a bona
may suppress EC cell proliferation, migration, fide substrate for the SPOP-CUL3-RBX1 E3

and invasion, at least in part, by inhibiting . .
: ) ubiquitin-ligase complex. SPOP recognizes two
ZBTB3-mediated Hedgehog pathway activa- SBC motifs in ZBTB3 and promotes ZBTB3

tion. o .
ubiquitination and proteasomal degradation.
Discussion EC-assgmated SPOP mutan.ts are defgctlyg in
promoting ZBTB3 degradation and ubiquitina-
Recurrent SPOP mutations in ECs have been tion. ZBTB3, as a transcription factor, also pro-
confirmed by several independent cancer moted endometrial cell proliferation, migration,
exome or genome sequencing studies [3-6]. and invasion partly through promoting the SHH
Although frequent mutations of SPOP in ECs gene transcription (Figure 8). These findings
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support that ZBTB3 acts as an oncogene in EC,
and its expression is dysregulated in SPOP-
mutated ECs.

Accumulating evidence supports the notion
that Hedgehog pathway plays a critical role dur-
ing EC initiation and progression [30, 33].
Constitutive activation of the Hedgehog path-
way has been implicated in tumorigenesis and
may be involved in the early events of endome-
trial carcinogenesis [33]. Gli proteins are down-
stream transcription factors of the Hedgehog
pathway. Interestingly, previous reports demon-
strated that SPOP targeted GLI2 and GLI3 for
proteasomal degradation to suppress Hedge-
hog pathway activation [34, 35]. More impor-
tantly, this process is evolutionary conserved
from worms to humans [36]. A recent study
showed Sufu; Spop double knockout (DKO)
mice develop highly aggressive, earlyonset
Medulloblastoma which is dependent on con-
stitutive Hedgehog pathway activation [37]. Our
studies showed that the Hedgehog pathway
ligand SHH was also controlled by SPOP, sug-
gesting SPOP can regulate Hedgehog pathway
at multiple levels. These findings suggest that
the inhibition of Hedgehog pathway by small
molecular inhibitors, such as RUSKI-43, may
represent a promising therapeutic strategy for
targeting SPOP-mutated ECs.
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Supplementary Table 1. Primers, sequences of shRNAs and siRNAs, antibody
and chemicals

SYBR®Green Quantitative RT-PCR primers

SPOP F: 5'-AGCAAATGATAAACTGAAAT-3’
R: 5’-GTCATCAGGGAGAAGCCCGT-3’

SHH F: 5’-AGGAAGTCGCTGTAGAGCAGC-3’

R: 5’-TCCCAAGCAAATGTACGAGCA-3’
BIK F: 5-CCTGCACCTGCTGCTCAAG-3’

R: 5’-ACCTCAGGGCAGTGGTCATG-3’
IL22RA1 F: 5-CTGTGGAGACCCGAAAC-3’

R: 5’-GCACCCGAGAAGGAGT-3’
GAPDH F: 5-ACCACAGTCCATGCCATCAC-3’

R: 5’-TCCACCACCCTGTTGCTGTA-3’

SPOP mutation construction Primers

SPOP-ABTB (31-164) F: 5’-CAAGATTCTGTCAACATTTCTGGCCAG-3’

R: 5’-CACTACCTTGATCTGTGTGTAGCACCAAC-3’
SPOP-AMATH (184-297)  F: 5-TCCGTGGAGAACGCTGCAGAAATTCTC-3’

R: 5’-CTCAGGAACCTTTACCATGTTCATGG-3’
SPOP-E47K F: 5-AAATGGGTGAAGTCATTAAAAGTTCTAC-3’

R: 5-TCTCCCGGCAAAAGCTAAAGTTATTGATGGTC-3’
SPOP-E50K F: 5-AAAGTCATTAAAAGTTCTACATTTTCATCAGGAGC-3’

R: 5’-ACCCATTTCCTCCCGGCAAAAGCTAAAG-3’
SPOP-G75R F: 5’-CGGTTAGATGAAGAAAGCAAAGATTACCTGTC-3’

R: 5-TTTGGGGTTTACTCGCAAACACCATTTCAG-3’
SPOP-S80R F: 5-GAAAGATTACCTGTCACTTTACCTGTTAC-3’

R: 5’-CTTTCTTCATCTAACCCTTTGGGGTTTACTC-3’
SPOP-P94A F: 5-CAAAGAGTGAAGTTCGGGCAAAATTCAAATTCTC-3’

R: 5’-CACAGCTGACCAGTAACAGGTAAAGTGAC-3’
SPOP-M1171 F: 5-AGAGAGTCAACGGGCATATAGGTTTGTGC-3’

R: 5’-ATAGCTTTGGTTTCTTCTCCCTTGGC-3’
SPOP-M117V F: 5-GTGGAGAGTCAACGGGCATATAGGTTTGTG-3’

R: 5-AGCTTTGGTTTCTTCTCCCTTGGCATTC-3’
SPOP-R121Q F: 5-AGGCATATAGGTTTGTGCAAGGCAAAGAC-3’

R: 5’-GTTGACTCTCCATAGCTTTGGTTTCTTCTC-3’

SPOP-D140G F: 5-GTTTTCTTTTGGATGAGGCCAACGGGCTTCTC-3’
R: 5’-CTCTACGGATGAATTTCTTGAATCCCCAGTC-3’

ZBTB3 wide-type and mutation construction Primers

ZBTB3-WT F: 5’-AAAGAATTCGCATGCTTAGGGAGTTCTCGAA-3’
R: 5’-AAAGCGGCCGCTTAGATGTTAGTTTTTG-3’
ZBTB3-M1 F: 5’-GCTTCCTAGTTTGGAGTTTCGTGGCACCCAACCT-3’
R: 5’-CGAAGGTTGGGTGCCACGAAACTCCAAACTAGG-3’
ZBTB3-M2 F: 5-TGTCTCTCTTGCCAGCCCTGAGACCATTCCTACA-3’

R: 5-AGTTTGTAGGAATGGTCTCAGGGCTGGCAAGAGAGA-3’

Sequences of siRNAs

si-RBX1#1 5’-GAAGCGCUUUGAAGUGAAA-3’
si-RBX1#2 5’-GGGAUAUUGUGGUUGAUAA-3’
si-CUL3#1 5’-GAGAAGATGTACTAAATTC-3’
si-CUL3#2 5’-CGACAGAAAACATGAGATA-3’

Sequences of shRNAs

shSPOP#1 5’-GGAGAACGCUGCAGAAAUU-3’
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shSPOP#2 5’-ATAAGTCCAATAACGACAGGC-3’

shZBTB3#1 5’-ACUCACAGCUUCCUAGUUC-3’

shZBTB3#2 5’-CAUGAAUGACATCGUCAAC-3’

shControl 5’-ACAGACUUCGGAGUACCUG-3’

Antibody & Chemicals

No. Name Species Cat. No Source

1 Anti-SPOP Rabbit Ab137537 Abcam

2 Anti-SPOP Rabbit 16750-1-AP PTG

3 Anti-ZBTB3 Rabbit ab106536 Abcam

4 Anti-INF2 Mouse 20466-1-AP  Proteintech
5 Anti-Myc Mouse M192-7 MBL

6 Anti-FLAG beads Mouse M2 Sigma

7 Anti-FLAG Mouse M185-7 MBL

8 Anti-HA Mouse M180-7 MBL

9 Anti-Actin Rabbit AC028 abclonal
10 Anti-SHH Rabiit 2207 CST

11 MG132 S2619 Selleckchem
12 Bortezomib S1013 Selleckchem
13 CHX HY-BO713 MCE

14 RUSKI-43 HY-18366 MCE
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Supplementary Figure 1. SPOP suppresses HEC-1-A cell proliferation, migration and invasion partially dependent
on ZBTB3 (related to Figure 5). (A) Western blot (left panel) and Cell proliferation assay (right panel) of HEC-1-A cells
infected with lentivirus expressing the indicated shRNAs. Standard deviation (S.D.) of at least three independent ex-
periments is shown to indicate statistical significance. *P < 0.05. (B) Western blot (left panel) and Cell proliferation
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assay (right panel) of HEC-1-A cells infected with empty vector or lentivirus expressing FLAG-SPOP-G75R in combina-
tion with control shRNA or ZBTB3-spefic shRNAs. Data are shown as means + SD (n=3). *P < 0.05. (C) Cell colony
formation assay of HEC-1-A cells infected with lentivirus expressing the indicated shRNAs. All data shown are mean
values + SD from three replicates. *P < 0.05. (D) Cell colony formation assay of HEC-1-A cells infected with empty
vector or lentivirus expressing FLAG-SPOP-G75R in combination with control shRNA or ZBTB3-spefic shRNAs. (E, F)
Cell migration (E) and invasion (F) assay of HEC-1-A cells infected with lentivirus expressing the indicated shRNAs.
Data are shown as means + SD (n=3). *P < 0.05. (G, H) Cell migration (G) and invasion (H) assay of HEC-1-A cells
with lentivirus expressing FLAG-SPOP-G75R in combination with control shRNA or ZBTB3-spefic shRNAs. Data are
shown as means = SD (n=3). *P < 0.05.
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Supplementary Figure 2. SPOP suppresses ZBTB3-SHH signaling (related to Figure 7). (A) Western blot and Cell pro-
liferation assay of HEC-1-A cells infected with lentivirus expressing EV or FLAG-SPOP-G75R, and treated with DMSO
or RUSKI-43 (10 uM). Data are shown as means + SD (n=3). *P < 0.05. (B) Cell colony formation assay of ECC-1
cells infected with lentivirus expressing EV or FLAG-SPOP-G75R, and treated with DMSO or RUSKI-43 (10 uM). Data
are shown as means * SD (n=3). *P < 0.05. (C, D) Cell migration (C) and invasion (D) assay of ECC-1 cells infected
with lentivirus expressing EV or FLAG-SPOP-G75R, and treated with DMSO or RUSKI-43 (10 uM). Data are shown as
means * SD (n=3). *P < 0.05.



