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ERK1/2 inhibits Cullin 3/SPOP-mediated PrLZ ubiquitination
and degradation to modulate prostate cancer progression
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The gene encoding the E3 ubiquitin ligase substrate-binding adaptor SPOP is frequently mutated in prostate cancer (PCa),
but how SPOP functions as a tumor suppressor and contributes to PCa pathogenesis remains poorly understood. Prostate
Leucine Zipper (PrLZ) serves as a prostate-specific and androgen-responsive gene, which plays a pivotal role in the malignant
progression of PCa. However, the upstream regulatory mechanism of PrLZ protein stability and its physiological contribution
to PCa carcinogenesis remain largely elusive. Here we report that PrLZ can be degraded by SPOP. PrLZ abundance is elevated
in SPOP-mutant expressing PCa cell lines and patient specimens. Meanwhile, ERK1/2 might regulate SPOP-mediated
PrLZ degradation through phosphorylating PrLZ at Ser40, which blocks the interaction between SPOP and PrLZ. In addition,
we identify IL-6 might act as an upstream PrLZ degradation regulator via promoting its phosphorylation by ERK1/2, leading
to its impaired recognition by SPOP. Thus, our study reveals a novel SPOP substrate PrLZ which might be controlled by
ERK1/2-mediated phosphorylation, thereby facilitating to explore novel drug targets and improve therapeutic strategy
for PCa.
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INTRODUCTION
Prostate cancer (PCa) is the second leading cause of death in
male cancer patients, accounting for about 26 percent of new
cancer cases in western countries [1]. Accumulating evidence
indicates that the activation of oncogenes is responsible for
PCa initiation and progression. Prostate Leucine Zipper (PrLZ), a
member of the tumor protein D52 (TPD52) family, is an
important prostate-specific and androgen-responsive onco-
gene involved in the malignant progression of PCa [2]. Our
previous studies have demonstrated that PrLZ overexpression
in PCa facilitates PCa progression largely by promoting cell
growth, chemotherapy resistance, cell migration and invasion
[3–6]. We also identified that, instead of being degraded
through lysosome, PrLZ regulated chaperone-mediated autop-
hagy pathway by directly interacting with Hsc70 [7]. However,
the upper regulatory mechanism of PrLZ, especially the
physiological E3 ubiquitin ligase(s) that governs PrLZ protein
stability still remains largely unknown.
Systematic sequencing studies reveal that recurrent somatic

mutation in SPOP (Speckle-type POZ protein), a substrate-
interacting adaptor for the Cullin 3-based E3 ubiquitin ligase
complexes with a mutation rate of 10–15%, is a key molecular
feature of PCa [8, 9]. Intriguingly, these SPOP mutations are
currently clustered in the substrate-binding MATH domain [10].
PCa-associated missense mutations in the MATH domain of

SPOP disrupt substrate binding and ubiquitination, leading to
upregulated oncogenic substrate levels and increased PCa cell
proliferation and invasion, indicating the tumor-suppressive
role of SPOP in PCa. In PCa, oncoproteins including AR [11],
BRD4 [12, 13], SRC-3 [14], DEK [15], TRIM24 [16], PD-L1 [17, 18],
17βHSD4 [19], HIPK2 [20], ZMYND11 [21] and ERG [22] are well-
known substrates of SPOP. Whereas, SPOP is overexpressed
and mislocalized in kidney cancer, acting as an oncogenic role
[23, 24]. The oncogenic function of SPOP can be inhibited by
small molecules that can inhibit the SPOP-substrate protein
interaction [25]. Meanwhile, miR-520/372/373 family can
inhibit renal cell carcinoma progression through suppressing
SPOP protein expression [26]. Considering the tissue and
cellular context dependent role of SPOP in tumorigenesis, here
we will mainly focus on uncovering the tumor suppressor role
of SPOP in PCa.
In this study, we report that SPOP partially modulates PCa

progression via promoting PrLZ ubiquitination and degrada-
tion. Meanwhile, ERK1/2 activation phosphorylates PrLZ at
Ser40 and inhibits the PrLZ degradation by blocking the
binding of PrLZ to SPOP. Thus, our study reveals a possible
phosphorylation-dependent regulatory mechanism involved in
regulation of PrLZ stability dictated by SPOP-induced degrada-
tion, potentially opening new therapeutic avenues for PCa
treatment.
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RESULTS
Cullin 1 and Cullin 3-based E3 ubiquitin ligases negatively
regulate PrLZ protein stability
PrLZ is overexpressed in human PCa tissues and contributes to
the malignant progression of PCa [2], whereas the regulatory
mechanism of PrLZ protein stability remains elusive. Our study
indicated that MG132, a peptide aldehyde proteasome
inhibitor, increased the protein level of PrLZ (Fig. 1a, b) in
C4-2 and 22Rv1 cells. However, lysosome inhibitor chloroquine
or NH4Cl failed to increase PrLZ protein level (Fig. S1a),
suggesting the involvement of ubiquitin-mediated pathways in
controlling PrLZ stability. Notably, treatment with MLN4924, an
inhibitor of Cullin-Ring ligases (CRLs) by blocking cullin
neddylation [27], elevated endogenous PrLZ protein level
(Fig. 1a, b), indicating the negative regulation of PrLZ stability
through CRL(s).
To screen the potential Cullin-based E3 ubiquitin ligases

responsible for PrLZ destruction, we detected the interactions
between PrLZ and members of the Cullin family. As shown in
Fig. 1c, d, Cullin 3, and Cullin 1, instead of other Cullin family

members (Cullin 2, 4A, 4B, and 5), interacted with PrLZ.
Overexpression of Cullin 1 and Cullin 3 markedly decreased
exogenous PrLZ protein level (Fig. S1b, c), while depletion of Cullin
1 and Cullin 3 increased PrLZ protein level (Figs. 1e, S1d, e, f).
Interestingly, depletion of Cullin 1 by shRNAs could also increase
the amount of TPD52 protein (Fig. S1f). Given the extensive
evidence linking Cullin 3 to PCa, we thus just focused on Cullin 3
in this study. Overexpression of Cullin 3 promoted both
endogenous and exogenous PrLZ protein degradation in a dose-
dependent manner (Fig. 1f, g). Consistently, Cullin 3 overexpres-
sion promoted PrLZ protein ubiquitination (Fig. 1h) and Cullin 3
depletion significantly extended the half-life of PrLZ protein in C4-
2 cells (Fig. 1i, j).
Since PrLZ shared different N-terminal domain with TPD52

protein (Fig. S1g), we further explored the relationship between
Cullin 3 and TPD52. Unexpectedly, TPD52 failed to interact with
Cullin 3 (Fig. S1h) and Cullin 3 depletion had no effects on TPD52
protein level (Fig. S1i). Collectively, these results demonstrate that
Cullin 1 and Cullin 3-based E3 ubiquitin ligases negatively regulate
PrLZ protein stability in PCa.

Fig. 1 Cullin 1 and Cullin 3 E3 ubiquitin ligases negatively regulate PrLZ protein stability. a Immunoblot (IB) analysis of whole-cell lysates
(WCL) derived from C4-2 cells treated with MG132 (5 and 10 μM) or MLN4924 (0.5 and 1 μM) for 12 h. b IB analysis of WCL derived from
22Rv1 cells under similar treatment condition. c PrLZ binds with Cullin 1 and Cullin 3. IB analysis of WCL and anti-Myc immunoprecipitates
(IPs) derived from 293 T cells transfected with Flag-PrLZ and indicated Myc-tagged Cullins. EV, empty vector. d IB analysis of WCL and anti-Flag
IPs derived from 293 T cells transfected with Flag-PrLZ and Myc-Cullin 3. EV, empty vector. e IB analysis of WCL derived from C4-2 and
22Rv1 cells stably expressing shCullin 3 or shScr. Scr, Scramble. f IB analysis of WCL derived from C4-2 cells transfected with increasing
transfection doses (0.5, 1.5 and 3 μg) of Myc-Cullin 3. EV, empty vector. g IB analysis of WCL derived from 293 T cells transfected with Flag-PrLZ
and increasing transfection doses (1.5 and 3 μg) of Myc-Cullin 3. EV, empty vector. h IB analysis of WCL and Ni-NTA pull-down products derived
from PC-3 cells transfected with Flag-PrLZ, Myc-Cullin 3, and His-Ub. Where indicated, 20 μM MG132 was added for 6 h before harvesting the
cells. i Cullin 3 knockdown cells (shCullin 3), as well as parental C4-2 cells (shScr), were treated with 100 μg/ml cycloheximide (CHX) for the
indicated time period before harvesting. Equal amounts of WCL were immunoblotted with the indicated antibodies. j The PrLZ protein
abundance in (i) was quantified by ImageJ and plotted as indicated. PrLZ bands were normalized to vinculin.
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SPOP interacts with and promotes PrLZ poly-ubiquitination
and degradation
Substrate recruiting adaptor proteins are essential for Cullin
3-based E3 ubiquitin ligases to recognize downstream sub-
strates. We then found that both endogenous and exogenous

SPOP, rather than other Cullin 3-based E3 ligase adaptor
proteins including KLHL2, KLHL3, KLHL22, KLHL37, or PLZF,
interacted with PrLZ (Figs. 2a, b, Fig. S2a, b). Furthermore, pull-
down assay revealed a direct interaction between SPOP and
PrLZ (Figs. 2c and S2c). Either CRISPR/Cas9-mediated knockout
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or shRNAs/siRNAs-mediated knockdown of SPOP led to a
marked increase of PrLZ as well as other identified SPOP
substrates, including AR and TRIM24 (Figs. 2d, e, Fig. S2d, e).
Meanwhile, overexpression of SPOP promoted PrLZ protein
degradation in a dose-dependent manner (Fig. 2f). Importantly,
SPOP-mediated degradation of PrLZ could be blocked by MG132
(Fig. S2f) and SPOP deletion had no effects on PrLZ mRNA level
(Fig. S2g), indicating that SPOP regulated PrLZ abundance
through the ubiquitin-proteasome pathway. Consistently, SPOP
overexpression enhanced PrLZ protein ubiquitination (Figs. 2i
and S2h) and SPOP depletion significantly extended the half-life
of PrLZ protein in C4-2 cells (Fig. 2g, h, Fig. S2i, j). Additionally,
TPD52 was unable to bind with SPOP (Fig. S2k) and SPOP
depletion showed no effect on TPD52 protein stability (Fig. S2l,
m).
Next, we sought to determine the ubiquitin chain linkage type

(s) that was generated on PrLZ by SPOP. Wild type (WT)
ubiquitin and single lysine residue-only ubiquitin (K6-, K11-, K27-
, K29-, K33-, K48-, and K63-ubiquitin) were overexpressed in 293
T cells. We found that only K48-ubiquitin promoted SPOP-
mediated PrLZ poly-ubiquitination (Fig. 2j). Meanwhile, we
mutated each of the lysine residues on ubiquitin (K to R) to
test their individual effects on PrLZ poly-ubiquitination in SPOP-
overexpressing 293 T cells. Although K6R-, K11R-, K27R-, K29R-,
K33R-, and K63R-ubiquitin still triggered SPOP-mediated PrLZ
poly-ubiquitination, the K48R-ubiquitin inhibited chain forma-
tion on PrLZ, which was similar to the results obtained with the
7KR-ubiquitin titrations (Fig. 2k). To determine the lysine
residues site(s) of PrLZ that were ubiquitinated by SPOP, we
applied gel electrophoresis to separate the in vivo ubiquitina-
tion reactions (Flag-tagged PrLZ, HA-tagged SPOP, and ubiqui-
tin) and stained the resulting gel. Trypsin digestion of the band
corresponding to ubiquitinated PrLZ followed by liquid
chromatography-tandem mass spectrometry (LC-MS-MS) analy-
sis revealed the ubiquitination sites at lysine residues 24, 100,
and 120. We then mutated individual lysine residues (K24A,
K100A, and K120A) in PrLZ, and we found that mutation of
K24 significantly decreased SPOP-mediated poly-ubiquitination
of PrLZ (Figs. 2l and S2n). Thus, our data identified the formation
of a K48-linked polyubiquitin chain on PrLZ K24 residue
mediated by SPOP. Functionally, depletion of PrLZ largely
attenuated the enhanced cell proliferation and migration in
SPOP-depleted cells (Fig. 2m–q and Fig. S2o).
Overall, these results indicate that SPOP may inhibit cell

proliferation and migration partially through promoting PrLZ
poly-ubiquitination and degradation.

PCa-associated SPOP Mutants fail to interact with and
promote PrLZ poly-ubiquitination and degradation
Structurally, SPOP is comprised of an N-terminal MATH domain for
substrate interaction and a C-terminal BTB domain for Cullin 3
binding (Fig. 3a). As shown in Fig. 3b, SPOP without MATH domain
failed to interact with PrLZ. Further studies indicated that both the
MATH domain and BTB domain were required for SPOP-mediated
PrLZ ubiquitination and degradation (Fig. 3c and Fig. S3a–c).
Most of the PCa-associated SPOP mutations, such as Y87C,

F102C, W131G, and F133V, are assembled in the MATH domain
and exhibit attenuated substrate binding ability [28] (Fig. 3a). We
then detected the interaction between SPOP mutants and PrLZ
using immunoprecipitation assay. As shown in Fig. 3d, SPOP Y87C,
F102C, W131G, and F133V mutants failed to interact with PrLZ.
Moreover, cancer-derived SPOP mutants failed to decrease
endogenous PrLZ protein abundance comparing to SPOP WT
(Fig. 3e), thereby incapable of affecting the half-life (Fig. 3f, g) and
ubiquitination (Fig. 3h) of PrLZ protein.
Functionally, PrLZ could enhance cell proliferation in SPOP

F102C overexpressing PC-3 cells (Fig. S3d, e). Furthermore, PrLZ
significantly promoted the growth of SPOP F102C mutation
xenografts and SPOP WT impeded PrLZ-mediated pro-tumor
effects in vivo (Figs. S3f–h). Importantly, depletion of PrLZ
decreased cell proliferation and colony formation ability in cells
expressing PCa-associated SPOP mutants (Fig. S3i–l). Consis-
tently, depletion of PrLZ significantly suppressed the growth of
xenografts with PCa-associated SPOP mutations in vivo
(Fig. 3i–k).
The clinical relevance of the relationship between SPOP and

PrLZ in primary human PCa was then investigated. 23 cases with
SPOP-mutant and 105 cases with SPOP-WT were identified
through large-scale sequencing. As shown in Fig. 3l, m, SPOP-
mutant tumors exhibited stronger PrLZ staining compared with
SPOP-WT tumors. Taken together, the results showed that PCa-
associated SPOP mutants failed to interact with PrLZ and resulted
in accumulation of PrLZ in vitro and in vivo.

SPOP promotes PrLZ ubiquitination and degradation through
interaction with the distinctive N-terminal of PrLZ
We then aimed to determine the potential regions of PrLZ that
interacted with SPOP. Constructs expressing different domains of
PrLZ were generated (Fig. 4a). As determined by immunopreci-
pitation assay, amino acid 1-46 of PrLZ interacted specifically with
SPOP (Fig. 4b and Fig. S4a). Additionally, compared to full length
PrLZ, SPOP failed to promote PrLZ 46-224 protein degradation
(Figs. 4c). Unfortunately, we didn’t find the canonical SPOP

Fig. 2 SPOP specifically interacts with and promotes PrLZ poly-ubiquitination and degradation. a PrLZ binds with SPOP. Immunoblot (IB)
analysis of WCL and anti-HA immunoprecipitates (IPs) derived from 293 T cells transfected with HA-PrLZ and Flag-tagged BTB domain-
containing protein constructs. 30 h post-transfection, cells were treated with 20 μM MG132 for 6 h before harvesting. EV, empty vector. b IB
analysis of WCL and anti-SPOP IPs derived from C4-2. Cells were treated with 20 μM MG132 for 6 h before harvesting. c GST pull-down assay
revealed the direct interaction between PrLZ and SPOP. The upper panel presents the result of IB by using the antibody against His, and the
lower coomassie blue staining showing the gels for purified proteins. d IB analysis of WCL derived from C4-2 cells with SPOP knockout by the
CRISPR-Cas9 technology. Parental C4-2 cells are used as the control. e IB analysis of WCL derived from 22Rv1 cells with SPOP knockout by the
CRISPR-Cas9 technology. Parental 22Rv1 cells are used as the control. f IB analysis of WCL derived from C4-2 cells transfected with increasing
transfection doses (1 and 2 μg) of HA-SPOP. EV, empty vector. g SPOP knockout cells (sgSPOP), as well as parental C4-2 cells (Control), were
treated with 100 μg/ml CHX for the indicated time period before harvesting. Equal amounts of WCL were immunoblotted with the indicated
antibodies. h The PrLZ protein abundance in (g) was quantified by ImageJ and plotted as indicated. PrLZ bands were normalized to vinculin.
i IB analysis of WCL and Ni-NTA pull-down products derived from PC-3 cells transfected with Flag-PrLZ, HA-SPOP, Myc-Cullin 3 and His-Ub.
Where indicated, 20 μM MG132 was added for 6 h before harvesting the cells. j IB analysis of WCL and Ni-NTA pull-down products derived
from PC-3 cells transfected with Flag-PrLZ, HA-SPOP and K-only ubiquitin mutants. Where indicated, 20 μM MG132 was added for 6 h before
harvesting the cells. k IB analysis of WCL and Ni-NTA pull-down products derived from PC-3 cells transfected with Flag-PrLZ, HA-SPOP and the
indicated ubiquitin KR (Lys to Arg) mutants. Where indicated, 20 μM MG132 was added for 6 h before harvesting the cells. l IB analysis of WCL
and Ni-NTA pull-down products derived from PC-3 cells transfected with Flag-tagged wild type (WT) and mutanted PrLZ, HA-SPOP, and His-
Ub. Where indicated, 20 μM MG132 was added for 6 h before harvesting the cells. m The growth curve of C4-2 cells with knockdown of SPOP
and/or PrLZ. Scr, Scramble. *P < 0.05. n, o Colony formation assays and quantification of C4-2 cells with knockdown of SPOP and/or PrLZ. Scr,
Scramble. Error bars represent SEs. *P < 0.05. p, q Representative images and quantification of migrated C4-2 cells with knockdown of SPOP
and/or PrLZ. Scr, Scramble. Error bars represent SEs. *P < 0.05.
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binding consensus (SBC) motif Φ-Π-S-S/T-S/T (where Φ represents
a nonpolar residue; Π represents a polar residue; S represents
Serine; T represents Threonine) in the N-terminal region of PrLZ.
Interestingly, deletion of the amino acid 30–42 of PrLZ disrupted
the binding of PrLZ to SPOP (Fig. 4d), and rendered PrLZ resistant
to SPOP-meditated degradation and poly-ubiquitination (Fig. 4e,
f), indicating that the amino acid 30–42 region of PrLZ might
represent the potential binding motif for SPOP.

To further characterize the key site that mediated the
interaction between SPOP and PrLZ, we mutated all the serine
(S) or threonine (T) to alanine (A) and generated six PrLZ mutant
constructs (S30A, S32A, S35A, S36A, S40A, and T42A). As shown in
Fig. 4g and Fig. S4b, mutation of S40A significantly reduced the
interaction between PrLZ and SPOP in cells. Consistently,
compared with PrLZ WT, the PrLZ S40A mutant was resistant to
SPOP-mediated ubiquitination and subsequent degradation
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(Fig. 4h–j, Fig. S4c–f). Similar to PrLZ S40A mutant, PrLZ S40R
mutant also failed to interact with SPOP and was resistant to
SPOP-mediated degradation (Fig. S4g–i). Moreover, SPOP bound
to WT-PrLZ peptide containing 30SPSGNSSPPGSPT42, instead of
S40A-mutated PrLZ (30SPSGNSSPPGAPT42) (Fig. 4k). In summary,
we discovered PrLZ at serine 40 as a novel modification site in
mediating the interaction and degradation of PrLZ by SPOP.

ERK1/2-mediated phosphorylation of PrLZ at Ser40 stabilizes
PrLZ through disrupting its binding with SPOP
Although PrLZ Ser40 mutant abolished SPOP-mediated degrada-
tion, we failed to find the pathologic Ser40 mutation of PrLZ from
TCGA database. These findings inspired us to explore other
possible mechanisms for regulating PrLZ stability. MS analysis
revealed multiple phosphorylation sites (including Ser40) on
serine or threonine residues in PrLZ (Fig. 5a). To investigate the
effects of Ser40 phosphorylation on the interaction between PrLZ
and SPOP, we constructed a phosphorylation-mimic mutant of
PrLZ (S40D). We found that the interaction between SPOP and
PrLZ was totally abolished by PrLZ S40D mutant (Fig. 5b).
Consistently, compared with PrLZ WT, the PrLZ S40D mutant
was resistant to SPOP-mediated degradation (Fig. 5c and Fig. S5a).
We next aimed to identify the possible protein kinases

responsible for the phosphorylation of PrLZ at Ser40. The amino
acid sequence of PrLZ was then queried on www.phosphonet.ca
to identify residues with the potential to be phosphorylated by
multiple kinases including ERK1/2, CDK1, CDK2, GSK3, and CDK4.
Since we have confirmed that phosphorylation of Ser40 in PrLZ
may affect its protein stability, it is reasonable to interpret that
kinases responsible for the phosphorylation of PrLZ should also
affect the protein level of PrLZ. To determine the potential kinases,
we co-expressed PrLZ and SPOP together with potential candidate
kinases in 293T cells. As shown in Fig. 5d, ERK1/2, instead of other
kinases, significantly increased the protein level of exogenous
PrLZ. Unexpectedly, not only ERK1/2 but also AMPK, GSK3β and
CDK4 could bind with PrLZ (Fig. 5e and Fig. S5b). Interestingly,
only ERK1/2 inhibitor SCH772984 decreased PrLZ protein level in
C4-2 cells (Fig. 5f and Fig. S5c). As noted, PrLZ contains a
consensus ERK1/2 phosphorylation motif PXS/TP, and the
phospho-motif is evolutionally conserved in PrLZ as demonstrated
by protein sequence alignment (Fig. 5g). Using in vitro kinase
assays, we identified Ser40 as the ERK1/2 phosphorylation site
(Fig. 5h). Activation of ERK1/2 phosphorylation sites impairs the
interaction between PrLZ and SPOP in vitro (Fig. 5i). Additionally,
depletion of endogenous ERK1/2 by shRNAs led to a marked
decrease of PrLZ protein (Fig. 5j). Meanwhile, ERK1/2 inhibitor
SCH772984 enhanced the binding between PrLZ and SPOP

(Fig. 5k), and sensitized PrLZ to SPOP-meditated poly-ubiquitina-
tion and degradation (Fig. 5l–n). However, either compound c
(AMPK inhibitor), CHIR99021 (GSK3β inhibitor) or palbociclib
(CDK4/6 inhibitor) had no significant effects on SPOP-meditated
PrLZ poly-ubiquitination and degradation (Fig. S5d–f).
In accordance with the above findings, we found that cells

expressing PrLZ S40D mutants displayed enhanced cell prolifera-
tion and colony formation ability compared with cells expressing
PrLZ-WT under SCH772984 treatment in vitro (Fig. S5g–i). Similarly,
SCH772984 suppressed growth of PrLZ WT xenografts and PrLZ
S40A mutation impeded SCH772984-mediated anti-tumor effects
in vivo (Fig. 5o–q). To further evaluate the clinical correlation
between p-ERK1/2 and PrLZ, we performed immunohistochem-
istry (IHC) staining in 128 PCa patient samples and found a strong
correlation (Rho= 0.596, P < 0.01) between the two sets (Fig. 5r, s).
Further analysis discovered that p-ERK1/2 high expression tumors
exhibited stronger PrLZ staining compared with p-ERK1/2 low
expression tumors (Fig. 5t). These results suggest that stabilization
of PrLZ by ERK1/2 promotes tumor cell survival in vitro and in vivo.

IL-6 protects PrLZ from degradation through activating ERK1/
2
Interleukin (IL)-6 is a pro-inflammatory cytokine that has been
identified as a key mediator in promotion of PCa growth, PCa
progression to the castration-resistant state, promotion of
cancer metastasis and resistance to chemotherapy [29]. Inter-
estingly, modulation of ERK1/2 MAPKs signaling pathways is
considered as one of the key molecular mechanisms for IL-6-
mediated progression of PCa [30]. Previous research reported
that IL-6 particularly induced PrLZ expression, whereas the
expression of other TPD52 isoforms was not significantly
affected [31]. We confirmed that IL-6 increased PrLZ protein
levels and triggered the activation of ERK1/2 (Fig. 6a). Interest-
ingly, no significant change of PrLZ S40A mutant and TPD52
protein levels were observed upon IL-6 treatment (Fig. S6a–d). It
was thus reasonable to explore the effects of IL-6 on SPOP-
mediated degradation of PrLZ. As shown in Fig. 6b, SPOP-
mediated degradation of PrLZ was abolished by IL-6 treatment.
Additionally, ERK1/2 inhibitor SCH772984 attenuated IL-6-
mediated upregulation of PrLZ (Fig. 6c). Furthermore, IL-6
weakened the interaction between SPOP and PrLZ, and
SCH772984 treatment restored their interaction (Fig. 6d). Con-
sequently, compared with DMSO treatment group, IL-6 con-
ferred PrLZ the ability to resist ERK1/2-SPOP pathway-mediated
ubiquitination and subsequent degradation (Fig. 6e–g). Impor-
tantly, neither IL-6 nor SCH772984 treatment had effects on PrLZ
S40A or S40D expression and degradation (Fig. 6h and S6e–g).

Fig. 3 PCa-associated SPOP Mutants fail to interact with and promote PrLZ poly-ubiquitination and degradation. a A schematic diagram
representing the SPOP structural domains and PCa-associated mutations for mapping the interaction domains with PrLZ. b Immunoblot (IB)
analysis of WCL and anti-Flag immunoprecipitates (IPs) derived from 293 T cells transfected with Flag-PrLZ, HA-SPOP WT, deletion of MATH
domain-SPOP constructs, and BTB domain-SPOP constructs. 30 h post-transfection, cells were treated with 20 μM MG132 for 6 h before
harvesting. EV, empty vector. WT, wild type. c IB analysis of WCL derived from 293 T cells transfected with Flag-PrLZ, HA-SPOP WT, and deletion
of MATH domain-SPOP constructs. EV, empty vector. WT, wild type. d IB analysis of WCL and anti-HA IPs derived from 293 T cells transfected
with Flag-PrLZ, HA-SPOP WT, and PCa-associated SPOP mutants. EV, empty vector. WT, wild type. e IB analysis of WCL derived from C4-2 cells
stably expressing HA-tagged SPOP WTor PCa-associated SPOP mutants. EV, empty vector. WT, wild type. f IB analysis of WCL derived from 293
T cells transfected with Flag-PrLZ, HA-SPOP WT, and HA-SPOP F102C mutant. Where indicated, 100 μg/ml CHX was added for the indicated
time period before harvesting. EV, empty vector. WT, wild type. g The PrLZ protein abundance in (f) was quantified by ImageJ and plotted as
indicated. PrLZ bands were normalized to vinculin. h IB analysis of WCL and Ni-NTA pull-down products derived from PC-3 cells transfected
with Flag-PrLZ, HA-SPOP WT, HA-SPOP F102C mutant, and HA-SPOP W131G mutant and His-Ub. Where indicated, 20 μMMG132 was added for
6 h before harvesting the cells. EV, empty vector. WT, wild type. i-k C4-2 cells stably expressing SPOP-F102C or SPOP-W131G mutants were
transfected with shPrLZ or shScr and subcutaneously injected into nude mice to establish xenograft model. Statistical analysis of the tumor
volumes which were measured every three days and plotted individually (i). Subcutaneous xenograft tumors formed from different groups
were dissected (j). Statistical analysis of the weight of the dissected xenografts tumors (k). n= 6 mice per experimental group, the results
indicate the mean ± S.D. *P < 0.05. Scr, Scramble. l Representative images of primary PCa patient samples stained for PrLZ expression by
immunohistochemistry. Scale bar, upper 200 μm, lower 100 μm. m Mann–Whitney test analysis of PrLZ expression in primary PCa patient
samples harboring SPOP-WT or SPOP-mutations.
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We then chose EGF, another important upstream signal to
activate ERK1/2 [32], to determine whether other upstream
molecules can be connected to the phosphorylation modifica-
tion and protein degradation of PrLZ. We found the elevation
of PrLZ protein level (Fig. S6h) and decreased degradation (Fig.
S6i, j) of PrLZ upon EGF treatment. Additionally, we detected an
increase in the phosphorylation of PrLZ WT instead of PrLZ

S40D mutant upon IL-6 or EGF treatment (Fig. S6k, l).
Importantly, similar in vitro ubiquitination level of BRD4 was
observed upon incubation with IL-6 or ERK1, indicating that IL-
6 or ERK1 might not directly regulate the activity of SPOP
(Fig. S6m).
Functionally, we found that SCH772984 attenuated IL-6-induced

C4-2 cell proliferation in vitro (Fig. S7a–c) and in vivo (Fig. S7d–f).

Fig. 4 SPOP promotes PrLZ ubiquitination and degradation through interaction with the distinctive N-terminal of PrLZ. a A schematic
diagram representing the PrLZ structural domains for mapping the interaction domains with SPOP. b Immunoblot (IB) analysis of WCL and
anti-HA immunoprecipitates (IPs) derived from 293 T cells transfected with GST-SPOP and indicated constructs of HA-PrLZ. 30 h post-
transfection, cells were treated with 20 μM MG132 for 6 h before harvesting. EV, empty vector. WT, wild type. c IB analysis of WCL derived from
293 T cells transfected with HA-PrLZ WT, HA-PrLZ animo acid (aa) 46-224 constructs and increasing transfection doses (1 and 3 μg) of Flag-
SPOP. WT, wild type. d IB analysis of WCL and anti-Flag IPs derived from 293 T cells transfected with HA-SPOP, Flag-PrLZ WT, and deletion of aa
30-42 domain-PrLZ constructs. 30 h post-transfection, cells were treated with 20 μM MG132 for 6 h before harvesting. EV, empty vector. WT,
wild type. e IB analysis of WCL derived from 293 T cells transfected with HA-SPOP, Flag-PrLZ WT, and deletion of aa 30-42 domain-PrLZ
constructs. EV, empty vector. WT, wild type. f IB analysis of WCL and Ni-NTA pull-down products derived from PC-3 cells transfected with HA-
SPOP, His-Ub, Flag-PrLZ WT, and deletion of aa 30-42 domain-PrLZ constructs. Where indicated, 20 μM MG132 was added for 6 h before
harvesting the cells. EV, empty vector. WT, wild type. g IB analysis of WCL and anti-Flag IPs derived from 293 T cells transfected with HA-SPOP
and indicated mutation constructs of Flag-PrLZ. EV, empty vector. WT, wild type. h IB analysis of WCL and Ni-NTA pull-down products derived
from PC-3 cells transfected with HA-SPOP, His-Ub, Flag-PrLZ WT, and Flag-PrLZ S40A mutant. Where indicated, 20 μMMG132 was added for 6 h
before harvesting the cells. EV, empty vector. WT, wild type. i IB analysis of WCL derived from 293 T cells transfected with HA-SPOP, Flag-PrLZ
WT, and Flag-PrLZ S40A mutant. Where indicated, 100 μg/ml CHX was added for the indicated time period before harvesting. WT, wild type. j
The PrLZ protein abundance in (i) was quantified by ImageJ and plotted as indicated. PrLZ bands were normalized to vinculin. k IB analysis of
WCL derived from 293 T cells transfected with HA-SPOP and pull-down binding assay using biotinylated peptide.
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We next examined the effects of PrLZ S40A mutation on cell
proliferation and tumor growth under IL-6 and SCH772984
treatment. As shown in Fig. 6i–m, IL-6 treatment resulted in an
increase of growth in cells and tumors expressing PrLZ WT, which
could be abolished by SCH772984 treatment. However, we failed

to observe the effects of IL-6 and SCH772984 in cells expressing
PrLZ S40A mutant in vitro and in vivo.
Overall, the findings reveal that IL-6-induced upregulation of

PrLZ in PCa partially depends on activation of ERK1/2, eventually
leading to resistant to SPOP-mediated degradation.
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DISCUSSION
In this study, we identified PrLZ as a novel substrate of Cullin 3/
SPOP. More importantly, cancer-associated mutations clustered in
the MATH domain of SPOP impaired the interaction between SPOP
and PrLZ, thereby leading to the accumulation of PrLZ protein in
PCa. Phosphorylation of PrLZ at Ser40 by ERK, an oncogenic
isomerase previously demonstrated [33, 34], inhibited the SPOP-
PrLZ interaction and reduced the ubiquitination of PrLZ. Our results
deepen our understanding of the tumor suppressor function of
SPOP and provide new insights into regulation of PCa oncogene
PrLZ by SPOP-mediated ubiquitination and degradation.
ERK1/2, which belongs to the mitogen-activated protein kinase

family, plays vital role in signal transduction and cancer
progression [35]. ERK1/2 catalyzes the phosphorylation of
substrates containing a PXS/TP sequence [36, 37]. ERK1/2 has
gradually emerged as a potential therapeutic target for breast
cancer, colorectal cancer, melanoma, pancreatic cancer, and PCa
[38]. ERK1/2 inhibitor such as SCH772984 has been proven to
inhibit PCa cell proliferation [39, 40]. Here, our results identified
ERK1/2 as the upstream kinase responsible for SPOP-mediated
PrLZ poly-ubiquitination and degradation to favor PCa tumor-
igenesis. Accordingly, SCH772984 can inhibit PCa progression
largely by promoting the SPOP-mediated degradation of PrLZ.
Thus, our study authenticates the possibility of applying ERK1/2
inhibitors as novel therapeutic strategy for PCa, thereby providing
a promising way to eliminate the tumor.
IL-6 is found to be elevated in a majority of cancers and

involved in the malignant progression of cancers [41–43]. IL-6
could trigger ERK signaling and resulted in the promoting
proliferation in PCa cells [44, 45]. It was reported that IL-6 induced
a significant upregulation of PrLZ in PCa LNCaP cells and PrLZ
overexpression enhanced the IL-6-mediated differentiation of
LNCaP cells into a neuroendocrine-like phenotype, although the
related molecular mechanism for PrLZ upregulation were
unknown. In this study, we confirmed that IL-6/ERK signaling
promoted phosphorylation and upregulation of PrLZ through
SPOP-dependent regulation of PrLZ stability. On the basis of
published in vitro and in vivo studies, one could conclude that
options for targeting IL-6 signaling should be explored. In this

context, the anti-IL-6 antibody siltuximab (CNTO 328) has been
demonstrated to inhibit growth of PCa in vitro and in vivo.
However, clinically, application of anti-IL-6 antibody did not
improve survival of patients with castration therapy-resistant PCa
[46, 47]. A difficulty with anti-IL-6 antibody monotherapy is the
fact that multiple signaling pathways are deregulated at this stage.
Thus a more detailed classification for prostate tumor microenvir-
onment and validation of downstream molecules may be helpful
in order to characterize the role of IL-6 in regulating PCa
progression. Based on the specificity of PrLZ in PCa, an
individualized approach is needed to identify PCa patients who
will benefit from anti-IL-6 therapy in combination with PrLZ or
ERK1/2 targeted therapy.
Structurally, the SPOP protein can selectively bind to specific

substrates by recognizing their SBC motif (Φ-Π-S-S/T-S/T). Inter-
estingly, we didn’t find the canonical SBC motif in the N-terminal
region of PrLZ. Our data determined that amino acid 30-42 of PrLZ
was responsible for the binding of PrLZ to SPOP and consequent
SPOP-mediated degradation. Similar to some SPOP substrates
which don’t have classic SBC motif [17], we found that PrLZ had a
SBC-like motif (Φ-Π-S-X-S/T) in its 30-42 aa (38PGSPT42). We thus
analyzed whether there were any pathologic mutations at amino
acid 30-42 of PrLZ in cancers by analyzing TCGA and COSMIC
databases (https://cancer.sanger.ac.uk/cosmic/). Although we
have further identified that PrLZ Ser40 mutant nearly abolished
SPOP-mediated degradation, we failed to find the pathologic
Ser40 mutation of PrLZ based on databases. Within this context
the question arises, are there any potential pathologic mutations
located in amino acid 30-42 of PrLZ from patients with PCa? Will
cancer-associated mutation of PrLZ impair its interaction with
SPOP and evade SPOP-mediated degradation? Clearly, further in-
depth studies are needed to address those questions.
In summary, aberrant accumulation of the PrLZ oncoprotein

due to clinical SPOP mutation or abnormal activation of ERK1/2 in
PCa could be the underlying molecular mechanisms driving tumor
progression and resulting in poor survival of PCa patients (Fig. 7).
To this end, our results verified ERK1/2 inhibitor as a novel
therapeutic strategies via reducing PrLZ abundance based on the
genetic status of SPOP mutation for PCa patients.

Fig. 5 ERK1/2-mediated phosphorylation of PrLZ at Ser40 stabilizes PrLZ through disrupting its binding with SPOP. a Post-translational
modifications of PrLZ identified by mass spectrometry (MS). Flag-PrLZ protein derived from 293 T cells were immunoprecipitated with anti-
Flag antibody, separated by SDS–PAGE gel and subjected to in-gel digestion for MS. MS/MS spectrum of the PrLZ fragment from S30 to T42,
m/z= 672.312 (Z= 2) was shown. b Immunoblot (IB) analysis of WCL and anti-Flag immunoprecipitates (IPs) derived from 293 T cells
transfected with HA-SPOP, Flag-PrLZ WT, and Flag-PrLZ S40D mutant. 30 h post-transfection, cells were treated with 20 μM MG132 for 6 h
before harvesting. EV, empty vector. WT, wild type. c IB analysis of WCL derived from 293 T cells transfected with HA-SPOP, Flag-PrLZ WT, and
Flag-PrLZ S40D mutant. Where indicated, 100 μg/ml CHX was added for the indicated time period before harvesting. WT, wild type. d IB
analysis of WCL derived from 293 T cells transfected with GST-SPOP, Flag-PrLZ WT, and indicated kinases constructs. EV, empty vector. e IB
analysis of WCL and anti-HA IPs derived from 293 T cells transfected with Flag-PrLZ, HA-ERK1, and HA-ERK2. 30 h post-transfection, cells were
treated with 20 μM MG132 for 6 h before harvesting. EV, empty vector. f IB analysis of WCL derived from C4-2 cells treated with SCH772984 (1
and 3 μM) for 24 h. g Sequence alignment of phosphorylation of PrLZ within the SPOP binding domain. h In vitro kinase assays showing that
ERK1 phosphorylated recombinant PrLZ at Ser40. i ERK1-mediated phosphorylation of PrLZ hindered its interaction with SPOP in vitro.
Autoradiograms showing recovery of 35S-labeled SPOP protein bound to the indicated GST-PrLZ fusion proteins (GST protein as a negative
control). IN, input (5% as indicated). j IB analysis of WCL derived from C4-2 and 22Rv1 cells stably expressing shERK1/2 or shScr. Scr, Scramble.
k IB analysis of WCL and anti-Flag IPs derived from 293 T cells transfected with Flag-PrLZ and HA-SPOP. 12 h post-transfection, cells were
treated with 3 μM SCH772984 for additional 24 h before harvesting. Where indicated, 20 μM MG132 was added for 6 h before harvesting the
cells. l IB analysis of WCL derived from C4-2 cells treated with or without 3 μM SCH772984. Where indicated, 100 μg/ml CHX was added for the
indicated time period before harvesting. WT, wild type. m The PrLZ protein abundance in (l) was quantified by ImageJ and plotted as
indicated. PrLZ bands were normalized to vinculin. n IB analysis of WCL and Ni-NTA pull-down products derived from PC-3 cells transfected
with Flag-PrLZ, HA-SPOP and His-Ub. 12 h post-transfection, cells were treated with 3 μM SCH772984 for 24 h before harvesting. Where
indicated, 20 μM MG132 was added for 6 h before harvesting the cells. o–q PC-3 cells stably expressing PrLZ-WT or PrLZ-S40A mutant were
subcutaneously injected into nude mice with or without SCH772984 treatment (50mg/kg, daily). Statistical analysis of the tumor volumes
which were measured every three days and plotted individually (o). Subcutaneous xenograft tumors from different groups in PC-3 cells were
dissected (p). Statistical analysis of the weights of the dissected xenografts tumors (q). n= 6 mice per experimental group, the results
indicated the mean ± S.D. *P < 0.05 and ***P < 0.001. NC, non-specific control. WT, wild type. SCH, SCH772984. r Representative images of PCa
patient samples stained for PrLZ and p-ERK1/2 expression by immunohistochemistry. Scale bar, left 200 μm, right 100 μm. s Correlation
analysis of PrLZ and p-ERK1/2 expression in PCa patient samples. t Mann–Whitney test analysis of PrLZ expression in p-ERK1/2 low and high
expression PCa patient samples.

Y. Fan et al.

1619

Cell Death & Differentiation (2022) 29:1611 – 1624

https://cancer.sanger.ac.uk/cosmic/


MATERIALS AND METHODS
Antibodies, reagents, and plasmids
Antibodies green fluorescent protein (GFP) (6556), p27 (32034),
Androgen Receptor (AR) (133273), Cullin 2 (166917), Cullin 4 A (92554),
Cullin 4B (67035), Cullin 5 (184177), SPOP (137537), ERK1/2 (17942), LC3B
(51520) and TPD52 (182578) antibodies were purchased from Abcam.
Antibodies Cullin 3 (2759), Cullin 1 (4995), Flag-tag (14793), HA-tag
(3724), Myc-tag (2276), GST-tag (2624), Phospho-ERK1/2 (Thr202/Tyr204)
(9101) and Vinculin (4650) were purchased from Cell Signaling

Technology. Rabbit polyclonal PrLZ antibody was offered from Professor
Ruoxiang Wang (Department of Medicine, Cedars-Sinai Medical Center,
Los Angeles, CA, USA). pcDNA3-myc-Cullin 1, pcDNA3-myc-Cullin 2,
pcDNA3-myc-Cullin 3, pcDNA3-myc-Cullin 4 A, pcDNA3-myc-Cullin 4B,
pcDNA3-myc-Cullin 5, pcDNA3-myc-ERK2, pcDNA3-Flag-SPOP, pcDNA3-
Flag-PrLZ, pcDNA3-HA-SPOP, pcDNA3-HA-PrLZ, pCMV-GST-SPOP, pCMV-
GST-PrLZ 1-46, pCMV-GST-PrLZ 1-46 S40A, pGEX-4T-1-GST-PrLZ, and
pGEX-4T-1-GST-PrLZ S40A plasmids were constructed according to
standard protocols by ourselves. KLHL2, KLHL3, PLZF, KLHL22, KLHL37,
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PrLZ delta 30-42, PrLZ S30A, PrLZ S32A, PrLZ S35A, PrLZ S36A, PrLZ S40A,
PrLZ S40D, PrLZ T42A, TPD52, SPOP delta MATH and SPOP delta BTB
were amplified and cloned into the pcDNA3-Flag vector. SPOP F102C,
SPOP W131G, SPOP F133L, PrLZ 46-224, PrLZ 1-192, PrLZ 1-143, PrLZ 1-
133, AMPK, ERK1, ERK2, GSK3β, CDK1, CDK2, CDK4 were amplified and
cloned into the pcDNA3-HA or pLenti-HA vector. pCMV-8 x His-Ub
(107392) was purchased from Addgene. pLKO-shCullin 1, pLKO-shCullin
2, pLKO-shCullin 3, pLKO-shCullin 4 A, pLKO-shCullin 4B, pLKO-shCullin 5
and pLKO-shSPOP were purchased from Sigma-Aldrich. Oligonucleotide
sequences for cloning shRNA constructs were as follows: shERK1 (5ʹ-G
ATCCCCATGTCATAGGCATCCGAGATTCAAGAGATCTCGGATGCCTATGACA
TTTTTTGGAAA-3ʹ) and shERK2 (5ʹ-GATCCCCGACCGGATGTTAACCTTTATTC
AAGAGATAAAGGTTAACATCCGGTCTTTTTGGAAA-3ʹ).
siControl (sense, 5ʹ-UUCUCCGAACGUGUCACGUTT-3ʹ) and siSPOP (sense,

5ʹ-AGAUCAAGGUAGUGAAAUUUU-3ʹ and 5ʹ-GGUGAAGAGGGAACAGAAA
UU-3ʹ) were constructed by GE Dharmacon (GE Healthcare Ltd, Little
Chalfont, UK). Different mutants were generated by site-directed
mutagenesis PCR reaction using platinum PWO SuperYield DNA polymer-
ase (Roche, Basel, Switzerland) according to the product manual.

Cell culture, transfection and establishment of stable clone
cells
Human PCa PC-3, C4-2 and 22Rv1 cell lines were purchased from the
American Type Culture Collection (ATCC; Manassas, VA, USA) and cultured
in RPMI-1640 medium containing 10% fetal bovine serum (FBS). In
addition, the culture medium was supplemented with 100 U/mL penicillin
and 0.1 mg/ml streptomycin (Gibco; Thermo Fisher Scientific, Inc.). The
HEK293FT and HEK293T cell line was obtained from Professor Chawnshang
Chang (Department of Urology, University of Rochester, Rochester, NY
14642, USA) and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% FBS. All established cell lines were

cultivated for less than 6 months and were tested for mycoplasma
every month.
Lipofectamine 2000 transfection reagent (Life Technologies) was applied

to plasmid transfection in accordance with the manufacturer’s protocol.
Various cell lines were infected with lentiviral and retroviral cDNA
expressing viruses, which were packaged in HEK293FT cells. The SPOP-
shRNA packaged into the lentiviral vector was transfect into PCa cells.
Hygromycin B (200 μg/mL) was used in screening SPOP-shRNA cells. Two
weeks later, PrLZ-shRNA packaged into the lentiviral vector was then
transfect into PCa cells with the same lentiviral titer followed by puromycin
selection (1 μg/mL).

Immunoprecipitation assay and immunoblot analysis
Cells were lysed with EBC lysis buffer [50 mM of Tris-HCl (pH 7.4), 120mM
of NaCl, 5 mM of EDTA, 0.5% of NP-40] containing protease inhibitors
(Sigma-Aldrich; Merck KGaA) and phosphatase inhibitors (Sigma-Aldrich;
Merck KGaA). Beckman Coulter DU-800 spectrophotometer was applied in
detecting the protein concentrations using the Bio-Rad protein assay
reagent (Bio-Rad Laboratories, CA). The proteins were incubated with the
monoclonal anti-FLAG or anti-HA antibody-conjugated M2 agarose beads
(Sigma-Aldrich, A2095 and A2220) with gentle rocking at 4 °C for 4 h.
Subsequently, cell lysates were washed with EBC buffer and the proteins
were extracted from the beads by boiling at 95 °C for 5 min. For
immunoprecipitation assays, the proteins were seperated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels. Then
they were transferred to polyvinylidene fluoride (PVDF) membranes and
incubated with specific primary antibodies at 4 °C overnight. After
incubating with HRP-conjugated secondary antibody for 1 h at room
temperature, the protein immunoreactive signals were tested by ECL
detection system (Thermo Fisher Scientific, Rochester, NY) or ECL
chemiluminescence system (Santa Cruz Biotechnology). All the immuno-
blotting assays were repeated at least three times with similar results. For
semi-quantitative analysis, immunoblot bands were analyzed using ImageJ
software (NIH). All of the full and uncropped western blots are uploaded as
Figs. S8–S11.

Total RNA extraction and real-time RT-PCR analysis
Total RNA of PCa cells was extracted with TRIzol and reversed by using a
Reverse Transcription Reaction Kit (MBI Fermentas, St. Leon-Rot, Germany).
Then cDNA was amplified using specific primers. Primer sequences were
listed as follows: PrLZ (forward primer, 5ʹ-GAGATGGACTTATATGAGGAC
TAC-3ʹ; reverse primer, 5ʹ-TTGCTGCTAACACTTGAGAC-3ʹ) and β-actin
(forward primer, 5ʹ-TAATCTTCGCCTTAATACTT-3ʹ; reverse primer, 5ʹ-TAA
TCTTCGCCTTAATACTT-3ʹ). Relative changes in gene expression were
normalized against β-actin.

Colony formation assay
PCa cells were seeded into a 6-well plate (1.0 × 103 cells/well) and cultured
with RPMI-1640 medium supplemented with 10% FBS for 1 week. Then the
cells were washed with phosphate-buffered saline and fixed with 4%
paraformaldehyde for 15min. The cells were then stained with crystal
violet solution for 15min. The staining solution was slowly washed away
with running water, and then photographed with inverted microscope. All
the colony formation assays were repeated at least three times.

Fig. 6 IL-6 protects PrLZ from degradation through activating ERK1/2. a Immunoblot (IB) analysis of WCL derived from C4-2 and 22Rv1 cells
treated with different concentration of IL-6 (10, 25, 50 and 100 ng/ml) for 48 h. b IB analysis of WCL derived from C4-2 cells treated with IL-6
(50 ng/ml, 48 h) or/and transfection with HA-SPOP. c IB analysis of WCL derived from C4-2 cells treated with IL-6 (50 ng/ml, 48 h) or/and
SCH772984 (3 μM). d IB analysis of WCL and anti-Flag immunoprecipitates (IPs) derived from 293 T cells transfected with HA-SPOP and Flag-
PrLZ. Cells were treated with IL-6 (50 ng/ml, 48 h) or/and SCH772984 (3 μM). 30 h post-transfection, cells were treated with 20 μM MG132 for 6
h before harvesting. e IB analysis of WCL and Ni-NTA pull-down products derived from PC-3 cells transfected with Flag-PrLZ, HA-SPOP and His-
Ub. Cells were treated with IL-6 (50 ng/ml) or/and SCH772984 (3 μM). Where indicated, 20 μM MG132 was added for 6 h before harvesting the
cells. f IB analysis of WCL derived from C4-2 cells treated with IL-6 (50 ng/ml) or/and SCH772984 (3 μM). Where indicated, 100 μg/ml CHX was
added for the indicated time period before harvesting. g The PrLZ protein abundance in (f) was quantified by ImageJ and plotted as indicated.
PrLZ bands were normalized to vinculin. h IB analysis of WCL derived from C4-2 cells transfected with Flag-PrLZ WT and Flag-PrLZ S40A. Cells
were treated with IL-6 (50 ng/ml) or/and SCH772984 (3 μM). i, j Colony formation assays and quantitative analysis of C4-2 cells transfected with
Flag-PrLZ WT or Flag-PrLZ S40A in the presence or absence of IL-6 (50 ng/ml) or/and SCH772984 (3 μM) treatment. **P < 0.05. k–m C4-2 cells
transfected with PrLZ WT or PrLZ S40A were subcutaneously injected into nude mice, which were treated with IL-6 (100 ng per mouse) or/and
SCH772984 (SCH, 50mg/kg, daily). Statistical analysis of the tumor volumes which were measured every three days and plotted individually
(k). Subcutaneous xenograft tumors formed from different groups in C4-2 cells were dissected (l). Statistical analysis of the weights of the
dissected xenografts tumors (m). n= 6 mice per experimental group, the results indicated the mean ± S.D. *P < 0.05.

Fig. 7 Graphical summary of the proposed mechanism. A
schematic diagram showing the working model for
phosphorylation-regulated PrLZ ubiquitination and degradation in
modulating PCa progression.
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In vitro ERK1 kinase assays
Briefly, pGEX-4T-1 vector, pGEX-4T-1-GST-PrLZ, and pGEX-4T-1-GST-PrLZ
S40A were expressed in BL21 Escherichia coli and purified from transfected
bacterial using Glutathione Sepharose 4B (GE Healthcare) according to the
manufacturer’s instructions. For the in vitro kinase assay, recombinant
ERK1 (R&D Systems) was incubated with 1 μg of purified proteins. Kinase
assays were performed in a final volume of 30 μl of a kinase buffer: 50 mM
HEPES (pH 7.5), 10mM MgCl2, 1 mM DTT, 1 mM EGTA, 0.1 mM NaF,
containing 10 μM ATP and 0.4 mCi [32P]γATP (Perkin Elmer). The proteins
were denatured after incubating at 30 °C for 60min and then subjected to
SDS-PAGE. Later on, the proteins were transferred to nitrocellulose
membranes and exposed to X-ray films.

GST pull-down assay
In brief, pGEX-4T-1 vector (Addgene, 129567) and pGEX-4T-1-GST-PrLZ
were expressed in BL21 Escherichia coli and purified from transfected
bacterial using Glutathione Sepharose 4B beads (GE Healthcare, 17075605).
pcDNA3-HA-SPOP was expressed in 293 T and purified from transfected
cells using HA-tag beads (Sigma-Aldrich, A2220). For GST pull-down assays,
purified GST-PrLZ and HA-SPOP or His-SPOP (Abcam, 105599) proteins
were incubated for 3 h with gentle rocking at 4 °C. Later, the cell lysates
were washed twice with RIPA buffer and boiled at 95 °C for 5 min. Finally,
the proteins were separated by western blotting as described.

PrLZ binding assays
GST-PrLZ WT and S40A proteins were isolated from BL21 Escherichia coli.
Where indicated, the GST-PrLZ WT and S40A proteins were incubated with
recombinant ERK1 (R&D Systems) in the presence of ATP for 60min prior to
the binding assays. For binding assay, purified proteins and 35S-labeled
SPOP protein were incubated with Glutathione Sepharose 4B beads for 3 h
with gentle rocking at 4 °C. Later, the lysates were washed twice and
bound proteins were eluted with SDS sample buffer, resolved by gel
electrophoresis, and visualized by direct autoradiography.

In vivo ubiquitination assays
Cells were transfected with His-ubiquitin and indicated constructs for 42 h
and then treated with 20mM MG132 for 6 h. Subsequently, cells were
lysed with buffer A (6 M guanidine-HCl, 0.1 M Na2HPO4/NaH2PO4, and 10
mM imidazole [pH 8.0]) and sonicated for 15 seconds. After incubating
with nickel-nitrilotriacetic acid (Ni-NTA) beads (QIAGEN) for 3 h at room
temperature, the proteins were washed twice with buffer A, twice with
buffer A/TI (1 volume buffer A and 3 volumes buffer TI), and one time with
buffer TI (25mM Tris-HCl and 20mM imidazole [pH 6.8]). The pull-down
proteins were denatured by boiling at 95 °C for 5 min and separated by
SDS-PAGE for immunoblotting.

In vitro ubiquitination assays
For in vitro ubiquitination assays, SPOP protein with GST tag and BRD4-N
(amino acids 1–500) protein with His tag were purified from BL21
Escherichia coli. To obtain the NEDDylated CUL3/RBX1, NEDD8 was first
incubated with APP-BP1/Uba3, His-UBE2M enzymes at 30 °C for 2 h in the
presence of ATP, and followed by incubating with DCNL2 and CUL3/RBX1
at 4 °C for 2 h. Then the NEDDylated CUL3/RBX1, GST-SPOP, Ub, E1, E2
(UbcH5a and UbcH5b) and His-BRD4-N (amino acids 1–500) were
incubated with ATP (0.6 μl, 100 mM), ubiquitin aldehyde (1.5 μl, 20 μM),
3 μl 10 × ubiquitin reaction buffer (500mM Tris-HCl (pH7.5), 50 mM KCl, 50
mM NaF, 50 mM MgCl2 and 5mM DTT), 3 μl 10 × energy regeneration mix
(200mM creatine phosphate and 2 μg/μl creatine phosphokinase), 3 μl
10 × protease inhibitor cocktail at 30 °C for 2 h, followed by western blot
analysis. The Ub, E1, E2, and CUL3/RBX1 were purchased from
UBIQUIGENT.

Mass spectrometry analysis
Cells were transfected with Flag-PrLZ, His-Ub, and HA-SPOP. After 48 h, the
cells were lysed with IP buffer and the transfected PrLZ was immunopre-
cipitated with Flag-agarose beads (Sigma-Aldrich, A2220). Gels were
destained in 50mM NH4HCO3 in 50% acetonitrile (v/v) and dehydrated
with 100 μl of 100% acetonitrile for 5 min. After removing the liquid, the
gels were rehydrated in 10mM dithiothreitol at 56 °C for 1 hour. Gels were
again dehydrated in 100% acetonitrile and rehydrated with 55mM
iodoacetamide for 45min at room temperature in the dark. After washing
with 50mM NH4HCO3 and dehydrating with 100% acetonitrile, the gels

were rehydrated with 10 ng/μl trypsin (Promega) and digested with trypsin
at 37 °C overnight. Peptide mixtures were extracted with 50% acetonitrile/
5% formic acid and 100% acetonitrile, followed by drying to completion
and resuspending in 2% acetonitrile/0.1% formic acid. The tryptic peptides
were dissolved in solvent A (0.1% formic acid), directly loaded onto a
home-made reversed-phase analytical column (15-cm length, 75 μm i.d.).
The gradient was comprised of an increase from 6% to 23% solvent B
(0.1% formic acid in 98% acetonitrile) over 16min, 23% to 35% in 8min
and climbing to 80% in 3 min then holding at 80% for the last 3 min, all at a
constant flow rate of 400 nl/min on an EASY-nLC 1000 UPLC system. The
peptides were subjected to NSI source followed by tandem mass
spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo Fisher Scientific)
coupled online to the UPLC and the electrospray voltage applied was set
to 2.0 kV. The m/z scan range was 100 to 1900 for full scan, and intact
peptides were detected in the Orbitrap at a resolution of 70,000. Peptides
were then selected for MS/MS using NCE setting as 28 and the fragments
were detected in the Orbitrap at a resolution of 17,500. A data-dependent
procedure that alternated between one MS scan followed by 20 MS/MS
scans with 15.0 s dynamic exclusion. The resulting MS/MS data were
processed using Proteome Discoverer 1.3. Trypsin/P was specified as
cleavage enzyme allowing up to 2 missing cleavages. Mass error was set to
10 ppm for precursor ions and 0.02 Da for fragment ions. Peptide
confidence was set at high, and peptide ion score was set >20.
Ubiquitination sites were identified by allowing a dynamic modification
of 114.1 Da to lysine residue. Phosphorylation sites were identified by
allowing a dynamic modification of 80.0 Da to serine/threonine residue.
The identified ubiquitinated or phosphorylated peptides were further
examined by manually inspection to confirm the correct peptide sequence
and the correct sites.

Immunohistochemistry (IHC) for human PCa specimens
The 128 PCa specimens were obtained from Shanghai Changhai Hospital
(Shanghai, China) and the usage of these specimens was approved by the
Institute Review Board of Shanghai Changhai Hospital. Detailed descrip-
tions of patients’ information including SPOP mutation type, age, PSA level,
Gleason score, and tumor stage were supplied as a supplemental Table 1.
For IHC in brief, specimens were deparaffinized and incubated with
primary antibody against PrLZ or p-ERK1/2. After incubating with
horseradish peroxidase-conjugated secondary antibody incubation for 1
h at room temperature, the specimens were detected by using
diaminobenzidine (DAB) and were finally observed under a microscope
(Olympus Optical Co, Tokyo, Japan). We performed IHC staining of p-ERK1/
2 and PrLZ expression in 128 PCa patients. In each patient, we used
consecutive slides and analyzed the protein levels of p-ERK1/2 and PrLZ.
The intensity of the IHC stain was scored as strong (3), intermediate (2),
weak (1), and negative (0).

PCa xenograft animal model
Male BALB/c nude mice were purchased from the Laboratory Animal
Center of Xi’an Jiaotong University. The administration of the animals was
approved by the Institutional Animal Care and Use Committee of Xi’an
Jiaotong University. Briefly, different groups of PCa cells were respectively
resuspended with serum-free medium containing matrigel (Sigma-Aldrich;
Merck KGaA), and 2.0 × 106 cells were subcutaneously injected into right
hind flanks of four weeks male BALB/c nude mice (n= 6 per group). The
tumor sizes were measured every three days by caliper after implantation
for one week. For SCH772984 treatment group, xenografted mice were
randomized and intraperitoneally injected with SCH772984 (50mg/kg,
daily) when the tumor volume reached 100–150mm3. For IL-6 treatment
group, xenografted mice were intraperitoneally injected with IL-6 (100 ng
per mouse, three times per week) and were administered one day before
tumor implantation. The tumor volume was calculated by reference to the
following formula: volume (mm3)= 1/2 × (length) × (width)2. Thirty days
later, the mice were sacrificed. Tumors were then weighted and prepared
for subsequent experiments.

Statistical analysis
All data are presented as the mean ± standard deviation (SD). All assays
were repeated at least three times. The difference between various groups
was analyzed by one-way ANOVA. Student’s t test was used for the
comparison between only two groups. Mann–Whitney test was used for
the IHC analysis. P < 0.05 was served as the criterion to represent the
significant difference.
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