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SUMMARY

FBXO31 is the substrate receptor of one of many CUL1-RING ubiquitin ligase (CRL1) 

complexes. Here, we show that low FBXO31 mRNA levels are associated with high 

pre-operative prostate-specific antigen (PSA) levels and Gleason grade in human prostate 

cancer. Mechanistically, the ubiquitin ligase CRL1FBXO31 promotes the ubiquitylation-mediated 

degradation of DUSP6, a dual specificity phosphatase that dephosphorylates and inactivates the 

extracellular-signal-regulated kinase-1 and −2 (ERK1/2). Depletion of FBXO31 stabilizes DUSP6, 
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suppresses ERK signaling, and activates the PI3K-AKT signaling cascade. Moreover, deletion of 

FBXO31 promotes tumor development in a mouse orthotopic model of prostate cancer. Treatment 

with BCI, a small molecule inhibitor of DUSP6, suppresses AKT activation and prevents tumor 

formation, suggesting that the FBXO31 tumor suppressor activity is dependent on DUSP6. Taken 

together, our studies highlight the relevance of the FBXO31-DUSP6 axis in the regulation of 

ERK- and PI3K-AKT-mediated signaling pathways, as well as its therapeutic potential in prostate 

cancer.

Graphical Abstract

In brief

Targeted approaches for prostate cancer have recently emerged as promising therapeutic avenues. 

Duan et al. identify DUSP6 as the degradation target of CRL1FBXO31, present evidence that the 

tumor suppressor activity of FBXO31 is dependent on DUSP6, and show that pharmacological 

inhibition of DUSP6 holds promise as a prostate cancer therapy.

INTRODUCTION

The ubiquitin-proteasome system (UPS) is a tightly orchestrated process of intracellular 

protein degradation, which plays a central role in the maintenance of cellular homeostasis 

(Oh et al., 2018; Pickart, 2004; Skaar and Pagano, 2009). Protein ubiquitylation occurs 

through a cascade of enzymatic reactions, which are catalyzed by the ubiquitin-activating 
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enzyme (E1), the ubiquitin-conjugating enzyme (E2), and the ubiquitin ligase (E3). E3 

ubiquitin ligases selectively bind to protein targets (i.e., substrates) and contribute to their 

poly-ubiquitylation and consequent degradation via the 26S proteasome. However, when the 

regulatory mechanisms underlying the proper functioning of E3 ubiquitin ligases become 

aberrant, the altered protein stability of their substrates often contributes to the pathogenesis 

of multiple human diseases (Hoeller et al., 2006; Senft et al., 2018). With ~230 members, 

the cullin-RING ubiquitin ligases (CRLs) represent the largest family of E3 ubiquitin ligases 

in mammals. Of these, ~70 members belong to the subfamily of CUL1–RING ubiquitin 

ligases (CRL1s), which are also known as SKP1-CUL1-F-box protein (SCF) ubiquitin 

ligases, based on their ability to assemble using the small adaptor protein SKP1, the scaffold 

protein CUL1, and one of ~70 F-box proteins (Petroski and Deshaies, 2005; Skaar et 

al., 2013). In these protein complexes, F-box proteins are the variable components that 

selectively recruit substrates to the CRL1 core. Among the characterized mammalian F-box 

proteins, many are well-established tumor suppressors or oncoproteins (Skaar et al., 2014; 

Wang et al., 2014), indicating an important role for this protein family in cancer.

By integrating extracellular mitogen signals into intracellular signaling events, the mitogen­

activated protein kinase (MAPK) pathway plays a fundamental role in cell growth and 

proliferation, and its deregulation in cancer has been the focus of widespread attention 

in the clinical setting (Simanshu et al., 2017). Upon exposure to mitogens, a series of 

signaling events trigger the activation of members of the Ras family of GTPases and the 

subsequent series of phosphorylation events that lead to the activation of the MAPK cascade 

(Raf-MEK1/2-ERK). ERK1/2 are the major targets of this phosphorylation cascade that 

conveys mitogenic signals from the plasma membrane (Lavoie et al., 2020). Activated 

ERK1/2 regulate several cytoplasmic and nuclear substrates, including transcription factors 

that control genes responsible for cell-cycle progression and proliferation (Roskoski, 

2012). Importantly, a family of dual-specificity phosphatases (DUSPs; also known as 

MKPs for MAPK phosphatases) negatively regulates the MAPK signaling activity by 

dephosphorylating and inactivating ERKs (Kidger and Keyse, 2016). Several DUSPs are 

themselves transcriptional targets of the MAPK kinase pathway, thus acting as negative 

feedback regulators of the signaling cascade. Among the DUSP family members, DUSP6 

is a cytoplasmic enzyme exhibiting specificity toward ERK 1/2 and represents a major 

regulator of these kinases (Groom et al., 1996; Muda et al., 1996). While several studies 

have described a tumor-suppressive function for DUSP6 (Furukawa et al., 2003; Okudela et 

al., 2009), growing evidence suggests that it may also play a role as an oncogene (Cui et al., 

2006; Degl’Innocenti et al., 2013; Li et al., 2012; Messina et al., 2011; Shojaee et al., 2015), 

thus highlighting the importance for additional investigation.

Prostate cancer is the most common non-cutaneous cancer in 

men worldwide (https://www.wcrf.org/dietandcancer/prostate-cancer-statistics/; https://

www.cancer.org/cancer/prostate-cancer/about/key-statistics.html). It is a clinically and 

biologically heterogeneous cancer type, and, at present, the effective clinical management 

of newly diagnosed patients with localized prostate cancer largely depends on tumor-related 

factors, including cancer extent in biopsy specimens, histological type, Gleason grade, and 

serum prostate-specific antigen (PSA) levels. Despite much progress that has been made 

on the identification of genetic drivers of prostate tumorigenesis and progression, many 
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molecular and actionable mechanisms still remain elusive (Shen and Abate-Shen, 2010; 

Wang et al., 2018).

Here, we investigated the mechanisms by which loss of FBXO31 promotes prostate 

tumorigenesis and found that FBXO31 specifically interacts with DUSP6 and targets it 

for proteasomal degradation. Loss of FBXO31 leads to upregulation of DUSP6, which 

suppresses ERK signaling and releases the feedback inhibition on PI3K-AKT signaling to 

stimulate cell proliferation. Thus, our work provides a model for the biological function 

of FBXO31 in prostate tumors and demonstrates a mechanistic role for DUSP6 as a context­

dependent and therapeutically actionable oncoprotein.

RESULTS

FBXO31 is a tumor suppressor in prostate epithelial cells

While investigating the methylation profile of all 69 human genes encoding F-box proteins 

in 15 different human cancers, we noticed that the promoter of FBXO31 was selectively 

hypermethylated in prostate cancer (Moro et al., 2020; Figure S1A). Therefore, we extended 

this observation by interrogating databases containing information about patient-derived 

samples using two additional criteria: genetic alterations and alterations in mRNA levels. 

Our analysis showed that FBXO31 is homozygously deleted in 9% of prostate cancer 

patients (Cancer Genome Atlas Research Network, 2015) (Figure S1B) and its mRNA 

levels are downregulated in prostate cancer specimens as compared to normal prostate 

samples (https://www.oncomine.org//; Figures S1C and S1D). Moreover, FBXO31 mRNA 

levels negatively correlated with Gleason grade and preoperative serum PSA levels (Figures 

S2A and S2B), which are two commonly used prognostic factors in prostate cancer (Shen 

and Abate-Shen, 2010). The promoters of FBXL4 and FBXO16, the other top two F-box 

protein-encoding genes that are homozygously deleted in prostate cancer (Figure S1B), are 

not among the most hypermethylated in prostate cancer (Figure S1A), and their mRNA 

levels are neither downregulated in prostate cancer (Figures S1C and S1D) nor correlated 

with preoperative PSA levels (Figures S2A and S2B). Moreover, the levels of FBXL4 did 

not correlate with Gleason grade either. Another F-box protein, FBXO30, shows higher 

promoter methylation and low mRNA levels in prostate cancer; however, the latter did not 

correlate with Gleason grade and preoperative serum PSA levels (Figures S1A, S1C, S1D, 

S2A, and S2B).

In agreement with previous reports suggesting FBXO31 to be a tumor suppressor (Kumar 

et al., 2005; Tan et al., 2018), the above results suggested that loss of FBXO31 expression 

might play a role in the pathogenesis of prostate cancer. To test this idea, we reintroduced 

FBXO31 into VCAP, a prostate cancer cell line with homozygous deletion of FBXO31 
(Ghandi et al., 2019). We observed that the expression of FBXO31 inhibited the growth of 

VCAP cells both in 2D and 3D cultures (Figures 1A-1C). We then knocked out FBXO31 
in RWPE1, a non-malignant prostate epithelial cell line (Figure S3; see also Figure 2B). In 

two different RWPE1 clones, depletion of FBXO31 promoted cell proliferation (Figure 1D). 

In 3D cultures, control RWPE1 cells grew spheroids with a compact morphology, whereas 

FBXO31 knockout cells formed larger spheroids with irregular surfaces (Figures 1E and 
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1F). These data indicate that loss of FBXO31 expression in prostate epithelial cells promotes 

cell proliferation and adhesion-independent growth.

FBXO31 regulates ERK signaling by mediating DUSP6 degradation

To identify CRL1FBXO31 substrates that mediate the tumor suppressor activity of FBXO31, 

we performed an unbiased screen that combines affinity purification of the FBXO31 

complex from human cells with mass spectrometry analysis. In addition to peptides 

derived from the CRL1 complex subunits, CUL1 and SKP1, analysis of 2 experiments 

revealed 11 and 19 unique peptides, corresponding to the phosphatase DUSP6, with a 44% 

and 66% coverage, respectively (Figure S4A; Table S1). The interaction was confirmed 

by immunoprecipitation followed by immunoblotting, which showed that endogenous 

DUSP6 co-immunoprecipitated with FLAG-tagged FBXO31 (Figure S4B). To determine 

the specificity of this interaction, we used a panel of 10 F-box proteins and the 2 substrate 

receptors of the APC/C E3 ubiquitin ligase (CDH1 and CDC20), which often share targets 

with CRL1s (Skaar et al., 2009; Skaar and Pagano, 2009). We found that only FBXO31, but 

not any of the other substrate receptors tested, interacted with endogenous DUSP6 (Figure 

2A).

The interaction of DUSP6 with FBXO31 suggested that DUSP6 could be a substrate 

of CRL1FBXO31. Indeed, treatment of cells with the CRL inhibitor MLN4924 prolonged 

DUSP6 half-life, similar to established CRL substrates, such as p27 and cyclin D1 (Figure 

S4C). Knock out or knock down of FBXO31 markedly increased the protein levels of 

DUSP6 and its stability in various cell lines (Figures 2B and 2C; Figure S4D). Accordingly, 

overexpression of wild-type FBXO31, but not FBXO31(ΔF-box), an F-box deletion mutant 

that cannot form a CRL1 complex, led to a reduction in DUSP6 protein levels and 

stability (Figure S4E). Moreover, FBXO31, but not FBXO31(ΔF-box), promoted the in vitro 
polyubiquitylation of DUSP6 (Figure 2D). Similarly, when expressed in vivo, wild-type 

FBXO31, but not FBXO31(ΔF-box), promoted the polyubiquitylation of DUSP6 (Figure 

S4F).

We also defined the region of human DUSP6 necessary for binding to FBXO31. We 

generated a series of DUSP6 deletion mutants based on its structural domains (Farooq 

et al., 2001) and found that amino acids 126–137, which are evolutionarily conserved in 

vertebrates, were required for the interaction of DUSP6 with FBXO31 (Figures S5A-S5E). 

Importantly, as compared to the wild-type protein, DUSP6(Δ126-137), which is unable to 

bind FBXO31, displayed an extended half-life (Figure S5F and S5G).

All these data strongly support the hypothesis that DUSP6 is a substrate of CRL1FBXO31. 

DUSP6 is one of the major phosphatases impinging on ERK activity (Keyse, 2000). Thus, 

changes in DUSP6 stability are expected to have an impact on the phosphorylation and 

consequent activation of ERK. Indeed, we observed that, upon depletion of FBXO31 or 

CRL inhibition, the increase in DUSP6 levels directly correlated with a decrease in the 

levels of phosphorylated ERK (p-ERK) (Figures 2B and 2C; Figures S4C and S4D).

To understand the potential role of FBXO31 in growth-factor-mediated ERK signaling 

activation, we silenced FBXO31 expression in mouse embryonic fibroblasts (MEFs) and 
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examined the molecular response to epidermal growth factor (EGF) stimulation. When 

serum-starved MEFs were stimulated with EGF, ERK was rapidly phosphorylated and 

DUSP6 protein levels were decreased 15 to 30 minutes post-stimulation (Figure 2E). 

The levels of DUSP6 rebounded at later time points, likely due to the ERK-mediated 

transcriptional activation of DUSP6 (Amit et al., 2007; Ekerot et al., 2008; Zhang et 

al., 2010). In contrast, there was no decrease in DUSP6 levels upon EGF stimulation of 

FBXO31-depleted MEFs, and the magnitude and duration of ERK phosphorylation were 

strongly reduced (Figure 2E). These results suggest that, upon stimulation with growth 

factors, FBXO31 is responsible for the decline in DUSP6 levels, contributing to a robust 

activation of ERK.

To further test the effect of FBXO31-mediated degradation of DUSP6 on ERK signaling, 

FBXO31 was expressed in an inducible manner, resulting in the reduction of DUSP6 levels 

and a corresponding increase in ERK phosphorylation (Figure S6A). Accordingly, FBXO31 

induction led to the transcriptional upregulation of the so-called “ERK output,” which is 

defined by the mRNA levels of ERK-target genes, such as CCND1, DUSP6, ETV5, FOSL1, 

and SPRY2 (Amit et al., 2007; Pratilas et al., 2009) (Figure S6B). Notably, upon FBXO31 

expression, the protein levels of DUSP6 decreased (Figure S6A) despite the increase in 

DUSP6 mRNA levels (Figure S6B). Conversely, FBXO31 depletion led to the suppression 

of the ERK output, as shown by the reduced levels of p-ERK and the transcriptional 

downregulation of ERK pathway target genes in two FBXO31 knockout clones (Figure 

2B; Figure S6C). Of note, upon FBXO31 depletion, the protein levels of DUSP6 increased 

despite the decrease in DUSP6 mRNA levels (Figure 2B; Figure S6C). In agreement with 

the results in cell systems, analysis of prostate patient samples from The Cancer Genome 

Atlas (TCGA) revealed a positive correlation between FBXO31 mRNA levels and the 

mRNA levels of genes that are transcriptionally activated by ERK signaling (Figure 2F).

Together, these results suggest that CRL1FBXO31 regulates the ERK pathway by promoting 

the degradation of DUSP6.

Loss of FBXO31 in prostate epithelial cells enhances AKT-mediated signaling by 
stabilizing DUSP6

We hypothesized that the loss of FBXO31 may facilitate prostate tumor development 

by regulating DUSP6 protein stability. FBXO31−/− RWPE1 cells proliferated faster than 

parental cells (Figures 1D and 3A). To assess if the increase in cell proliferation due 

to FBXO31 loss was dependent on DUSP6 stabilization, we utilized 2-benzylidene-3­

(cyclohexylamino)-1-Indanone hydrochloride (BCI), a selective small-molecule inhibitor 

of DUSP6 (Korotchenko et al., 2014; Molina et al., 2009; Shojaee et al., 2015; Unni et 

al., 2018). Inhibition of DUSP6 efficiently abolished the growth advantage induced by the 

deletion of FBXO31 (Figure 3A). Furthermore, FBXO31 knockout cells were more sensitive 

to DUSP6 inhibition than parental cells in both 2D and 3D cultures (Figures S7A-S7D). 

These data support the hypothesis that DUSP6 accumulation is a major mediator of cell 

proliferation induced by FBXO31 loss.

The above results indicated that FBXO31 loss provides a gain-of-function to prostate cancer 

cells by inhibiting the ERK pathway, which may appear as counterintuitive at first. While 
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analyzing the TCGA database, we noticed an intriguing correlation between FBXO31 loss 

and the genetic alterations of the PTEN-PI3K-AKT signaling pathway components, which 

are frequently deregulated in prostate tumors (Cancer Genome Atlas Research Network, 

2015; Manning and Toker, 2017; Taylor et al., 2010). We observed that the large majority 

of PTEN deep deletions, as well as amplifications and activating mutations in PIK3CA, 
AKT1, and AKT2, were mutually exclusive with both FBXO31 deletions and DUSP6 
amplifications (Figure S8A). Previous studies have demonstrated the existence of an ERK­

mediated negative feedback signal on both RAS/MEK/ERK and RAS/PI3K/AKT pathways 

(Castellano and Downward, 2011; Kodaki et al., 1994; Lake et al., 2016; Lito et al., 2013; 

Manning and Toker, 2017; Mendoza et al., 2011; Rodriguez-Viciana et al., 1994; Turke et 

al., 2012). Since FBXO31 loss leads to ERK inhibition, we also assessed its impact on 

AKT activity and found that the deletion of FBXO31 increases the levels of phosphorylated 

AKT (p-AKT) (Figure 2B). Reintroduction of FBXO31 into VCAP cells led to a decrease 

in the levels of DUSP6, an increase in the levels of p-ERK, and a concomitant decrease 

in p-AKT levels (Figure 3B). Accordingly, treatment of VCAP parental cells with an ERK 

inhibitor (i.e., SCH772984) led to a rapid increase in p-AKT levels (Figure S8B). Moreover, 

treatment of RWPE1 cells with the DUSP6 inhibitor BCI led to elevated p-ERK levels and 

a decrease in the levels of both p-MEK and p-AKT (Figure 3C). This observation further 

confirms that targeting DUSP6, either by mediating its protein degradation or inhibiting its 

phosphatase activity, affects AKT signaling.

Since (1) FBXO31 silencing affects the ERK phosphorylation response to EGF stimulation 

(Figure 2E) and (2) EGF stimulates the proliferation of prostate epithelial cells (Bello 

et al., 1997), we measured the molecular responses to EGF deprivation in RWPE1 cells, 

which are routinely cultured in the presence of EGF-containing medium. Whereas EGF 

withdrawal caused a decrease in both ERK and AKT signaling in parental cells, FBXO31 
knockout RWPE1 cells showed a more rapid decrease in the levels of p-ERK, likely 

due to the sustained levels of DUSP6 (Figure 3D). In contrast, the decline of p-AKT 

levels was significantly delayed in FBXO31−/− RWPE1 cells. Accordingly, the decrease 

in the phosphorylated forms of S6K and 4E-BP, two downstream effectors of the AKT 

signaling (Manning and Cantley, 2007), was also delayed in FBXO31 knockout RWPE1 

cells. Moreover, in response to EGF withdrawal, RAS activity (detected by a RAS-GTP 

pull-down assay) decreased in parental cells but not significantly in FBXO31 knockout 

RWPE1 cells (Figure 3E). Notably, treatment with the DUSP6 inhibitor BCI rescued the 

effect induced by the loss of FBXO31. Finally, FBXO31 knockout RWPE1 cells continued 

to grow for up to 4 days upon EGF deprivation whereas parental cells did not (Figure 3F), 

indicating that their ability to proliferate was growth-factor-independent.

Because of the increased AKT activation in FBXO31 knockout cells, we used the AKT 

inhibitor MK2206 to assess its effect on cell proliferation. We found that RWPE1 FBXO31 
knockout cells were more sensitive to MK2206 treatment than parental RWPE1 cells (Figure 

S8C). Moreover, AKT inhibition abolished the growth advantage induced by FBXO31 

depletion (Figure S8D).
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All these observations indicate that DUSP6 stabilization limits ERK activity, thereby 

relieving its established negative feedback activity toward RAS, which, in turn, impinges 

on the PI3K-AKT signaling.

Deletion of FBXO31 promotes prostate tumor formation and sensitizes tumors to DUSP6 
inhibition

Next, we asked whether our observations were also valid in vivo using an orthotopic 

model of prostate cancer. RWPE1 are non-malignant prostate epithelial cells that require 

androgen for their growth (Bello et al., 1997). Consistent with previous reports (Bello et 

al., 1997; Webber et al., 2001), orthotopic injection of RWPE1 cells did not form tumors 

either in the presence or absence of testosterone (Figure 4A). In contrast, injection of two 

different FBXO31 knockout RWPE1 clones into the prostate of testosterone-supplemented 

immunodeficient mice resulted in the formation of tumors (Figure 4A). Importantly, 

administration of the DUSP6 inhibitor BCI fully reverted the oncogenic effect of FBXO31 
loss (Figure 4A). We also performed hematoxylin and eosin (H&E) staining of paraffin 

sections from the dissected tissues. As compared to prostates injected with parental cells, 

xenografts from mice injected with FBXO31 knockout RWPE1 cells in the presence of 

testosterone exhibited features of a high histologic tumor grade (Figure 4B). Moreover, 

immunohistochemical analysis showed decreased p-ERK expression and high levels of 

p-AKT in FBXO31 knockout xenografts (Figure 4B-C), consistent with our data in cell 

systems. These phenotypes could be reversed by BCI treatment, suggesting that the 

oncogenic effect of FBXO31 loss is mainly due to the stabilization of DUSP6.

Taken together, these data indicate that genetic loss of FBXO31 in prostate epithelial cells 

inhibits ERK activity and induces AKT activation, promoting prostate tumorigenesis.

DISCUSSION

Here, we report a tumor suppressor role for FBXO31 in prostate cancer. FBXO31 mRNA 

levels are downregulated in prostate cancer patients, and these low levels correlate with 

high preoperative PSA levels and Gleason grade, suggesting that loss of FBXO31 may 

be clinically relevant in the pathogenesis of prostate cancer. Mechanistically, we found 

that FBXO31 functions by targeting the phosphatase DUSP6 for ubiquitin- and proteasome­

mediated degradation. DUSP6 is a key regulator of ERK activity and, at the same time, a 

transcriptional target of the ERK signaling pathway, thereby acting as a negative feedback 

regulator. We found that the FBXO31-mediated degradation of DUSP6 affects the ERK 

signaling cascade in response to EGF stimulation, and we propose that the degradation of 

DUSP6 plays a key role in regulating the extension and duration of ERK activation by 

mitogens. This could be crucial for determining cell fate since the kinetics of ERK activity 

has been proven to be important for the regulation of cell proliferation and differentiation 

(Marshall, 1995; von Kriegsheim et al., 2009).

FBXO31 loss further attenuates ERK activity in response to EGF withdrawal but potentiates 

AKT activity and promotes cell proliferation even in the absence of EGF. We noticed that 

in prostate cancer, FBXO31 deletions, DUSP6 amplifications, and genetic alterations in 

the PTEN-PI3K-AKT pathway are mutually exclusively distributed across tumor genomes. 
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AKT signaling is one of the most commonly deregulated pathways in prostate cancer, and, 

in fact, prostate cancer cells are often addicted to AKT activity (Shen and Abate-Shen, 

2010; Wang et al., 2018). ERK and AKT signaling pathways are known to crosstalk, and a 

negative feedback from ERK to AKT has been well established (Castellano and Downward, 

2011; Mendoza et al., 2011; Turke et al., 2012; Yu et al., 2002). Clinical evidence also 

showed a negative correlation between ERK and AKT activity in prostate cancer (Malik 

et al., 2002; Paweletz et al., 2001). For example, analysis of p-AKT and p-ERK levels in 

prostate cancer samples revealed that the p-AKT staining intensity is significantly greater in 

Gleason grades 8 to 10 as compared to lower grades and prostatic intraepithelial neoplasia 

(Malik et al., 2002). The staining intensity for p-ERK, on the other hand, declines with 

disease progression, reaching its lowest level of expression in high Gleason grades 8 to 10 

(Malik et al., 2002). These observations suggest that advanced disease is accompanied by 

hyperactivation of AKT and lowERK activity. We showed that in non-malignant prostate 

epithelial cells, loss of FBXO31 leads to DUSP6 accumulation, lower ERK activity, 

activation of PI3K-AKT signaling, and enhanced cell proliferation (see model in Figure 

S8E). We also observed that overexpression of FBXO31 leads to ERK activation and a 

parallel inhibition of AKT signaling, which could be responsible for growth inhibition. 

These data are in agreement with other studies proposing DUSP6 as a context-dependent 

oncogene (Kidger and Keyse, 2016) and further extend these observations at the mechanistic 

level by indicating that its oncogenic role in prostate cancer development is dependent on the 

ERK-mediated negative feedback on PI3K-AKT signaling. Obviously, we cannot exclude 

that the oncogenic role of DUSP6 may impinge on additional pathways.

Cyclin D1, a major driver of cell proliferation and growth, has been previously identified to 

be a substrate of FBXO31 (Santra et al., 2009). While this observation could have possibly 

corroborated the function of FBXO31 as a negative regulator of cell proliferation and a 

tumor suppressor, emerging evidence has revealed that cyclin D1 turnover is unaffected by 

FBXO31 (Kanie et al., 2012). Indeed, two recent studies have identified the ubiquitin ligase 

(CRL4AMBRA1) targeting cyclin D1 for degradation and, at the same time, disproved a role 

for CRL1FBXO31 in the regulation of cyclin D1 (Chaikovsky et al., 2021; Simoneschi et al., 

2021). Other FBXO31 substrates have been previously reported, including MDM2 (Malonia 

et al., 2015), CDT1 (Johansson et al., 2014), and FOXM1 (Jeffery et al., 2017). We could 

not detect the interaction between FBXO31 and MDM2 in our experimental settings. Since 

the focus of this study is the role of FBXO31 in regulating the ERK signaling in response 

to extracellular stimulation, we did not evaluate FOXM1 and CDT1, which are substrates 

whose functions are later in the cell cycle.

Emerging data suggest that inhibiting DUSP6 could be a potential therapeutic strategy in 

certain types of tumors, such as glioblastoma, papillary thyroid carcinoma, and leukemia 

(Degl’Innocenti et al., 2013; Kaltenmeier et al., 2017; Messina et al., 2011; Shojaee et al., 

2015). The DUSP6 inhibitor BCI is under clinical investigation as an anticancer therapeutics 

for patients with leukemia and solid tumors (Ramkissoon et al., 2019; Shojaee et al., 2015; 

Unni et al., 2018; Wu et al., 2018). BCI is an allosteric inhibitor of DUSP6 that binds 

near the active site of the phosphatase and inhibits its catalytic activation. We observed that 

FBXO31-deficient RWPE1 cells were more sensitive to the growth inhibitory effects of BCI 

than parental cells, and we recapitulated these findings in an in vivo orthotopic mouse model 
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of prostate cancer. Therefore, our studies suggest that the “addiction” of FBXO31-deficient 

prostate cancer cells to DUSP6 represents a vulnerability that can be clinically exploited.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents may 

be directed to and will be fulfilled by the Lead Contact, Michele Pagano 

(michele.pagano@nyumc.org).

Materials availability—Plasmids and other reagents generated in this study are available 

by contacting the Lead Contact, Michele Pagano (michele.pagano@nyumc.org).

Data and code availability

• Original western blot images have been deposited at Mendeley and are publicly 

available as of the date of publication. The DOI is listed in the key resources 

table. All other data reported in this paper will be shared by the Lead Contact 

upon request.

• This paper does not report original code.

• Additional information required to reanalyze the data reported in this paper is 

available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture procedures—HEK293T (female), 293H (unknown sex), VCAP (male), 

A375 (female) and SK-MEL-28 (male) cell lines and MEFs (unknown sex) were cultured in 

DMEM medium supplemented with 10% fetal bovine serum (FBS) (Corning Life Sciences) 

and 1% penicillin/streptomycin/L-glutamine (Corning Life Sciences). For cells stably 

infected with doxycycline-inducible vectors, cells were propagated in media supplemented 

with 10% Tet system-approved FBS (Takara/Clontech Laboratories). RWPE1 (male) cells 

were cultured with the Keratinocyte Serum Free Medium (K-SFM) supplemented with 

bovine pituitary extract (BPE) and human recombinant epidermal growth factor (EGF) 

obtained from Thermo Fisher Scientific (Cat. No. 17005-042). Cells were periodically 

screened for Mycoplasma contamination. No cell lines used in this study were found in 

the database of commonly misidentified cell lines that is maintained by ICLAC and NCBI 

Biosample. Specific details about cell lines used are provided in the Key Resource Table.

Mice model, histological and IHC staining—NSG male mice, 6-8 weeks old were 

obtained from the Jackson Laboratory and maintained in compliance with Institutional 

Animal Care and Use Committee (IACUC) guidelines. Mice were injected with 0.5x106 

cells orthotopically in the prostate (n = 5 mice/group). Where indicated, testosterone pellets 

(12.5 mg, 90 days release) were implanted at time of cell injections. Mice were administered 

with DUSP6 inhibitor BCI (10mg/kg) or PBS (as vehicle) via intraperitoneal injection for 

five consecutive days per week, until experimental endpoint. Bioimaging was performed 

at different time points/once per week starting one week post cell implantation using an 
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in vivo IVIS (100 bioluminescence/optical imaging system (xenogen)). All studies were 

performed in compliance with institutional guidelines under an IACUC-approved protocol. 

Tumor specimens were fixed in 10% neutral-buffered formalin and embedded in paraffin. 

Serial sections were cut on a microtome and mounted on glass slides. Histopathological 

examination and IHC were performed as previously described (Lignitto et al., 2019; Moro 

et al., 2020). All tumor burden and IHC analyses were done in a blinded fashion, in which 

the pathologist was unaware of the samples’ genotype. Pictures were obtained using a digital 

whole-slide scanner (Leica, SCN400F) and Slidepath software version 4.0.8.

METHOD DETAILS

Reagents and biochemical methods—Immunoprecipitation, immunoblotting 

experiments and Mass Spectrometry analysis were performed as previously described 

(Lignitto et al., 2019). Briefly, whole-cell lysates were generated by lysing cells in 50 

mM Tris pH 7.5, 150 mM NaCl, 0.5% NP40, 1 mM EDTA, 10% glycerol, protease 

inhibitor mix (Roche) and phosphatase inhibitor cocktail (Sigma). Total protein amount 

was measured using a Spectramax spectrophotometer (Molecular Devices, Sunnyvale, 

CA, USA). Doxycycline (Sigma-Aldrich) was used at 0.1 μg/mL, Cycloheximide (Sigma­

Aldrich) was used at 50 μg/mL, MLN4924 (Active Biochem) was used at 2 μM and 

MG132 (Peptides International) was used at 10 μM. (E/Z)-BCI hydrochloride, PhosSTOP 

phosphatase inhibitor cocktail tablets were purchased from Sigma-Aldrich. Matrigel Matrix 

Phenol Red-Free was purchased from Corning. Recombinant Human EGF Protein was 

obtained from R&D Systems. Purified E1, E2s and ubiquitin were purchased from Boston 

Biochem (now R&D Systems).

Gene silencing—ON-TARGETplus Human FBXO31 siRNAs (Dharmacon, 

LQ-016541-00-0005) were transfected into different cell lines using RNAi Max (Thermo 

Fisher Scientific). ON-TARGETplus non-targeting siRNA #1 (GE Healthcare, catalog no. 

D-001810-01) served as a negative control. shRNA against FBXO31 in MEFs was a gift 

from Dr. K. I. Nakayama’s lab (Kanie et al., 2012).

CRISPR-Cas9 mediated gene knockout—Human FBXO31 knockout cell lines were 

generated according to previously published protocol (Ran et al., 2013). Briefly, optimal 

gRNA target sequences were designed using the Benchling CRISPR Genome Engineering 

tool. gRNA target sequences were cloned into pSpCas9(BB)-2A-GFP (PX458) plasmid, 

a gift from F. Zhang (Addgene plasmid no. 48138). The gRNA-containing PX458 were 

transiently transfected into cells and single clones were isolated into 96 well plates by 

sorting GFP positive cells using FACS (SY3200 highly automated parallel sorting cell 

sorter). About two weeks later, cell clones were analyzed for genotyping. Genomic DNA 

was collected using QuickExtract (Epicenter). Genotyping PCRs were performed with 

MyTaq HS Red Mix (Bioline) using primers surrounding the genomic target site. The 

resulting PCR products were purified and sequenced to determine the presence of an indel 

event. To further validate the mutational status of candidate clones, the PCR products were 

subjected to TOPO-TA Cloning (Invitrogen), and sequenced to distinguish the amplified 

products of distinct alleles. Clones positive to insertion or deletion events were validated 

also by western blot. The oligos sequences used for CRISPR gDNA are:
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hFBXO31_gRNA#1 forward: 5′-caccgGCGACGGGCCCACGCCGCAA-3′

hFBXO31_gRNA#1 reverse: 5′-aaacTTGCGGCGTGGGCCCGTCGCc-3′

hFBXO31_gRNA#2 forward: 5′-caccgGGCGCCGACATCCGCGCGAC-3′

hFBXO31_gRNA#2 reverse: 5′-aaacGTCGCGCGGATGTCGGCGCCc-3′

For CRISPR genotyping, sequencing genomic DNA was performed using the 

following primers (forward) 5′-GTTTTGCACTCGGC ATCAC-3′ and (reverse) 5′- 
CCCTAACCGCCTCAAATACC-3′.

Quantitative real-time PCR—Total RNA from cells was extracted using RNeasy 

isolation kit from QIAGEN (Valencia, CA). cDNA was generated using RNA to cDNA 

EcoDry™ Premix (Oligo dT) kit (Takara Bio USA, Inc). Applied Biosystems Taqman 

probes (Thermo Fisher Scientific) were used to determine the amount of mRNA expression 

for FBXO31, DUSP6, CCND1, SPRY2, SPRY4, ETV1 or ETV5 relative to the endogenous 

control gene (GAPDH).

Cell viability/proliferation assays in 2D and 3D culture—For the growth assays, 

cells were plated in 96-well plates at a density of 5000-8000 cells/well. Cells were lysed on 

the indicated days with CellTiter-Glo® Luminescent Cell Viability Assay reagent (Promega, 

Madison, WI, USA) and luminescence was read using Tecan infinite M200 Pro plate reader. 

For viability experiments, cells were seeded in 96-well plates and exposed to the DUSP6 

inhibitor (BCI) at various concentrations on the following day. At 72 h after drug addition, 

CellTiter-Glo reagent was added and luminescence was measured. For each condition, 8 

replicates of each concentration were measured. IC50 values were calculated using GraphPad 

Prism 8. Three-dimensional culture was performed following the protocol (Lee et al., 2007). 

Cells were seeded in 96 well plate (Corning Costar #3603) on a layer of Matrigel. For 

BCI treatment, different concentrations of the inhibitor were added the next day. After 

10-14 days, cells were measured by the CellTiter-Glo® 3D Cell Viability Assay (Promega, 

Madison, WI, USA) according to the manufacturer’s instructions. Data were collected from 

3 independent experiments.

In vivo and in vitro ubiquitylation assay—For detection of ubiquitinated proteins in 
vivo, cells were transfected with expression vectors for His-Myc-ubiquitin and the indicated 

proteins. Cells were treated with 10 μM MG132 for 4 h to block proteasome degradation 

before harvest. The cell lysates were boiled, sonicated, and diluted 10 times with Tris­

buffered saline without SDS. The solution was then subjected to immunoprecipitation with 

anti-HA antibody and immunoblotting with the indicated antibodies. In vitro ubiquitylation 

was performed as previously described (Duan et al., 2012).

Human clinical data analysis—Genomic data, gene expression data and clinical data 

for subjects with prostate adenocarcinoma were collected from cBioPortal (Cancer Genome 

Atlas Research Network, 2015; Gao et al., 2013) The promoter methylation analysis was 

performed as previously described (Moro et al., 2020). The human pan-cancer methylation 

database, MethHC (Huang et al., 2015), was used to calculate the average beta value in 
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tumor samples and matched normal samples for different genes. The methylation scores 

were obtained by the ratio between the median beta value of tumor samples and the median 

beta value of the corresponding matched normal samples. F-box genes were then ranked 

by the methylation scores. For the gene expression analysis, the gene expression Z score of 

FBXO31 gene from RNA-seq was used as a classifier in defining the subgroups. The top 

25% and bottom 25% of patients were selected.

Active RAS assay—Cells were cultured in 10-cm plates until 70%–80% confluent. 

GTP-bound RAS was quantified using RAF1 Ras-binding domain (RBD) pull-down from 

Detection Kit (Thermo Scientific, no. 16117), as per the manufacturer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism 8. Unless otherwise stated in the figure legends, 

data are representative of at least three independent experiments. Statistical significance was 

assessed using unpaired two-tailed Student’s t tests, one-way ANOVA multiple-comparison 

test or two-tailed log-rank tests. P values are provided in the figures or in the figure legends. 

p < 0.05 was considered to be statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CRL1FBXO31 induces the ubiquitin-mediated degradation of DUSP6

• DUSP6 stabilization suppresses ERK signaling and activates PI3K-AKT 

signaling

• FBXO31 acts as a tumor suppressor in prostate cancer

• Inhibition of DUSP6 with BCI prevents prostate tumor formation
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Figure 1. Deletion of FBXO31 promotes prostate cell growth
(A) VCAP cells were transduced with a doxycycline-inducible vector system for mthe 

expression of FBXO31. Cells expressing doxycycline-inducible FBXO31 or empty vector 

(EV) were plated and treated with doxycycline for the indicated times. The relative cell 

growth was then measured by ATP-Glo assay. Growth curves were generated with Prism 8 

(mean ± SD; n = 8).

(B) The expression levels of FBXO31 in the experiments shown in (A) were examined by 

western blotting. SKP1 was used as a control.

(C) Representative images of control VCAP cells and cells with induced FBXO31 

expression in 3D culture (scale bar: 100 uM).

(D) FBXO31 wild-type or knockout (KO) RWPE1 cells were plated and cultured for the 

indicated days. Cell growth was then determined by ATP-Glo assay. Graph was generated 

using Prism 8 (mean ± SD; n = 8).
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(E) Parental and FBXO31 KO RWPE1 cells were put into 3D culture. Representative 

pictures of cells grown in 3D culture are shown (scale bar: 100 uM).

(F) Colony sizes of parental or FBXO31 KO RWPE1 cells grown in 3D culture were 

measured and analyzed using ImageJ. The dots and error bars represent the mean ± SD 

values.
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Figure 2. FBXO31 mediates DUSP6 degradation and regulates ERK signaling
(A) 293H cells were transfected with plasmids expressing the indicated proteins. Cells 

were treated with the proteasome inhibitor MG132 for 4 h. Cell lysates were then 

immunoprecipitated with an anti-FLAG resin, and the immunoprecipitates were probed with 

the indicated antibodies.

(B) Parental RWPE1 cells and two FBXO31 KO RWPE1 clones were subjected to western 

blot analysis using the indicated antibodies.

(C) DU145 cells were transfected with either non-targeting control siRNA or siRNA against 

FBXO31. Cells were then treated with cycloheximide (CHX) for the indicated times. Protein 

extracts were immunoblotted for the indicated proteins.

(D) 293H cells were transfected with hemagglutinin (HA)-tagged DUSP6, FLAG­

tagged FBXO31, or its F-box domain deletion mutant (ΔFbox) as indicated. After 

immunopurification (IP) with anti-FLAG resin, in vitro ubiquitylation of DUSP6 was 

performed in the presence or absence of E1, E2s (UbcH3 and ubcH5), and ubiquitin (ub). 

Samples were analyzed by immunoblotting with an anti-DUSP6 antibody. Immunoblots of 

whole-cell lysates (WCLs) are shown at the bottom.
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(E) MEFs stably expressing a control shRNA or a shRNA against FBXO31 were serum­

starved overnight, then stimulated with EGF (100 ng/mL). Samples were collected at the 

indicated time points for immunoblotting analysis.

(F) The expression levels of ERK signaling-regulated genes in prostate patient samples with 

higher (top 25%) or lower (bottom 25%) FBXO31 mRNA levels are depicted as a heatmap. 

RNA sequencing (RNA-seq) data were obtained from the TCGA dataset of human prostate 

adenocarcinoma (Cancer Genome Atlas Research Network, 2015).
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Figure 3. Depletion of FBXO31 regulates ERK and AKT activity and promotes cell growth in 
prostate cells
(A) Parental and FBXO31 KO RWPE1 cells were treated with vehicle or the DUSP6 

inhibitor BCI for the indicated days, and cell viability was determined by ATP-Glo assay. 

Graph was generated using Prism 8 (mean ± SD; n = 8).

(B) VCAP cells stably transduced with a retroviral system expressing doxycycline-inducible 

FBXO31 or a control vector were treated with doxycycline for the indicated times. WCLs 

were immunoblotted as indicated.

(C) RWPE1 cells were treated with various concentrations of BCI for 6 h and then analyzed 

by immunoblotting for the indicated proteins.

(D) FBXO31 wild-type or KO RWPE1 cells were cultured in medium without EGF for the 

indicated times (withdrawal [W/D]) and then harvested and analyzed by immunoblotting.

(E) FBXO31 wild-type or KO RWPE1 cells were cultured in regular medium or in medium 

without EGF (W/D). Where indicated, cells were treated with the DUSP6 inhibitor BCI. 

GTP-bound RAS was quantified using RAF1 Ras-binding domain (RBD) pull-down assay. 

Duan et al. Page 23

Cell Rep. Author manuscript; available in PMC 2021 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Western blotting images are representative of 3 independent experiments, and the intensity 

of bands was quantified by ImageJ. The columns represent the relative levels of RAS­

GTP as normalized to the levels of total RAS protein (mean ± SD; n = 3 independent 

experiments)

(F) FBXO31 wild-type or KO RWPE1 cells were cultured in regular medium or medium 

without EGF. Relative cell viability was measured by ATP-Glo assay. Graph was generated 

using Prism 8 (mean ± SD; n = 8).
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Figure 4. Loss of FBXO31 promotes tumor growth in mouse prostate
(A) FBXO31 wild-type or KO RWPE1 cells were injected into NSG (NOD scid gamma) 

mice (n = 5 for each group) in the absence or presence of testosterone. Mice were treated 

with vehicle (PBS) or the DUSP6 inhibitor BCI. Orthotopic tumors formed from FBXO31 
KO RWPE1 cells were dissected. The volume of the dissected tumors was then measured. 

Graph was generated using Prism 8 (mean ± SD).

(B) Representative histology in the orthotopic xenografts described in (A) stained with H&E 

and with antibodies against p-ERK or p-AKT (scale bar: 1 mm).

(C) Quantification of p-ERK or p-AKT positive staining in orthotopic xenografts using 

FBXO31 KO RWPE1 cells and parental RWPE1 cells (untreated, n = 10; testosterone, n = 

10; testosterone + BCI treatment, n = 9). Graph was generated using Prism 8 (mean ± SD).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-FBXO31 Novus Cat. No. NBP1-19088, RRID:AB_1642033

Anti-FBXO31 Bethyl Laboratories Cat. No. A302-047A, RRID:AB_1604217

anti-DUSP6 Abcam Cat. No. ab76310, RRID:AB_1523517

anti-p44/42 MAPK (ERK1/2) Cell Signaling Technology Cat. No. 9107, RRID:AB_10695739

anti-p-p44/42 MAPK (T202/Y204) Cell Signaling Technology Cat. No. 4370, RRID:AB_2315112

anti-p-AKT S473 Cell Signaling Technology Cat. No. 4058, RRID:AB_331168

anti-AKT (clone 9Q7) Thermo Fisher Scientific Cat. No. AHO1112, RRID:AB_2536322

anti-p-AKT S473 Cell Signaling Technology Cat. No. 4060, RRID:AB_2315049

anti-p-p70 S6 kinase (T389) Cell Signaling Technology Cat. No. 9206, RRID:AB_2285392

anti-p70 S6 kinase Cell Signaling Technology Cat. No. 2708, RRID:AB_390722

anti-MEK1 Cell Signaling Technology Cat. No. 2352, RRID:AB_10693788

anti-p-MEK1/2 Cell Signaling Technology Cat. No. 9154, RRID:AB_2138017

anti-p-S6 (S235/236) Cell Signaling Technology Cat. No. 4858, RRID:AB_916156

anti-p-4E-BP1 (Thr37/46) Cell Signaling Technology Cat. No. 2855, RRID:AB_560835

anti-p-4E-BP1 (Ser65) Cell Signaling Technology Cat. No. 9456, RRID:AB_823413

anti-4E-BP1 Cell Signaling Technology Cat. No. 9452, RRID:AB_331692

anti-CUL1 Thermo Fisher Scientific Cat. No. 322400, RRID:AB_2533070

anti-GAPDH Cell Signaling Technology Cat. No. 97166, RRID:AB_2756824

anti-FLAG (M2) Sigma-Aldrich Cat. No. F1804, RRID:AB_262044

anti-FLAG Sigma-Aldrich Cat. No. F7425, RRID:AB_439687

anti-FLAG (M2) Affinity Gel Sigma-Aldrich Cat. No. A2220, RRID:AB_10063035

anti-HA Biolegend Cat. No. 901503, RRID:AB_2565005

anti-HA Affinity Matrix Roche Cat. No. 11815016001, RRID:AB_390914

anti-SKP1 Santa Cruz Biotechnology Cat. No. sc-5281, RRID:AB_2254579

anti-ubiquitin Millipore Cat. No. 04-263, RRID:AB_612093

Bacterial and virus strains

NEB5-alpha Promega Cat. No. C2992H

Chemicals, peptides, and recombinant proteins

Doxycycline (0.1 μg/mL) Sigma-Aldrich Cat. No. D9891

Lipofectamine 3000 Invitrogen Cat. No. L3000150

Lipofectamine RNAi Max Invitrogen Cat No. 13778-500

MG132 (10 μM) Peptides International Cat. No. IZL-3175v

MLN4924 (2 μM) Active Biochem Cat. No. A-1139

Polybrene (8 mg/mL) Sigma-Aldrich Cat. No. TR-1003

Puromycin (1 μg/mL) Sigma-Aldrich Cat. No. P9620

Cycloheximide (50 μg/mL) Sigma-Aldrich Cat. No. C7698-1G

(E/Z)-BCI hydrochloride Sigma-Aldrich Cat. No. B4313

PhosSTOP Sigma-Aldrich Cat. No. 4906837001

cOmplete(TM) ULTRA Tablets Sigma-Aldrich Cat. No. 5892953001
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REAGENT or RESOURCE SOURCE IDENTIFIER

Matrigel Matrix Phenol Red-Free Corning Cat. No. 356237

Recombinant Human EGF Protein R&D Systems Cat. No. 236-EG-200

Recombinant human ubiquitin activating enzyme 
(UBE1)

Boston Biochem E-305

Recombinant Human His6-
UBE2R1/CDC34 Protein

Boston Biochem E2-610

Recombinant Human UbcH5c/UBE2D3 Protein Boston Biochem E2-627

Recombinant Human Ubiquitin Protein Boston Biochem U-100H

Recombinant Human Ubiquitin Aldehyde Protein Boston Biochem U-201

Critical commercial assays

CellTiter-Glo® Luminescent Cell Viability Assay Promega Cat. No. G7570

CellTiter-Glo® 3D Cell Viability Assay Promega Cat. No. G9681

RNA to cDNA EcoDry™ Premix (Oligo dT) Clontech Cat. No. 639543

Deposited data

Original images of western blot data This study; Mendeley Data https://doi.org/10.17632/m5r6nk52tg.1

Experimental models: Cell lines

HEK293T ATCC Cat. No. CRL-3216

293H Thermo Fisher Scientific Cat. No. 11631017

VCAP ATCC Cat. No. CRL-2876

A375 ATCC Cat. No. CRL-1619

SK-MEL-28 ATCC Cat. No. HTB-72

MEFs Michele Pagano Laboratory N/A

RWPE1 ATCC Cat. No. CRL-11609

Experimental models: Organisms/strains

NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) Jackson Laboratory Cat. No 005557

Oligonucleotides

hFBXO31_gRNA#1 forward Integrated DNA Technologies 5′-caccgGCGACGGGCCCACGCCGCAA-3′

hFBXO31_gRNA#1 reverse Integrated DNA Technologies 5′-aaacTTGCGGCGTGGGCCCGTCGCc-3′

hFBXO31_gRNA#2 forward Integrated DNA Technologies 5′-caccgGGCGCCGACATCCGCGCGAC-3′

hFBXO31_gRNA#2 reverse Integrated DNA Technologies 5′-aaacGTCGCGCGGATGTCGGCGCCc-3′

CRISPR genotyping forward Integrated DNA Technologies 5′-GTTTTGCACTCGGCATCAC-3′

CRISPR genotyping reverse Integrated DNA Technologies 5′-CCCTAACCGCCTCAAATACC-3′

Recombinant DNA

pSpCas9(BB)-2A-GFP (PX458) Addgene Cat. No. 48138

TTIGp-MLUEX-FBXO31 Michele Pagano Laboratory N/A

TTIGp-MLUEX Neal Rosen’s laboratory, 
MSKCC, NYC

N/A

pMSCV-rtTA3 Neal Rosen’s laboratory, 
MSKCC, NYC

N/A

p3XFLAG-CMV Sigma-Aldrich E9283

p3XFLAG-CMV-FBXO31 Michele Pagano Laboratory N/A

p3XFLAG-CMV-FLAG-FBXO31(ΔFbox) Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 Michele Pagano Laboratory N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pCMV-Tag2B-HA-DUSP61-154 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 1-204 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 1-347 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 154-381 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 31-381 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 60-381 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 91-381 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 Δ 154-203 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 Δ 92-154 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 Δ 92-125 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 Δ 126-137 Michele Pagano Laboratory N/A

pCMV-Tag2B-HA-DUSP6 Δ 137-154 Michele Pagano Laboratory N/A

Software and algorithms

GraphPad Prism 8 GraphPad Software https://www.graphpad.com/scientific-software/prism/

Slidepath software version 4.0.8 Leica Microsystems N/A
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