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Abstract

Although the sonic hedgehog (SHH) signaling pathway has been implicated in promoting 

malignant phenotypes of prostate cancer, details on how it is activated and exerts its oncogenic 

role during prostate cancer development and progression is less clear. Here, we show that GLI3, 

a key SHH pathway effector, is transcriptionally upregulated during androgen deprivation and 

posttranslationally stabilized in prostate cancer cells by mutation of speckle-type POZ protein 

(SPOP). GLI3 is a substrate of SPOP-mediated proteasomal degradation in prostate cancer 

cells and prostate cancer driver mutations in SPOP abrogate GLI3 degradation. Functionally, 

GLI3 is necessary and sufficient for the growth and migration of AR positive prostate cancer 

cells, particularly under androgen-depleted conditions. Importantly, we demonstrate that GLI3 

physically interacts and functionally cooperates with AR to enrich an AR-dependent gene 

expression program leading to castration resistant growth of xenografted prostate tumors. Finally, 

we identify an AR/GLI3 co-regulated gene signature that is highly correlated with castration 

resistant metastatic prostate cancer and predictive of disease recurrence. Together, these findings 
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reveal that hyperactivated GLI3 promotes castration-resistant growth of prostate cancer and 

provide a rationale for therapeutic targeting of GLI3 in CRPC patients.

Introduction

Prostate cancer is the most common malignancy and the second leading cause of cancer-

related deaths among US men (1). Although advances in early diagnosis and treatment 

have rendered localized prostate cancer highly curable, more than 32,000 men succumb 

annually to metastatic disease (2–4). Although first-line androgen deprivation therapy 

triggers a rapid response in men with metastatic prostate cancer, most patients will 

progress to lethal castration resistant prostate cancer (CRPC), characterized by androgen 

receptor (AR)-dependent tumor growth despite castrate levels of circulating androgens (2–

6). Mechanisms proposed to underlie CRPC are multifactorial in nature, likely to reflect the 

unique molecular constitution of individual prostate tumors, and include, but are not limited 

to, tumor-specific expression of ligand-independent AR isotypes, intratumoral androgen 

production, and stimulation of AR activity via crosstalk with alternative signaling pathways 

(7,8). Among the latter, the Sonic hedgehog (SHH) pathway, for which inhibitors are 

currently approved or in clinical trials for a variety of cancers, is a potential target in CRPC 

(9).

The SHH pathway is a preeminent developmental signaling circuit essential for 

developmental morphogenesis and adult tissue homeostasis in a variety of organs and 

systems, including the prostate (10–12). SHH signaling arises from the specification 

of unique gene expression programs dependent upon key nuclear effectors of the GLI 

transcription factor family. In vertebrates, three GLI family members, GLI1–3, subsume the 

functions of a single ancestral GLI homolog, Cubitus interuptus (Ci), originally identified 

in invertebrates (13). Whereas GLI1 functions primarily as an activator and downstream 

signal amplifier, GLI2 and GLI3 more closely resemble Ci as proximal signal effectors and 

functionally bipartite regulators with the ability to directly repress and activate their target 

genes, including GLI1, in the absence and presence of SHH, respectively (14–16). In the 

absence of SHH, its transmembrane receptor Patched (PTCH) inhibits the SHH transducer 

Smoothened (SMO), a transmembrane G-protein-coupled receptor (17). This inhibition 

promotes phosphorylation-dependent proteolytic processing of GLI2/GLI3 to N-terminal 

repressors (18). Binding of SHH to PTCH liberates SMO from inhibition, triggering the 

accumulation and translocation of full-length GLI2/3 into the nucleus whereupon their site-

specific phosphorylation converts them into labile transcriptional activators (17,18). SHH 

thus dictates the transcriptional output of a responsive cell by altering the ratio of GLI2/3 

repressor to activator species.

Notably, SHH signaling has been implicated in castration resistant prostate cancer through 

a functional interplay with AR (19–21). In this regard, we and others have previously 

shown that androgen deprivation induces SHH signaling, which reciprocally activates AR-

dependent gene expression and prostate cancer cell growth in the absence of androgens (22–

24). Mechanistically, this crosstalk occurs through autocrine and/or paracrine SHH signaling 

in the tumor microenvironment and appears to involve a direct interaction between AR and 
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GLI proteins leading to the stabilization of full-length GLI proteins (19,21,25,26). Together, 

these findings suggest that activated SHH signaling, in response to androgen deprivation, 

could support reactivation of AR signaling and progression to CRPC. Herein, we show that 

this scenario is particularly germane to a prostate cancer subtype supporting hyperactivated 

GLI3-dependent SHH signaling through mutations in SPOP (Speckle-type POZ protein), a 

suppressor of the SHH signaling axis (27–29).

Recurrent somatic mutations in SPOP are the most frequent non-synonymous mutations in 

primary prostate cancer, occurring in up to 15% of cases, and show mutual exclusivity with 

ETS rearrangements, suggesting that SPOP mutations anchor a distinct genetic subtype 

(27,28,30). SPOP is a substrate binding subunit of a Cullin-based E3 ubiquitin ligase 

(27,31). Notably, prostate cancer-associated mutations in SPOP cluster in its substrate-

binding groove and abolish substrate binding (27,31). Loss of SPOP expression is also 

frequently observed in prostate cancer, suggesting that SPOP is a prostate tumor suppressor 

whose inactivation through somatic mutation or diminished expression drives tumorigenesis 

(31,32). Established SPOP substrates thus far linked with prostate cancer include AR, 

the steroid receptor co-activator SRC-3, the pro-apoptotic gene DDIT3, the bromodomain 

and extraterminal repeat (BET) proteins BRD2–4, and the oncogenes DEK, ERG, and 

TRIM24 (33–44). In addition, SPOP, through regulation of unknown effector substrates, 

has been implicated in control of homology directed DNA double-strand break repair 

and maintenance of genomic integrity; accordingly, oncogenic SPOP mutations disrupt 

error-free homology-directed DNA repair and instead promote repair through error-prone 

non-homologous pathways, providing a molecular explanation for high-frequency genomic 

rearrangements observed in primary SPOP-mutant tumors (45). However, the role of SPOP 

and the identity of its biologically relevant substrates in mediateing androgen-independent 

growth of prostate cancer cells are comparably poorly understood.

Herein, we identify GLI3-dependent SHH signaling to be a key driver of prostate cancer cell 

growth and tumor formation and further show that oncogenic SPOP mutations stabilize 

GLI3 in its full-length activator form. Mechanistically, we show that pathologically 

stabilized GLI3 physically interacts and functionally cooperates with AR to enrich an 

AR-dependent gene expression program. Finally, we identify an AR/GLI3 co-regulated 

gene signature that correlates with castration resistant metastatic prostate cancer and 

predicts disease recurrence. Altogether, our findings reveal that hyperactivated GLI3 drives 

castration-resistant growth of prostate tumors, suggesting that GLI3 inhibitors might prove 

effective to block CRPC.

Materials and Methods

Animal models.

All animal experiments were performed with approval of the Institutional Animal 

Care and Use Committee at UT Health San Antonio. Male NSG mice (NOD.Cg-

PrkdcScidIL2rgtm1Wjl /SzJ, Stock No. 005557, The Jackson Laboratory, Sacramento, CA) 

were used for subcutaneous inoculation of LNCaP cells with or without GLI3 knockdown. 

Male nude mice (Hsd:Athymic Nude-Foxn1nu, Envigo, Frederick, MD) were used for 

orthotopic inoculation of PacMetUT1 cells with or without Gli3 knockdown.
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Cell Lines and cell culture.

All cell lines used in these studies were confirmed to be Myocplasma-free using either 

the MycoAlert™ Mycoplasma Detection Kit (Lonza) or the Venor™ GeM Mycoplasma 

Detection Kit (MilliporeSigma). Human prostate cancer cell lines LNCaP, PC-3, 22Rv-1, 

and C4–2 and were obtained from the American Type Culture Collection (ATCC, Manassas, 

VA), and authenticated with the DNA markers used by ATCC. The PacMetUT1 cell line 

was previously described (46). LNCaP and 22Rv-1 cell lines were cultured as described 

previously (23). Androgen-independent LNCaP and 22Rv-1cells, which were called LNCaP 

AI and 22Rv-1 AI, were also cultured as described (23). PC-3, C4–2, LNCaP SPOP WT, 

and LNCaP SPOP F102C cells were cultured at 37°C and 5% CO2 in RPMI 1640 media 

(Corning Cellgro) supplemented with 10% fetal bovine serum (HyClone) and penicillin-

streptomycin-L-glutamine (Invitrogen). For androgen-deplete conditions cells were cultured 

in RPMI 1640 media without phenol red (Corning Cellgro) supplemented with 10% 

charcoal stripped fetal bovine serum (Fisher Scientific) and penicillin-streptomycin-L-

glutamine (Invitrogen).

Plasmids.

Plasmids pact-FLAG-GLI3 for mammalian expression of FLAG epitope-tagged human 

GLI3 (14) and those for HA-tagged ubiquitin and MYC-tagged SPOP derivatives (34) 

have been described previously. Full-length GLI3 cDNA was cloned into PCS2+ vector 

for in vitro translation. GLI3 truncations for in vitro translation were generated by cloning 

the following GLI3 fragments (nucleoride coordinates) into PCS2+: NTD (1–1437), DBD 

(1438–1896), CTD (1897–4744). GST-AR plasmids used for GST pulldown experiments 

were generated by cloning the following AR fragments (nucleoride coordinates) into 

pGEX4T1 vector: NTD (1–1675,) DBD (1517–1908), LBD (1980–2764). GST-SPOP 

plasmids used for GST pulldown experiments were subcloned from pCMV plasmids into 

pGEX6P1 vector. pLKO.1-based shRNA expression vectors for SPOP and GLI3 knockdown 

experiments were purchased from Sigma. The sequences are listed in Supplementary Table 

S7. GLI responsive promoter-luciferase reporter (Gli-Luc) and CMV promoter-driven β-

galactosidase expression plasmids were kind gifts of Dr. Hollie Swanson. Plasmid pLV411G 

effLuc-flag (IRES-hrGFP) for stable expression of luciferase and GFP in prostate cancer 

cells was a kind gift of Dr. Brian Rabinovich.

Transfections and MG132/Cyclopamine/DHT treatment.

For all transfections, cells were seeded 24 hours prior to transfection (∼70% cell confluence 

upon transfection). 293T cells were transfected with XtremeGene9 transfection reagent 

(Roche) at a 1:3 ratio and cells were harvested 48 hours post-transfection. LNCaP and 

PC-3 cells were transfected with GenJet Plus transfection reagent (SignaGen Laboratories) 

at a 1:3 ratio and cells were harvested 24–48 hours post-transfection. MG132 (Enzo Life 

Sciences) treatment was always performed using 15 or 20 μM as specified in experiments 

for 18 hours, cyclopamine (Sigma) treatment at 10 μM for 24 hours, and DHT (gift of K. 

Xu) treatment at 10 nM for 16 hours.
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Generation of model cell lines.

Generation of stable GLI3 knockdown cell lines: pLKO.1 vector containing no shRNA 

sequence (CTL KD) or either GLI3 KD1 or GLI3 KD2 shRNAs were transfected into 

HEK 293T cells together with two other plasmids, psPAX2 and pMD2.G, that were 

purchased from Invitrogen (Grand Island, NY) for lentivirus packaging. Viral supernatants 

were harvested for infection of LNCaP, LNCaP AI, 22Rv.1 AI and PacMetUT1 cell 

lines. Infected cells were selected with puromycin (2 mg/ml). Generation of GFP- and 

Luciferase-expressing stable GLI3 knockdown cell lines: Parental stable GLI3 knockdown 

cells were infected with a lentivirus generated by 293T cell-packaged pLV411G effLuc-flag 

(IRES-hrGFP) containing the enhanced green fluorescent protein (GFP) and Luciferase 

(Luc). Generation of SPOP F102C LNCaP cell lines: SPOP mutant LNCaP cell lines 

were generated through CRISPR/Cas9 mediated genome editing. SPOP cDNA sequence 

consisting of exon 6 (containing the c.305 T>G mutation) and flanking upstream and 

downstream sequence (≈1 kb each) and including engineered and XhoI/EcoRI cut sites 

(to subclone a neomycin resistance gene) was synthesized and cloned into pBSK vector 

by Biomatik Corp. After insertion of the neomycin cassette (with flanking LoxP sites), 

plasmid DNA was linearized and transfected along with pX330 (containing SPOP-specific 

gRNA sequence: GACAAGTTGTGGCTTTGATC) into LNCaP cells. Targeted cells were 

selected with G418 (800 μg/ml) and seeded at low density to permit single cell colony 

formation. Positive colonies were confirmed by genomic DNA and cDNA sequencing and 

serially subcloned to establish monoclonality. To generate HA-GLI3 overexpressing LNCaP 

and C4–2 cell lines, HA-epitope tagged full-length GLI3 cDNA, generated by PCR using 

pACT-FLAG-GLI3 as a template, was sublconed into the lentiviral vector pLenti PGK puro 

GFPw509–5 (Addgene plasmid #19070) prior to transfection of 293T cells with pLenti PGK 

puro GFPw509–5-HA-GLI3 along with plasmids psPAX and pMD2.G. Viral supernatants 

were harvested for infection of LNCaP and C4–2 cells, and infected cells were selected 

with puromycin. GLI3-FLAG overxpressing LNCaP cells were generated by transfection 

of LNCaP cells with plasmid hGLI3-GLAG3x (Addgene plasmid #84921) followed by 

selection with G418 (800 μg/ml).

Animal studies.

Orthotopic and subcutaneous injections of PacMetUT1 and LNCaP Gli3 KD and control 

cells, respectively, as well as monitoring and measurement of tumor growth through 

bioluminescence imaging and volumetric determination followed our own previously 

published protocols (23). Detailed descriptions are provided in Supplementary Data.

Molecular and cell biological Analyses.

RNA isolation and RT-qPCR analyses, cell proliferation and migration, and soft agar 

and colony formation analyses were peformed essentially as described (23). Detailed 

descriptions are provided in Supplementary Data. Primer sets used for quantitative real-time 

PCR are listed in Supplementary Table S7.
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RNA sequencing and analysis.

RNA was prepared as described for quantitative real-time PCR assays. RNA library prep 

and sequencing (on an Illumina HiSeq 2000 or 3000 with >32 million reads/sample) was 

performed at the UTHSCSA Genomics Sequencing Facility. All sequencing was done on 

duplicate independent experiments. All samples were aligned to the UCSC human genome 

build hg19 using TopHat2, and bam files from the alignment were processed using HTSeq-
count to obtain the read counts per gene in all samples. Analysis of the read count data 

was performed using R version 3.3.3. Raw count data was first filtered to exclude genes 

that had only one or zero reads across all samples. The data was then transformed for 

visual inspection using regularized log2 transformation function of R package DESeq2 (47), 

version 1.14.1. Visual inspection was done by performing principal component analysis 

and by generating a Pearson’s correlation heat map using basic R functions, R package 

pheatmap and custom R scripts. Data normalization and differential expression (DE) were 

performed sing R package DESeq2, version 1.14.1. P values of the DE analysis were 

adjusted for multiple testing using Benjamini-Hochberg procedure. DE analysis results 

were annotated with gene biotypes, gene descriptions, and Ensembl identifiers using R 

package biomaRt. Statistically and biologically significant DE genes (DEGs) were defined 

by applying the following stipulations: adjusted p-values <0.05 and absolute log2 fold 

change ≥1 (corresponding to a minimal two-fold up- or down-regulation). Biological 

Process Gene Ontology (GO BP) term over-representation analyses were performed using 

R package clusterProfiler, with p-values calculated using the hypergeometric distribution. 

The p-values derived from enrichment analysis were corrected for multiple testing using 

Benjamini-Hochberg multiple testing of adjustment procedure. Enrichment results were 

filtered to include only terms that had a least three DEGs annotated to them, and redundant 

GO terms were excluded using the simply function fo the clusterProfiler package.

Gene set enrichment analysis.

Gene set enrichment analysis (GSEA) was performed using expressed genes, with RPKM 

(averaged over all cells) > 1, ranked based on average fold-change in control (Ctl. shR) 

compared to GLI3 knockdown (Gli3 shR1) cells. Significantly enriched Hallmark (MSigDB 

v7.1) gene sets (48) were identified using GSEA pre-ranked software (v. 4.0.3) with default 

settings (49). The Hallmark gene sets with false discovery rate (FDR) < 0.25 were identified 

as significantly enriched.

Survival analyses.

Microarray gene expression data reported in Taylor et al. (50) were retrieved from NCBI 

GEO database (accession number GSE21032) along with clinical annotation (primary or 

metastatic disease) from the analyzed tumor set. Expression values from 46 transcripts 

corresponding to each of the androgen and GLI3 co-upregulated genes (31 of the 32 genes in 

Fig. 6b as LGALS8-AS1 was not found in the dataset) were used for the unsupervised 

clustering of all 150 patients. Available biochemical recurrence (BCR) data from 140 

patients were used to generate Kaplan-Meier (KM) survival plots using survival R package 

(51). The patients were categorised as high expression and low expression groups based 

on the hierarchical clustering (Fig. 6c). Log‐rank test was applied to identify significant 
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difference of BCR free survival between patients from the two groups. Nine (Supplementary 

Table 6) of the 46 transcripts were found significantly (p-value < 0.05) upregulated in 

19 metastatic tumors compared to 131 primary tumors. The expression values of the 9 

transcripts for each patient were averaged. The patients with expression above and below 

the overall average expression of all 150 samples were classified as high and low expression 

groups, respectively, and were used for the BCR free survival analysis The KM survival 

plots and log‐rank test was performed in the same way described above.

GLI3 Immunohistochemitry.

Formalin-fixed paraffin-embedded (FFPE) samples from 86 patients with clinically localized 

prostate cancer were randomly selected from Mayo Clinic Tissue Registry under approval 

of the Mayo Clinic institutional review board (IRB). FFPE tissue blocks were sectioned at 

thickness of 20 µm for Sanger sequencing with SPOP-specific primers and 4 µm for IHC. 

The IHC protocol was followed as previously described (52) using Gli3 primary antibody 

(Novus, NBP2–29627; 1 mg/ml) at a dilution of 1:100 at 4°C overnight. Staining was 

developed with SignalStain® DAB Substrate Kit (Cell Signaling Technology, Cat# 8059). 

Staining intensity and staining percentage for each tissue was graded using set criteria into 

four categories: 0, 1, 2 and 3. Specifically, 0 = very week or no staining, 1 = staining obvious 

only at 40X, 2 = staining obvious at 10X but not 4X, and 3 = staining obvious at 4X. Stain 

percentage was graded 1 for 0%−33% positive cells, 2 for 34%−66%, and 3 for 67%−100%. 

The final staining index (SI) score for each staining was obtained by multiplying values 

obtained from staining percentage and intensity and used for correlation analysis. The IHC 

scoring was performed by two GU pathologists independently and blindly.

Immunoprecipitation and GST pulldown assays.

Immunoprecipitiaton of endogenous and ectopically expressed proteins as well as GST 

pull-down assays were peformed as described (53,54). Detailed descriptions are provided in 

Supplementary Data.

Quantification and statistical analysis.

All the experiment results are expressed as mean ± SEM. Two-tailed Student’s t-tests 

were used to compare two groups. One-way ANOVA was used for the comparison among 

more than two Groups followed by Tukey–Kramer post hoc test. A Mann–Whitney U 
test is used for comparisons made between any two groups of data within an experiment 

that are not normally distributed. Only a probability value of ≤0.05 was considered as 

statistically significant. All statistical analysis was performed with Excel or Prism 6 software 

of GraphPad (La Jolla, CA).

Data Availability Statement.

RNA Sequencing data is available in the NCBI Gene Expression Omnibus (GEO) repository 

under accession number GSE134682 (reviewer token: ahcroumuppgfveb).
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Results

GLI3-dependent SHH signaling supports androgen-independent prostate cancer cell 
growth.

Prior studies have revealed that androgen deprivation induces SHH signaling, which in turn, 

supports prostate cancer cell growth in the absence of androgens (19,23–25). We confirmed 

induction of SHH signaling upon androgen withdrawal and maintenance of active SHH 

signaling following long-term androgen deprivation in human prostate cancer cell lines. 

Thus, short-term androgen deprivation in androgen sensitive LNCaP cells led to upregulated 

expression of SHH target genes that was maintained in the androgen-independent LNCaP 

clonal derivative C4–2, obtained following serial passage in castrated mice (Fig. 1a, b). 

As expected, enhanced expression of SHH target genes following androgen deprivation 

was reversed by cyclopamine, an inhibitor of the SHH transducer SMO (Fig. 1a, b). 

Cyclopamine also significantly impaired androgen-independent proliferation of both LNCaP 

and C4–2 cells, confirming a requirement for active SHH signaling in this process (Fig. 1c, 

d).

Within the SHH pathway, GLI2 and GLI3 function as primary transcriptional effectors, 

and heretofore, only the former has been implicated in SHH signal-dependent prostate 

cancer cell growth in the absence of androgens (25,26,55). However, we found GLI3 to 

be highly expressed among the three GLI isoforms in various human prostate cancer cell 

lines (Supplementary Fig. 1a), CWR22 xenograft tumors (Supplementary Fig. 1b), and 

human prostate tumors (Supplementary Fig. 1c). Notably, GLI3 is further upregulated in 

AR-positive, but not AR-negative, human prostate cancer cell lines cultured in androgen-

depleted medium (Supplementary Fig. 2a). Conversely, treatment of AR-positive prostate 

cancer cell lines with the synthetic androgen R1881 downregulated GLI3 mRNA and protein 

levels (Supplementary Fig. 2b, c). This negative regulation of GLI3 by androgen was 

also observed in vivo, as GLI3 mRNA was found to be significantly upregulated in both 

mouse prostate and human CWR22 prostate xenograft tumors following castration of mice 

(Supplementary Fig. 2d, e).

To examine the role of GLI3 in androgen-independent prostate cancer cell growth, 

we monitored the impact of RNAi-mediated GLI3 depletion on SHH-dependent gene 

expression and proliferation in androgen-deprived LNCaP and C4–2 cells. Notably, GLI3 

knockdown (Supplementary Fig. 3a, b) reduced androgen-independent SHH-target gene 

expression and proliferation in both cell lines comparably to cyclopamine treatment 

(Fig. 1a-d). Although GLI3 knockdown also reduced androgen-dependent LNCaP cell 

proliferation, this inhibitory effect was nonetheless much more pronounced for androgen-

independent cell growth (Fig. 1e, f; Supplementary Fig. 3c-e). Furthermore, knockdown 

of GLI3 prevented LNCaP cells from acquiring androgen-independent growth in culture 

following extended androgen depletion (Supplementary Fig. 4), and also impaired androgen-

independent proliferation, colony formation in soft agar, and migration of LNCaP-AI and 

22Rv-1 AI cell lines, both derived from long-term androgen deprivation in culture, as well 

as PacMetUT1 cells, derived from a lymph node metastatic tumor arising in a prostate 

cancer patient following ADT (Fig. 1g-n; Supplementary Fig. 3c-e). Finally, we observed 
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that ectopic overexpression of GLI3 signficantly enhanced both androgen-dependent and 

androgen-indpendent proliferation of LNCaP and C4–2 cells, with a more prounounced 

effect observed under androgen-independent conditions (Supplementary Fig. 5). Altogether, 

these findings identify GLI3 as a critical effector of SHH-driven androgen-independent 

prostate cancer cell growth.

GLI3 is targeted for proteasomal degradation by WT but not oncogenic mutant SPOP.

GLI3 is one of three vertebrate GLI family proteins (GLI1–3) that collectively subsume 

the function of a single ancestral invertebrate GLI homolog, Cubitus interuptus (Ci) (56). 

Notably, Ci was previously shown to be targeted for proteasomal degradation by HIB 

(Hh-induced MATH and BTB domain containing protein), the Drospohila homolog of 

SPOP (57,58). More recently, GLI3 was reported to be a substrate of SPOP-mediated 

degradation in mammalian embryonic tissue-derived cells, thus revealing an evolutionarily 

conserved mechanism for maintenance of physiological GLI3 effector levels in the SHH 

pathway (29,59–62). We confirmed endogenous GLI3 to be a target of SPOP-mediated 

proteasomal degradation in LNCaP cells; thus, SPOP and GLI3 proteins physically associate 

(Fig. 2a and Supplementary Fig. 6), and SPOP knockdown enhanced (Fig. 2b), while 

SPOP overexpression reduced (Fig. 2c), GLI3 protein levels in a manner reversible by the 

proteasome inhibitor MG132 (Fig. 2C).

Nearly all prostate cancer-associated mutations in SPOP thus far discovered occur within 

its substrate-binding pocket and disrupt its interaction with established substrates (27,31). 

To determine if this pathological defect extends to the interaction of SPOP with GLI3, 

we monitored the impact of prostate cancer-associated mutations in SPOP on its ability 

to interact with, ubiquitylate, and promote the degradation of GLI3. These experiments 

were performed in both androgen-dependent (LNCaP) and androgen-independent (PC-3) 

prostate cancer cells, with identical results. Thus, among four oncogenic SPOP mutant 

derivatives tested, including Y87C, F102C, W131G, and F133V, all but Y87C were 

severely compromised, compared to WT SPOP, in their respective abilities to interact 

with, ubiquitylate, and promote the degradation of GLI3 (Fig. 2d-f; Supplementary Fig. 

7a-c). Notably, ectopic expression of SPOP mutant derivatives F102C, W131G, and 

F133V augmented the level of endogenous GLI3 beyond that observed in the absence 

of ectopic SPOP (Fig. 2f; Supplementary Fig. 7c), consistent with a dominant negative 

effect of mutant SPOP that has been observed for other SPOP substrates (34,40,42,63). 

Furthermore, MG132-mediated proteasomal inhibition did not promote further stabilization 

of endogenous GLI3 in LNCaP or PC-3 cells transfected with mutant SPOP (Fig. 2f; 

Supplementary Fig. 7c), confirming that SPOP promotes GLI3 degradation through the 

ubiquitin proteasome pathway. Importantly, our observation that GLI3 and SPOP physically 

interact in AR-negative PC-3 cells (Supplementary Fig. 7a) reveals their association to be 

independent of AR, an established target of SPOP. Finally, the ability of SPOP mutant Y87C 

to promote the degradation of GLI3, but not other previously reported SPOP substrates, 

including AR, ERG, DDIT3, TRIM24, and BRD2–4 (33–35,41,43,44), reveals substrate 

specificity among prostate cancer-associated SPOP mutations, and raises the possibility 

that tumor-specific differences in the functional integrity of SPOP substrates exist, with 

biological and possible therapeutic implications for development and progression of SPOP 
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mutant prostate tumors. Nonetheless, these findings reveal for the first time that prostate 

cancer-associated mutations in SPOP, including hotspot mutations F102C and F133V, 

disrupt its ability to interact with and promote the degradation of GLI3.

To confirm these findings in a more clinically relevant setting, we monitored GLI3 protein 

levels in a cohort of 86 primary prostate tumors, including 12 tumors that were determined 

by Sanger sequencing to be SPOP mutation-positive. The SPOP mutation frequency (∼14%) 

in this sample set is consistent with the reported frequency of SPOP mutations in other 

prostate cancer cohorts (27,44,63). Immunohistochemical analysis revealed that among the 

12 SPOP mutant tumors, nine expressed elevated levels of GLI3 (i.e., individual IHC scores 

exceeding the mean IHC score for SPOP WT tumors) (Fig. 3a-c). Notably, among the 

three SPOP mutant tumors that did not express elevated levels of GLI3, one carried a 

Y87C mutation that we found comparable to WT SPOP in its ability to bind, ubiquitylate, 

and promote the degradation of GLI3 (Fig. 2d-f; Fig. 3a, b). Exclusion of this Y87C SPOP-

mutant specimen from statistical consideration further enhanced the significant difference in 

mean GLI3 signal intensity between SPOP WT and mutant tumors, revealing GLI3 protein 

levels to be elevated in the latter (Fig. 3a). Altogether, our analyses in both prostate cancer 

cell lines and tumor tissues confirm GLI3 to be a clinically relevant substrate of SPOP-

mediated proteasomal degradation and further reveal substrate selectivity among individual 

prostate cancer-associated SPOP mutations.

Pathologically stabilized GLI3 promotes androgen-independent growth of SPOP mutant 
prostate cancer cells through reactivation of an AR signaling axis.

Our identification of GLI3 as a critical effector of SHH in androgen-independent prostate 

cancer cell growth led us to investigate the impact of mutant SPOP, and thus pathologically 

stabilized GLI3, on these processes. To this end, we used CRIPSR/Cas9-mediated genome 

editing to engineer clonal LNCaP cell lines expressing one of the most frequent SPOP 

mutations found in prostate cancer (c.305 T>G, p.F102C; (Supplementary Fig. 8a). Two 

independent sequence-verified clonal lines heterozygous for SPOP mutation c.305 T>G 

(F102C.1 and F102C.2; (Supplementary Fig. 8b) were used for subsequent molecular 

phenotypic analyses. We validated defects in the SPOP-binding and ubiquitylation status 

of endogenous GLI3, leading to enhanced steady state levels of GLI3 protein, but not GLI3 

mRNA, in SPOP mutant versus SPOP WT LNCaP cells (Fig. 4a-d). Notably, the steady state 

level of GLI3 protein in SPOP mutant cells was comparable to that observed in SPOP WT 

cells following proteasome inhibition, and enhanced GLI3 protein levels in SPOP mutant 

cells were unchanged by treatment with MG132 (Fig. 4c). Together, these findings confirm 

pathological stabilization of GLI3 protein in LNCaP cell lines expressing oncogenic SPOP 

mutant F102C.

To examine the impact of pathologically stabilized GLI3 on androgen-independent LNCaP 

cell growth, we seeded SPOP WT and mutant cell lines at low density in the absence 

of androgen, and thereafter monitored cell proliferation and colony formation for 9 and 

30 days, respectively. As expected based on their androgen-sensitive phenotype, parental 

LNCaP cells initially proliferated poorly, and 5 days after androgen deprivation all but 

ceased to proliferate with no evidence of colony formation 30 days after androgen 
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withdrawal (Fig. 4e-g). By striking contrast, SPOP mutant cells exhibited robust androgen-

independent proliferation, forming substantive lawns of colonies 30 days following 

androgen deprivation (Fig. 4e-g). Importantly, androgen-independent growth of SPOP 

mutant LNCaP cells was similarly reversed by cyclopamine or RNAi-mediated knockdown 

of GLI3 or AR (Fig. 4f, g). These findings reveal that SPOP mutant prostate cancer 

cells acquire robust androgen-independent growth through enhanced GLI3-dependent SHH 

signaling.

To explore the basis by which GLI3 promotes androgen-independent growth of SPOP 

mutant prostate cancer cells, we profiled the transcriptomes of SPOP WT and mutant 

LNCaP cells before and after androgen deprivation by RNA-sequencing. Using standard 

criteria (minimum 2-fold change), we identified 973 genes that were differentially expressed 

in SPOP mutant vs SPOP WT LNCaP cells grown in the absence of androgens (Fig. 4h; 

Supplementary Table 1). Strikingly, a significant fraction (588 or ∼60%) of these genes 

overlapped with genes (3436 in number) differentially expressed as a function of androgen 

in WT LNCaP cells (Fig. 4h; Supplementary Table 2), indicating partial restoration of AR 

signaling in SPOP mutant cells following androgen withdrawal. Supporting this possibility, 

RNAi-mediated knockdown of AR completely blocked androgen independent growth of 

SPOP mutant LNCaP cells (Fig. 4f, g). To determine the contribution of GLI3 to this 

process, we performed RNA-sequencing following GLI3 knockdown in androgen-deprived 

SPOP mutant LNCaP cells (Supplementary Table 3). Among the 588 androgen-responsive 

genes in LNCaP cells whose hormone-independent expression is regulated by SPOP (Fig. 

4h; overlap of blue and green), 184 (or ∼31%) are also regulated by GLI3 (Fig. 4h; 

overlap of blue, green, and orange; Supplementary Table 4), thus revealing a prominent 

role for GLI3 in restoration of AR signaling in SPOP mutant cells following androgen 

withdrawal (Fig. 4i; Supplementary Fig. 9). Enrichment analysis using Gene Ontology 

Biological Processes revealed these 184 GLI3-regulated genes to be prominently linked with 

“Cell division”, “DNA replication”, “G1/S transition of mitotic cell cycle”, “Regulation 

of ubiquitin protein ligase activity”, and “chromatin silencing” among others, suggesting 

possible molecular genetic bases for androgen independent growth of SPOP mutant cells 

(Fig. 4j). Taken together, these findings indicate that SPOP mutant prostate cancer cells 

acquire robust androgen-independent growth through reestablishment of an AR signaling 

axis that involves functional crosstalk with the SHH/GLI3 pathway.

To explore a mechanistic basis for functional crosstalk between AR and GLI3, we 

investigated their possible physical interaction. Co-immunoprecipitation analyses revealed 

an association between ectopic GLI3 and AR in HEK293T cells, as well as their endogenous 

counterparts in LNCaP cells where this interaction was significantly enhanced in the 

absence of androgens (Supplementary Fig. 10a, b). Importantly, comparative analyses of 

the GLI3-AR interaction in SPOP WT and mutant LNCaP cells revealed the strongest 

association to occur in the latter (Supplementary Fig. 10b), likely reflecting enhanced steady 

state levels of both GLI3 and AR proteins. Immobilized protein affinity chromatography 

using recombinant GLI3 and AR truncation derivatives revealed their interaction to be 

direct and mediated by their respective DNA-binding domains (Supplementary Fig. 10c; 

Supplementary Fig. 11). Thus, GLI3 and AR interact directly in prostate cancer cells, and 

this association is enhanced significantly by androgen withdrawal and mutation of SPOP.
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GLI3 supports castration resistant tumor growth.

The increased GLI3 expression under androgen deprivation (Supplementary Fig. 2) and 

stabilization of its full-length activator form by SPOP mutations as well as by AR (21) 

led us to determine next if GLI3 is necessary for the development of CRPC by examining 

the impact of GLI3 knockdown on the outgrowth of castration resistant LNCaP tumor 

xenografts in mice. To this end, control and two GLI3 knockdown LNCaP cell lines, 

each stably expressing firefly luciferase and GFP, were subcutaneously injected into 

male NOD scid gamma (NSG™) mice, and subsequent tumor burden was quantified 

by volume measurement as well as bioluminescence imaging. We observed that mice 

injected with control knockdown cells developed larger tumors than those injected with 

GLI3 knockdown cells four weeks after inoculation, confirming a requirement for GLI3 

in androgen-dependent LNCaP cell growth (Supplementary Fig. 12). At this point (four 

weeks post-inoculation), mice bearing control knockdown tumors were surgically castrated, 

while those bearing GLI3 knockdown tumors were castrated once their mean tumor volumes 

reached statistically comparable levels to four-week post-inoculation control tumor volumes. 

Following castration, control and GLI3 knockdown tumor xenografts were monitored for an 

additional eight weeks. As expected, control tumors initially regressed after castration, but 

three weeks thereafter developed castration resistance and initiated androgen-independent 

growth (Fig. 5a, b). By contrast, GLI3 knockdown tumors, following regression after 

castration, did not become castration resistant (Fig. 5a, b). Accordingly, the mean tumor 

weights of the GLI3 knockdown xenografts were significantly lower than that of the control 

group at the termination of the experiment (Fig. 5c).

We also examined the impact of GLI3 knockdown on the castration resistant growth of 

androgen-independent PacMetUT1 cells following orthotopic transplantation into mice. 

Thus, control and two GLI3 knockdown PacMetUT1 cell lines, each stably expressing 

luciferase and GFP, were inoculated into the prostate glands of male nude mice one week 

prior to castration, and tumor growth monitored for seven weeks thereafter. Control tumors 

grew significantly faster than the two GLI3 knockdown tumors, as reflected by the total 

photon flux from bioluminescence imaging (Fig. 5d, e). Autopsies revealed that all mice 

inoculated with control cells developed tumors, while only 50%−60% of mice inoculated 

with GLI3 knockdown cells did so (Fig. 5f). The mean weights of tumors derived from 

GLI3 knockdown cells was also significantly lower than the mean weight of tumors derived 

from control knockdown cells (Fig. 5g). Furthermore, four mice within the control group 

exhibited lung micrometastases, whereas only one mouse in each of the GLI3 knockdown 

groups showed lung micrometastases (Fig. 5h, i). Thus, GLI3 supports both the development 

and the malignant phenotypes of CRPC in multiple human prostate cancer models.

GLI3 and AR co-regulated genes correlate with metastatic CRPC and predict recurrence.

The striking difference in xenograft growth between the control and GLI3 knockdown 

prostate cancer cells after castration suggests that GLI3 may reactivate an AR transactivation 

program under androgen depleted conditions. To address this question, we profiled gene 

expression by RNA sequencing after knocking down GLI3 in androgen-independent 

LNCaP cells, which were adapted to grow in androgen-depleted culture medium. Gene 

set enrichment analysis (GSEA) showed significant enrichment of the Hallmark Androgen 
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Resonse gene set in the control cells in comparison to the GLI3 knockdown cells (Fig. 6a). 

Because the genes in this gene set are androgen-stimulated genes, their reduced enrichment 

after GLI3 knockdown suggests that part of the GLI3 transactivation program overlaps 

with that of AR. Indeed, among the 392 differentially expressed genes (2-fold or greater 

changes with adjusted P-value < 0.05) due to GLI3 knockdown (Supplementary Table 

5), one-hundred fifty-nine genes are among the 3436 genes differentially regulated by 

DHT shown in Supplementary Table 2. Among the 159 genes, there are 32 commonly 

upregulated genes by both DHT and GLI3 (Fig. 6b). We used 31 genes (46 transcripts) of 

the 32 AR/GLI3 co-stimulated genes that can be identified in the expression data derived 

from 150 prostate cancer patients (50) to perform unsupervised hierarchical clustering as 

shown in Fig. 6c. Interestingly, the majority of metastatic castration resistant tumors show 

high expression of the 46 annotated transcripts and are clustered together. The 50 patients 

clustered in the high expression group showed significantly worse biochemical recurrence 

(BCR)-free survival than the low expression group (Fig. 6d). To explore whether a smaller 

set of transcripts is equally effective in predicting the survival, we found that 9 of the 

46 transcripts are significantly overexpressed in the 19 metastatic tumors versus the 131 

primary tumors in the cohort (Supplementary Table 6) and their average expression can also 

predict BCR-free survival (Fig. 6e).

Discussion

Our findings provide new insight concerning the role, regulation, and possible therapeutic 

implications of GLI3 in SHH-driven development of CRPC. While prior studies have 

implicated SHH signaling in prostate cancer progression and the development of hormone 

therapy resistance, little is currently known regarding the molecular underpinnings of this 

process, including whether and how the downstream SHH effector GLI3 contributes to this 

process. Within the SHH pathway, GLI2 and GLI3 are primary transcriptional effectors 

and functionally bipartite regulators that directly repress and activate their respective target 

genes, including the pathway amplifier and dedicated activator GLI1, in the absence 

and presence of SHH, respectively (10,56). Prior studies have implicated GLI2 in the 

development of CRPC through its ability to function as a direct binding coactivator of 

AR. Thus, GLI2 is upregulated during clinical progression to CRPC, promotes androgen 

independent prostate cancer cell growth, and functionally stimulates and physically co-

occupies AR-target genes (19,25,26,55,64,65). More recently, GLI3 was shown capable of 

interacting with transcriptionally active AR, which, in turn, could stimulate GLI3-dependent 

transcription (21). However, the role and regulation of GLI3 in prostate carcinogenesis 

have remained obscure. Herein, we bridge this considerable knowledge gap and identify a 

prominent role for GLI3-dependent SHH signaling in the development and progression of 

prostate cancer.

First, we observed that among GLI family members, GLI3 is expressed at much higher 

levels than either GLI1 or GLI2 in prostate cancer cell lines, tumor xenografts, and human 

prostate tumor tissues. Second, we found that GLI3 mRNA and protein levels are negatively 

regulated by androgens, leading to upregulation of GLI3 upon androgen withdrawal in 

both cultured prostate cancer cells and human prostate tumor xenografts. Third, we showed 

that targeted depletion of GLI3 in cultured prostate cancer cells not only prevented the 
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acquisition of androgen-independent growth when implemented prior to long-term androgen 

deprivation, but also impaired cell growth and migration when implemented following 

acquisition of the androgen-independent phenotype. Finally, GLI3 knockdown blocked 

castration-resistant formation and metastatic spread of human prostate tumor xenografts 

in mice. Collectively, these findings reveal for the first time a prominent role for GLI3-

dependent SHH signaling in the development and malignant phenotypes of CRPC in a 

variety of human prostate cancer models. Accordingly, factors regulating GLI3 expression 

and/or activity could significantly impact the trajectory of prostate cancer development and 

progression.

In this regard, we identified GLI3 to be targeted for ubiquitin-mediated proteasomal 

degradation in prostate cancer cells by the E3 ubiquitin ligase adaptor protein SPOP, 

whose corresponding gene is the most frequently mutated in primary prostate cancer. 

Importantly, we found that oncogenic SPOP mutations occurring within its substrate binding 

cleft, including mutants F102C, W131G, and F133V, lead to pathological stabilization of 

GLI3, and we further confirmed these findings in patient-derived prostate tumor tissues, 

wherein GLI3 protein levels were found to be significantly higher in SPOP-mutation 

positive compared to SPOP mutation-negative tumors. Functionally, we showed that 

SPOP-mutant prostate cancer cells support androgen-independent growth and effectively 

recapitulate an androgen-dependent gene expression profile, consistent with cell cycle 

progression, characteristic of androgen-stimulated SPOP WT cells, and furthermore, that 

GLI3 contributes prominently to this process. As a result, individual depletion of GLI3 

or AR similarly inhibited androgen-independent growth of SPOP-mutant cells, suggesting 

possible coordinate transcription control.

Notably, we observed that oncogenic SPOP mutant Y87C nonetheless retained wild-type-

like ability to bind to and promote the ubiquitylation and degradation of GLI3, thus 

indicating substrate selectivity among SPOP mutations initially suggested in earlier studies 

(43,63). Our findings further complement and extend those from recent work providing 

evidence for unique substrate selectivity among cancer type-specific SPOP mutations (41). 

In this regard, comprehensive genome sequencing studies have identified recurrent SPOP 

mutations in endometrial cancer at frequencies similar those found in prostate cancer 

(4–14%) (66–68). Although the overwhelming majority of oncogenic SPOP mutations 

found in both endometrial and prostate cancer lie within the substrate recognition (MATH) 

domain of SPOP, their distribution within this domain is nonetheless divergent. Whereas 

prostate cancer-specific SPOP mutations cluster predominantly in the substrate binding cleft, 

endometrial-specific SPOP mutations instead tend to accumulate in an uncharacterized 

region of the MATH domain (27,66–69). Notably, recent work has revealed opposing 

effects of these cancer type-specific mutations in SPOP on its biological function in 

protein turnover. Thus, SPOP mutations specific to endometrial or prostate cancer were 

shown, respectively, to promote or prevent SPOP-mediated degradation of BRD2–4 and, 

accordingly, elicit opposing BET inhibitor sensitivities in mutant-expressing cells (41). 

Furthermore, based on their correlative relationship with ubiquitylation and abundance levels 

of established SPOP substrates, endometrial cancer-specific SPOP mutations themselves 

could be segregated based on their apparent propensity to promote or impair SPOP-mediated 

degradation of established substrates. Our findings herein extend these earlier observations 
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in endometrial cancer and offer evidence for substrate selective activity among prostate 

cancer-specific SPOP mutations.

Given that SPOP mutation is an early event during prostate tumorigenesis (70,71) and 

leads to stabilization of AR (34,39), our results suggest that SPOP mutation-mediated 

stabilization and activation of an AR/GLI3 axis may be a main mechanism driving prostate 

cancer development. Prostate tumors with SPOP mutation are likely addicted to an AR/

GLI3 axis for cell cycle progression, which promotes androgen-independent growth of 

LNCaP cells in vitro and may render hormone therapy naïve tumors highly sensitive to 

androgen deprivation. This may explain why prostate cancers with SPOP mutation were 

more sensitive to androgen deprivation therapy than prostate tumors without SPOP mutation 

(72,73). The fact that SPOP mutations are less common in CRPC (74–76) and that GLI3 

is shown to promote CRPC in our study suggests contextual models of AR/GLI3 axis-

mediated prostate tumorigenesis and progression. In the context of SPOP mutation, the 

stabilization of AR and GLI3 proteins along with other oncogenic SPOP substrates likely 

contributes to prostate cancer development. On the other hand, in the context of hormone 

deprivation without SPOP mutation, transcription-mediated upregulation of AR (23,77) and 

the SHH pathway, including GLI3, as shown in this study likely cooperate with other 

oncogenic pathways to promote prostate cancer progression and castration resistance.

The molecular basis by which enhanced GLI3 drives castration-resistant growth of prostate 

tumors appears to involve, at least in part, reactivation of an AR signaling axis. Thus, we 

showed that GLI3 signaling significantly enriches the Hallmark Androgen Response genes 

under androgen depletion. Furthermore, genes significantly stimulated by both GLI3 and AR 

appears to contribute to metastasis of CRPC and are associated with poor BCR-free survival. 

Further studies are need to validate the prognostic value of the 9 transcripts of the 6 genes 

(Table S6) that are co-stimulated by GLI3 and AR. The underlying molecular basis for the 

crosstalk between GLI3 and AR remains to be definitively established. One possibility is 

that AR and GLI3 interact directly on chromatin, whereupon they function cooperatively 

to regulate AR-target genes and thus sustain AR signaling in the absence of androgens. 

This model is consistent with prior studies showing that AR and GLI proteins can function 

as reciprocal co-activators of one another (21,25,26). Our current study also confirmed a 

physical interaction between GLI3 and AR. Future studies should establish whether and 

how AR and GLI3 co-occupy specific genomic loci, including co-regulated genes revealed 

through the transcriptomic analysis.

In summary, we describe two clinically relevant mechanisms that promote an oncogenic 

function of GLI3. In prostate cancer cells with SPOP mutation, GLI3 is stabilized to 

promote their proliferation and androgen-independent growth. GLI3 is also transcriptionally 

upregulated during androgen deprivation and acts as a key mediator of hormone-refractory 

prostate cancer cell growth and CRPC. Mechanistically, this occurs through a functional 

interaction between GLI3 and AR that restores AR signaling under conditions of low 

hormone availability. Thus, various mechanisms can hyperactivate GLI3 signaling and 

enhance AR/GLI3 crosstalk, suggesting that GLI3-specific inhibitors might prove effective 

to block prostate cancer development or delay CRPC.
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Implications:

We describe two clinically relevant mechanisms leading to hyperactivated GLI3 signaling 

and enhanced AR/GLI3 crosstalk, suggesting that GLI3-specific inhibitors might prove 

effective to block prostate cancer development or delay CRPC.
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Figure 1. GLI3-dependent SHH signaling supports androgen-independent prostate cancer cell 
growth.
a, b LNCaP or C4–2 cells were transitioned from androgen-replete to androgen-deplete 

(-DHT) medium and 10 days thereafter processed by RT-qPCR using primers for the 

indicated SHH/GLI3-target genes and β-actin (a non-target gene). Where indicated, cells 

were infected with control (CTL KD) or GLI3-specific (GLI3 KD1) shRNA-expressing 

lentiviruses 1 day prior to transition or treated with DMSO or Cyclopamine (CYCLO) 

1 day prior to harvest. mRNA levels were normalized to GAPDH mRNA and expressed 
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relative to their levels in androgen replete (+DHT) medium. Data are the mean ± SEM 

of 3 experiments in triplicate. Asterisks denote statistically significant differences vs CTL 

knockdown or DMSO treated cells (Student’s t-test: ***p < 0.001). n.s., not significant. c, d 
LNCaP or C4–2 cells were transitioned from androgen-replete to androgen-deplete (-DHT) 

medium and thereafter monitored for proliferation using an IncuCyte ZOOM® system. 

Where indicated, cells were infected with control (CTL KD) or GLI3-specific (GLI3 KD1) 

shRNA-expressing lentiviruses or treated with DMSO or Cyclopamine (CYCLO) 1 day 

prior to transition. Data are the mean ± SEM of 3 experiments in triplicate. Asterisks denote 

statistically significant differences vs CTL knockdown or DMSO treated cells (Student’s 

t-test: *p < 0.05; p** < 0.01; p*** < 0.001). e, f LNCaP androgen-dependent (AD) cells 

were transfected with a control shRNA (CTL KD) or either of 2 GLI3-specific (GLI3 KD1, 

GLI3 KD2) shRNAs and monitored for proliferation for 5 days in androgen replete (+DHT) 

or androgen deplete (-DHT) media by MTT assay (e) or viable cell counting (f). Data are 

the mean ± SEM of 3 experiments in triplicate. Asterisks denote statistically significant 

differences (Student’s t-test: p** < 0.01; p*** < 0.001). g-i LNCaP androgen-independent 

(AI), 22Rv.1, and PacMetUT1 cells were transfected with control (CTL KD) or either of 

2 GLI3-specific (GLI3 KD1, GLI3 KD2) shRNAs, and monitored for proliferation for 5 

or 6 days as indicated in androgen deplete (-DHT) medium by MTT assay. Data are the 

mean ±SEM from 4 replicate assays. Asterisks denote statistically significant differences vs 

CTL knockdown cells (Student’s t-test: *p < 0.05; **p < 0.01; ***p < 0.001). j-n 22Rv.1, 

LNCaP AI, and PacMetUT1 cells were transfected with control (CTL KD) or either of 2 

GLI3-specific (GLI3 KD1, GLI3 KD2) shRNAs, cultured in androgen deplete medium, and 

monitored for androgen-independent colony formation (j and k) or transwell migration (l-n). 

Data are the mean ± SEM from 4 replicate assays. Asterisks denote statistically significant 

differences vs CTL knockdown cells (Student’s t-test: *p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 2. GLI3 is targeted for proteasomal degradation by WT but not oncogenic mutant SPOP.
a LNCaP whole cell lysates were subjected to immunoprecipitation (IP) with antibodies 

specific for GLI3 or isotype matched IgG. IPs were processed by western blot (WB) analysis 

using GLI3- and SPOP-specific antibodies as indicated. INPUT, 10% of lysate used in 

IP. b, c LNCaP cells were transfected with control (CNTL) or either of two different 

SPOP-specific shRNAs (SPOP KD1, SPOP KD2) (b) or increasing amounts of WT SPOP 

(c). Transfected whole cell lysates were processed by WB using antibodies specific for 

GLI3, SPOP, or TFIIEβ (loading control). In (c) cells were treated at 24 hrs post-transfection 

without or with MG132 (20 μM; 18 hrs) as indicated. d-e LNCaP cells transfected without 

or with Myc-tagged SPOP (M-SPOP; WT or mutant as indicated), were treated at 24 hrs 

post-transfection with MG132 (20 μM; 18 hrs). In (e), cells were also transfected with 
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HA-tagged ubiquitin (Ub). Transfected whole cell lysates were subjected to IP with GLI3-

specific antibodies and processed by WB using antibodies specific for GLI3, the Myc or HA 

epitopes, or TFIIEβ. INPUT, 10% of lysate used in IP. f LNCaP cells transfected without 

or with Myc-tagged SPOP (M-SPOP; WT or mutant as indicated) were treated at 24 hrs 

post-transfection without or with MG132 (20 μM;18 hrs). Transfected whole cell lysates 

were directly processed by WB using antibodies specific for GLI3, the Myc epitope, or 

TFIIEβ.
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Figure 3. GLI3 protein expression is elevated in SPOP mutant prostate cancer specimens.
a Quantitative GLI3 IHC analysis from 86 cases of SPOP mutation-negative (n=74) and 

SPOP mutation-positive (n=12) prostate cancers. A single SPOP mutant Y87C tumor 

specimen (red dot) was excluded from statistical consideration. Significance was determined 

by two-tailed t-test. b Representative images of GLI3 IHC performed on one SPOP WT and 

two SPOP mutant (F133V and Y87C) prostate tumors. Note that GLI3 is not elevated in 

the SPOP mutant prostate tumor carrying a Y87C mutation that retains the ability to bind, 

ubiquitylate, and promote the degradation of GLI3. c GLI3 IHC scoring schema.
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Figure 4. Pathologically stabilized GLI3 promotes androgen-independent growth of SPOP 
mutant prostate cancer cells through reactivation of an AR signaling axis.
a, b SPOP WT and F102C mutant LNCaP cells (clones F102C.1 and F102C.2) were treated 

with MG132 (20 μM) for 18 hrs prior to harvest and preparation of whole cell lysates. In 

(b) cell were additionally transfected for 48 hrs with HA-tagged Ub. Whole cell lysates 

were subjected to GLI3-specific IP followed by WB analysis using antibodies specific for 

GLI3, SPOP, the HA epitope, and TFIEβ as indicated. INPUT, 10% of lysate used in IP. 

c SPOP WT and F102C mutant LNCaP cells were treated without (−) or with (+) MG132 

(20 μM) for 18 hrs. Thereafter, whole cell lysates were processed directly by WB analysis 
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using antibodies specific for GLI3, SPOP, and TFIEβ as indicated. d RNA from SPOP WT 

and F102C mutant LNCaP cells was processed by RT-qPCR. SPOP and GLI3 mRNA levels 

were normalized to GAPDH and expressed relative to their mRNA levels in WT SPOP cells. 

Data are the mean ± SEM of 3 experiments performed in triplicate. e-g SPOP WT and 

F102C mutant LNCaP cells were seeded at low density in androgen-depleted medium. (e) 

Cells were monitored for proliferation by live cell counting. Data are the mean ± SEM of 3 

experiments in triplicate. Asterisks denote statistically significant differences vs SPOP WT 

cells (Student’s t-test: **p < 0.01; ***p < 0.001). (f, g) Cells were infected with control 

(CT), GLI3 (GLI3 KD1), or AR (AR KD1) shRNA-expressing lentiviruses 24 hrs prior to 

seeding or treated with DMSO (DM) or Cyclopamine (CYCLO) at the time of seeding. 

30 days later, cell colonies were stained with crystal violet. A representative experiment 

is shown in (f) and 3 independent experiments were quantified in (g). h-j SPOP WT and 

F102C LNCaP cells transduced without (−) or with (+) GLI3-specific shRNA-expressing 

lentivirus (GLI3 KD1) were subjected to RNA-seq. (h) Venn diagram depicts overlap among 

genes differentially expressed as a function of: (i) androgen (±DHT) in WT SPOP cells 

(blue); (ii) SPOP mutation status (-DHT; green); (iii) GLI3 (-DHT; orange). (i) Heat map 

of 184 overlapping genes from (h). Heatmap was generated from duplicate RNA-seq runs 

(colored number bars) for SPOP WT (aqua and yellow bars) and each of two clonal SPOP 

F102C mutant LNCaP (purple and orange) cell lines under the condition specified (−/+ 

DHT; −/+ GLI3 KD). Note that gene expression levels [up (red); down (green)] in SPOP 

mutant cells (-DHT; purple bar) approach gene expression levels in WT SPOP cells (+DHT; 

aqua bar), indicating partial restoration of AR signaling in the former. Notably, GLI3 

knockdown reverses this effect, diminishing restored androgen signaling in SPOP mutant 

cells (-DHT; orange bar). (j) Top 5 biological functions for the 184 genes co-regulated by 

androgen and GLI3 in SPOP mutant cells.
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Figure 5. GLI3 signaling supports castration resistant tumor formation.
a-c Subcutaneous tumors were generated by injection of gonadally intact mice with control 

(CTL KD) or either of 2 GLI3-specific (GLI3 KD1, GLI3 KD2), shRNA-expressing LNCaP 

cell lines. Once mean volumes in control and GLI3 knockdown tumors reached statistically 

comparable levels, mice were castrated and castration-resistant tumor growth was measured 

by tumor volume (a) and total photon flux following bioluminescence imaging (b). Eight 

weeks post-castration, control and GLI3 knockdown tumors were collected and weighed 

(c). Each data point in (a and b) represents the mean ± SEM from twelve single tumors. 

Asterisks denote statistically significant differences vs GLI3 knockdown tumors. In (c) 
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asterisks denote statistically significant differences vs control knockdown tumors (Student’s 

t-test: *p < 0.05; **p < 0.01; ***p < 0.001). d-i Mice (10 per group) were orthotopically 

injected with control (CTL KD) or either of 2 GLI3-specific (GLI3 KD1, GLI3 KD2), 

shRNA-expressing PacMetUT1 cell lines. (d) Tumor growth was monitored for 7 weeks 

post-inoculation by weekly bioluminescence imaging, and mean total photon flux (± 

SEM) was plotted for each group of 10 tumors. Asterisks denote statistically significant 

differences vs control tumors (Mann Whitney test: *p < 0.05; **p < 0.01). (e) Representative 

bioluminescence image from each group. (f) Comparison of tumor incidence in control 

versus GLI3 knockdown tumors (Fisher’s exact test, p<0.05). (g) Tumors were collected at 7 

weeks post-inoculation and weighed. Data represents the mean ± SEM from single tumors. 

Asterisks denote statistically significant differences vs control tumors (Student’s t-test: *p 

< 0.05). (h) Lungs were harvested at 7 weeks post-inoculation and GFP metastatic cancer 

cell colonies were visualized and counted. (i) Representative fluorescence image of GFP 

metastatic cancer cell colonies in the lung.
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Figure 6. GLI3 and AR co-regulated genes correlate with metastatic CRPC and predict 
recurrence.
a Gene set enrichment analysis shows significant enrichment of Hallmark Androgen 

Response genes in control (CTL KD) compared to GLI3 knockdown (GLI3 KD1) LNCaP 

AI cells. b Venn diagram comparison of genes found significantly upregulated by ≥ 2 fold in 

androgen replete (+DHT) compared to androgen-depleted (-DHT) LNCaP cells versus genes 

with significant ≥ 2 fold upregulation in control (CTL KD) compared to GLI3 knockdown 

(GLI3 KD1) androgen-depleted LNCaP cells. c Heatmap representation of unsupervised 
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hierarchical clustering of 150 tumor samples derived from prostate cancer patients(50) based 

on log2 (expression) values of 46 transcripts (from 31 androgen and GLI3 co-upregulated 

genes). One of the 32 genes in Panel b, LGALS8-AS1, was not found in the gene expression 

data provided by Taylor et al.(50) and hence excluded. The heatmap was plotted using 

R based ‘gplots’ package with default parameters. Red, green, and pink bars indicate 

metastatic tumor, primary tumor, and primary tumor samples from patients with observed 

clinical metastasis, respectively. d Kaplan-Meier plots depicting BCR-free survival of 140 

prostate cancer patients(50) stratified by expression clusters from panel (c). e Kaplan-Meier 

plots depicting BCR-free survival of 140 prostate cancer patients stratified by average 

expression of 9 transcripts (from 6 genes), which were found significantly (p-value < 0.05) 

upregulated in 19 metastatic tumors compared to 131 primary tumors. The expression values 

of the 9 transcripts for each patient were averaged. The patients with expression above and 

below the overall average expression of all 150 samples were classified as high and low 

expression groups, respectively.
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