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INTRODUCTION
Cancer cells can dynamically respond and adapt to therapy 

by reprogramming their signaling cascades (1, 2). An example 
of this response is found in prostate cancer, a leading cause 
of cancer death in men worldwide (3). A variety of therapies 
are currently available for prostate cancer, including andro-
gen deprivation therapy (ADT), chemotherapy (docetaxel, 
cabazitaxel), radium 223, sipuleucel-T, and antiandrogen 
therapy with abiraterone and enzalutamide, among others 
(4). Despite these therapeutic efforts, most patients’ tumors 
invariably progress toward a drug-resistant state driven by 
a series of key molecular signaling events (4–6). The study 
of these altered rewiring signaling cascades that drive and 
sustain drug resistance offers the opportunity to identify 
actionable targets that can improve the survival of patients.

In this context, recent years have witnessed the discovery 
of several master transcription factors that enhance lethal 

prostate cancer aggressiveness and confer resistance to ther-
apy (4). These factors share several features, such as the fact 
that they are at the top of a gene regulation hierarchy, their 
unaltered function as master regulators is indispensable 
in developmental programs and lineage acquisition, and 
when disrupted they can drive malignancies in more than 
one organ indicating their pan-cancer-promoting nature. 
As an example, the microphthalmia-associated transcrip-
tion factor (MITF), which acts by binding to E-box motifs 
and contains a DNA-binding basic helix–loop–helix leucine 
zipper (bHLH-Zip) as well as a dimerization motif, which 
allows homo- or heterodimerization with members of the 
“Mi” transcription family (7), has a main role in the patho-
genesis of multiple tumor types. “Mi” transcription family 
members, such as TFE3 and TFEB, participate in the patho-
genesis of a subgroup of renal cell carcinomas (8, 9), whereas 
MITF is key in melanocyte development (7, 10, 11) and also 

ABSTRACT Signaling rewiring allows tumors to survive therapy. Here we show that the decrease 
of the master regulator microphthalmia transcription factor (MITF) in lethal pros-

tate cancer unleashes eukaryotic initiation factor 3B (eIF3B)–dependent translation reprogramming of 
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findings uncover a hidden connection between transcriptional and translational rewiring promoting 
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contributes to melanoma. In melanoma, MITF behaves as 
an oncogene when amplified (12) and facilitates melanoma 
invasiveness (13, 14) and therapy resistance (15, 16) when 
MITF levels are low. In addition, MITF plays a role in the 
survival and growth of clear cell sarcoma (17) and pancreatic 
cancer (18). In prostate cancer, MITF through the regula-
tion of the heat-shock protein CRYAB has been suggested 
to suppress tumor initiation (19). However, the role of MITF 
in advanced therapy-resistant lethal stages of the disease  
remains unknown.

Changes in the cell proteome derived from transla-
tional deregulation are an adaptive dynamic mechanism 
that allows survival of the tumor cells to therapy (20). As 
such, translational control is an increasingly important 
hallmark of tumorigenesis (21, 22), and there is evidence 
demonstrating that translation regulation by eIF4 subu-
nits is a converging point downstream of the oncogenic 
PI3–AKT–mTOR, MYC, and MAPK signaling cascades in 
multiple human cancers (21, 23–25). In prostate cancer, 
eIF4 phosphorylation and subsequent dysregulation have 
been identified as a cause of pathogenesis (26–28), and 
4E-BP1 has been linked to initiation and maintenance of 
prostate cancer as an effector of the PI3K–AKT–mTOR 
signaling pathway (29, 30). Moreover, the androgen receptor 
(AR) inhibits translation initiation through direct 4E-BP1 
transcriptional regulation and AR loss results in increased 
translation, facilitating tumor cell proliferation (31). Never-
theless, the contribution of distinct subunits of the transla-
tion initiation complex to therapy resistance in prostate 
cancer remains poorly understood. For example, eukaryotic 
initiation factor 3B (eIF3B), a core subunit of the eIF3 trans-
lation initiation complex (32), is frequently overexpressed in 
prostate cancer (33), yet its contribution to lethal prostate 
cancer pathobiology remains unknown. Importantly, recent 
studies suggest that eIF3 subunits, including eIF3B, con-
tribute to organism development and iron metabolism by 
both enhancing and repressing the translation of specific 
mRNAs (34–37). Thus, current evidence pinpoints toward 
an unexplored and potentially relevant role of eIF3B in  
prostate cancer.

In this study, we report that the MITF–eIF3B signaling axis 
confers therapy resistance to lethal prostate cancer. MITF 
is most significantly downregulated in advanced therapy-
resistant prostate cancer when compared with normal and 
primary prostate cancer. Mechanistically, MITF represses the 
transcription of eIF3B, which, in turn when MITF levels 
decrease, affects via mRNA 5′  untranslated region (5′  UTR) 
binding on the translation of specific molecules, includ-
ing AR and MHC-I, conferring castration resistance and 
immune evasion. Notably, pharmacologic reprogramming 

of eIF3B-dependent translation sensitizes prostate cancer 
to ADT and anti–PD-1 therapy in patient-derived and syn-
genic mouse cell preclinical models. Collectively, these results 
define an actionable signaling rewiring axis that copes on 
both transcriptional and translational mechanisms, enabling 
tumor cells to survive therapy exposure and progress to lethal 
stages of the disease.

RESULTS
MITF Downregulation Boosts the Aggressiveness 
of Advanced Lethal Prostate Cancer

To identify understudied mechanisms that may contrib-
ute to the progression of lethal prostate cancer, we inter-
rogated the expression of 438 previously defined master 
transcription factors (38) in three publicly available patient 
datasets representing the transcriptome of primary and 
advanced therapy-resistant prostate cancer samples (39–41). 
This analysis confirmed the overexpression of several previ-
ously reported master transcription factors implicated in 
disease progression to lethal stages, such as ONECUT2 (42), 
FOXM1 (43), and GATA2 (44), as well as identified a subset 
of master transcription factors (TF) that decrease when 
comparing primary prostate cancer to advanced therapy-
refractory disease stages (Fig.  1A and B; Supplementary 
Table S1).

Based on the fact that MITF is a top master TF consist-
ently downregulated in the three datasets, together with 
recent publications suggesting that MITF represses early 
prostate cancer tumorigenesis (19) and may also play a role 
in advanced drug-tolerant prostate cancer (44), we decided 
to further investigate in detail the involvement of MITF 
downregulation in advanced lethal stages of the disease. 
Initially, to further define the clinical significance of MITF 
in the natural history of prostate cancer, we interrogated 
MITF expression levels in the three publicly available 
datasets and observed that MITF mRNA levels are most 
significantly decreased in advanced lethal prostate tumors 
when compared with both normal prostate and primary 
prostate cancer (Supplementary Fig. S1A). This result was 
confirmed when evaluating MITF protein expression in a 
cohort of 53 primary and 20 lethal metastatic castration-
resistant prostate cancer tissue samples (Fig.  1C). More-
over, when analyzing MITF protein expression in the 53 
primary prostate cancer tissue samples, we observed a sig-
nificant association between low MITF expression and high 
Gleason score, a well-established pathologic characteristic 
of primary prostate cancer aggressiveness (Supplementary 
Fig.  S1B). This association between MITF expression and 
Gleason score was also observed at the mRNA level in 

Figure 1. MITF expression is downregulated in advanced lethal prostate cancer patient samples. A, Heat maps of master transcription factor (TF) gene 
expression in indicated publicly available datasets (GSE35988, GSE3933, and GSE21032). The value in the heat map refers to the color bar. The bar plot 
shows the signed –log10 P values of the t test by comparing advanced/autopsy to primary prostate cancer. The bar marked in red highlights MITF. B, Venn 
diagram of upregulated and downregulated master TFs (P < 0.01) among three publicly available datasets. Top 10 commonly deregulated master TFs 
including at least 2 patient datasets are listed. C, Representative MITF IHC and quantification of MITF-positive cells in morphologically normal prostate 
glands from prostatectomy specimens, primary prostate cancer, and advanced prostate cancer. PCa, prostate cancer. Scale bar, 100 µm. D, Disease-free 
survival based on MITF protein expression in a cohort of 52 patients with primary prostate cancer with clinical follow-up. The MITF cutoff point was 
low ≤20% and high >20% MITF nuclear staining positive cells. E, Disease-free survival based on MITF mRNA expression in patients with primary prostate 
cancer from two publicly available datasets with clinical follow-up (GSE21032 and https://www.cancer.gov/tcga). The optimal cutoff point was selected 
automatically using the surv_cutpoint method from the survminer package in R/Bioconductor. TCGA, The Cancer Genome Atlas. *, P < 0.05.
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two publicly available datasets with Gleason annotation 
(Supplementary Fig.  S1C). Remarkably, primary tumors 
displaying a low MITF protein expression showed a higher 
risk of disease relapse (Fig. 1D). This result was confirmed 
in the two publicly available gene expression datasets 
containing primary prostate cancer patient samples with 
clinical follow-up (Fig. 1E).

To further evaluate the clinical significance of MITF in 
lethal prostate cancer, we identified the MITF-regulated 
gene network in prostate cancer, by gene expression profil-
ing and knowledge-based computational studies comparing 
control and MITF-knockdown conditions (Supplementary 
Fig.  S2A) in three prostate cancer cell lines displaying the 
highest MITF expression (Supplementary Fig.  S2B). RNA 
sequencing followed by differential expression analysis 
(Padj <0.05) resulted in the identification of a consensus gene 
signature of MITF-regulated genes (Fig.  2A). Interestingly, 
gene ontology analysis revealed that the MITF transcrip-
tomic signature was enriched for metabolic-, transport-, 
and protein-related biological categories (Fig. 2B). Of note, 
MITF expression and its downstream signature are down-
regulated in tumor cells when compared with normal cells 
(Supplementary Fig. S2C) in a publicly available single-cell 
prostate cancer transcriptomic dataset (45). Further, by 
gene set enrichment analysis (GSEA), MITF signature was 
also downregulated in primary prostate cancer samples 
with a high Gleason score (Supplementary Fig. S2D). Most 
notably, we observed that advanced metastatic castration-
resistant prostate tumors not only expressed lower levels of 
MITF but also significantly downregulated the MITF gene 
signature (Fig. 2C). Together, these findings, obtained using 
multiple publicly available datasets and a cohort of tissue 
samples, indicate that MITF downregulation may play a key 
role in the progression of the disease to a lethal metastatic 
therapy-resistant stage.

Next, we functionally evaluated the in vivo aggressive-
ness of MITF downregulation in prostate cancer cells. We 
intracardially injected into the left ventricle of mice short 
hairpin RNA (shRNA) MITF-depleted luciferase-labeled 
cells (Supplementary Fig.  S2E) and observed a significant 
increase in tumor photon flux (Fig. 2D), which was associ-
ated with decreased overall survival (Fig.  2E) when com-
pared with controls. The same results were observed when 
using CRISPR/Cas9 to knock out the MITFA isoform 
in 22Rv1 cells (Supplementary Fig.  S2F and S2G), the 
predominant MITF isoform expressed in prostate can-
cer cell lines (Supplementary Fig.  S2H) and in publicly 
available prostate cancer patient datasets (Supplementary 
Fig. S2I and S2J). Contrariwise, mice intracardially injected 
with prostate cancer cells overexpressing MITFA (Sup-
plementary Fig.  S2K) showed increased survival (Supple-
mentary Fig.  S2L). Thus, these functional studies provide 

the rationale to further evaluate the mechanisms through 
which MITF downregulation contributes to the aggressive-
ness of lethal prostate cancer.

eIF3B Is a Bona Fide MITF-Suppressed Gene That 
Contributes to Prostate Cancer Aggressiveness

To determine the clinically significant MITF downstream 
effectors, we selected genes that exhibited common differ-
ential expression patterns in both MITF-knockdown pros-
tate cancer cell experimental models and in prostate cancer 
patient transcriptomic datasets during the progression of 
primary to lethal prostate cancer, which led to identifying a 
subset of 11 uniformly deregulated genes (Fig.  3A; Supple-
mentary Fig. S3A). To functionally characterize these genes, 
we performed a focused loss-of-function genetic screen. After 
confirming the successful knockdown of the 6 overexpressed 
target genes in shMITF knockdown cells and 5 downregulated 
target genes in non–MITF-depleted shControl cells (Supple-
mentary Fig.  S3B and S3C), we monitored the resulting 
viability of prostate cancer cells. Notably, the knockdown 
of five genes, eIF3B and RRS1 in the upregulated group 
and ATPV0E1, TMEM243, and FYCO1 in the downregulated 
group, had a significant impact on colony formation (Fig. 3B 
and C).

We focused on dissecting the functional interplay between 
MITF and eIF3B, the MITF-suppressed gene that most 
strongly affected the viability of prostate cancer cells in our 
screen (Fig. 3B). We first confirmed that MITF and eIF3B are 
inversely expressed in clinical prostate cancer tissue samples. 
Analysis of four publicly available prostate cancer patient data-
sets revealed a strong inverse correlation at the mRNA level 
between MITF and eIF3B (Fig. 3D; Supplementary Fig. S3D). 
This result was also observed between MITFA and eIF3B in 
the two publicly available transcriptomic datasets that dis-
criminate among different MITF isoforms (Supplementary 
Fig. S3E). IHC analysis of prostate cancer tissue samples fur-
ther demonstrated an inverse association between MITF and 
eIF3B protein expression (Fig. 3E).

In addition, we functionally evaluated whether eIF3B is 
a direct effector gene of MITF. Indeed, eIF3B mRNA (Sup-
plementary Fig.  S3F) and protein levels (Supplementary 
Fig. S3G) increased after MITF depletion, and opposite results 
were observed when MITFA was overexpressed (Supplemen-
tary Fig. S3H and S3I). Notably, confirming that eIF3B medi-
ates the biological properties of MITF, we observed that eIF3B 
overexpression (Supplementary Fig. S3J) rescued the growth 
decrease induced by MITFA in prostate cancer cells (Fig. 3F).

Next, we sought to determine the transcription-based 
mechanism through which MITF represses eIF3B expres-
sion. Remarkably, MITF chromatin immunoprecipitation-
sequencing (ChIP-seq) in 22Rv1 cells identified MITF 
eIF3B promoter occupancy (Fig. 3G). Of note, an unbiased 

Figure 2. MITF downregulation increases the aggressiveness of prostate cancer. A, Heat map of MITF gene signature in DU145, 22Rv1, and ARCaPM 
cells transfected with siControl or two siRNAs targeting MITF, in triplicates. Red and blue colors indicate high and low gene expression, respectively. 
B, Biological processes (FDR ≤0.05) identified by gene ontology (GO) analysis of MITF gene signature. C, Modulation of MITF target gene signature 
from A in primary and advanced prostate cancer (PCa) patient samples from three publicly available datasets (GSE35988, GSE21032, and GSE3933). 
Orange and green colors indicate statistical significance (FDR) of induction and suppression of the target gene signatures, respectively (modified GSEA). 
D, Representative image and quantification of photon flux signals of mice intracardially injected with 105 DU145, 22Rv1, and ARCaPM shControl (C) or 
shMITF luciferase-tagged cells after 21 days. Ten male mice were used in each experimental group. E, Survival curves of mice from D. *, P < 0.05.
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analysis of multiple publicly available MITF ChIP-seq 
data from several cancer types identified consistent MITF 
prominent peaks in the eIF3B promoter (Supplementary 
Fig. S3K). Indeed, we identified five MITF-binding elements 
(MBE) that we termed MBE 1 to 5 in the eIF3B promoter. 
ChIP followed by qPCR assays revealed that MITF occu-
pies the five MBEs, but not the adjacent control region, 
and that a specific promoter region, constituting less than 
200nt and containing MBE 2 and 3, showed the highest 

MITF binding (Fig.  3H). In addition, an eIF3B-promoter 
cotransfection reporter assay showed that MITF deple-
tion activated luciferase transcription (Fig.  3I). On the 
contrary, overexpression of MITFA repressed transcription 
and mutation of the MBEs significantly reduced this effect 
(Fig.  3J), further confirming MITF regulation of eIF3B 
transcription by direct promoter binding. Thus, altogether 
these data demonstrate that eIF3B is a direct downstream 
MITF-repressed gene.
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Figure 3. eIF3B is a direct functional effector gene of MITF in prostate cancer. A, Diagram illustrates the experimental workflow used to identify 
and functionally validate 11 commonly deregulated genes in three MITF-depleted experimental models and two publicly available patient datasets 
(GSE35988 and GSE21032). RNA-seq, RNA sequencing. B and C, Quantification of colony formation in DU145, 22Rv1, and ARCaPM cells with upregu-
lated (stable shMITF cells; B) and downregulated (shControl cells; C) target genes transfected with control siRNA or two siRNAs targeting each MITF 
target gene. C, control. D, Pearson correlation analysis between MITF and eIF3B gene expression levels in indicated publicly available clinical prostate 
cancer datasets (GSE35988 and GSE21032). E, Representative MITF and eIF3B IHC and quantification in prostate cancer tissue samples. The MITF 
staining was scored as low ≤20% positive nuclei and high >20% positive nuclei, and eIF3B staining intensity was scored as low (− or +) and high (++) in 
three different areas of each tumor section. χ2 test = Chi-square test. Scale bar, 100 µm. (continued on following page)
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The MITF–eIF3B Axis Regulates a Specialized 
Translation Circuitry Including AR and 
MHC-I mRNAs

Based on previous studies proposing that the eIF3 com-
plex may promote or repress translation of specific mRNAs 
(34–36), we next investigated the impact of the MITF–eIF3B 
axis in regulating translation specificity in prostate cancer. 
For this purpose, we performed eIF3B enhanced cross-link-
ing immunoprecipitation sequencing (eCLIP-seq) in pros-
tate cancer cells. We observed strong enrichment of signals 
in the eIF3B eCLIP samples relative to the input, and peak 
calling analysis identified 15,102 regions with significant 
eIF3B binding (log2 fold change ≥3 and −log10(P) ≥3, n = 3; 
Supplementary Fig.  S4A; Supplementary Table  S2). These 
peaks were observed in 6,061 genes with distinct mRNA dys-
regulation between localized and advanced disease in three 
publicly available prostate cancer datasets (Supplementary 
Table S3). eIF3B binding was remarkably represented in the 
5′UTRs, covering up 65.4% of the enriched peaks (Fig. 4A). 
Moreover, Hypergeometric Optimization of Motif EnRich-
ment (HOMER) analysis on the 5′UTR binding sites iden-
tified an eight-nucleotide long U and C pyrimidine–rich 
motif (UC motif) with P  =  1e−121 that appeared in 1,541 
peaks (Fig.  4B). Of note, gene ontology (GO) analysis of 
eIF3-binding peak enriched mRNAs containing the UC-
rich 5′UTR motif not only determined biological processes 

related to ribosome biogenesis and protein processing but 
also enriched for cellular response to peptide hormone 
stimulus and immune response (Fig.  4C). Because castra-
tion resistance and immune evasion are biological processes 
of paramount importance in the pathogenesis of lethal 
prostate cancer, we decided to investigate further these two 
categories focusing on AR, a key TF driving pathogenesis 
in all stages of prostate cancer (4, 46) and MHC-I mem-
bers (HLA-A, -B, and -C), which play a fundamental role 
in antigen presentation to CD8+ T lymphocytes (47, 48). 
Importantly, the 5′ UTRs of AR, HLA-A, -B, and -C contained 
eIF3B eCLIP-seq peaks with the UC-rich motif (Fig. 4D and 
E; Supplementary Fig. S4B and S4C). To further evaluate if 
eIF3B modulates the expression of these molecules at the  
translational level, we conducted immunoblot and qPCR 
analysis of empty vector and eIF3B transduced cells. We 
observed that eIF3B overexpression did not induce a sig-
nificant increase in other eIF3 subunits (Supplementary 
Fig.  S4D), whereas an increased global protein synthesis 
measured by puromycin incorporation in nascent peptides 
was observed (Supplementary Fig.  S4E). Surprisingly in 
this context, AR protein expression increased, and MHC-I 
levels decreased (Fig.  4F), whereas mRNA levels remained 
unchanged (Fig. 4G). Of note, AR protein increase induced 
by eIF3B was not ascribed to an increase in AR protein 
half-life (Supplementary Fig. S4F). To further assess eIF3B 
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Figure 3. (Continued) F, Quantification of cell population doubling in DU145, 22Rv1, and ARCaPM cells transfected with empty (EV), MITFA, and/or 
eIF3B vectors. OE, overexpression. G, MITF ChIP-sequencing profile at the eIF3B locus in 22Rv1 cells. H, Cartoon depicting the five predicted MITF-bind-
ing elements (MBE) in the promoter region of eIF3B and ChIP-qPCR of MITF occupancy at MBE1–5 and flanking negative region in the eIF3B promoter 
of DU145, 22Rv1, and ARCaPM cells. TSS, transcription start site. I, Luciferase eIF3B promoter activity in DU145, 22Rv1, and ARCaPM cells following 
cotransfection of siRNA control or two siRNAs targeting MITF, or a Renilla transfection control (normalized relative to control siRNA). J, Luciferase eIF3B 
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regulation of AR and HLA-A translation, we performed pol-
ysome profiling in empty vector or eIF3B transduced cells. 
Overexpression of eIF3B resulted in a significant increase in 
AR and reduction in HLA-A mRNAs in polysomes, whereas 
the mRNA of the housekeeping gene GAPDH in polysomes 
did not change (Fig. 4H).

Next, to determine whether eIF3B levels regulate AR 
and HLA-A expression through the UC-rich 5′UTR motif, 
we generated luciferase reporter systems that included the 
5′UTRs of AR or HLA-A, containing a wild-type (WT) or a 
regulatory element deletion mutant. These constructs were 
subsequently transduced into 22Rv1 control and eIF3B-
overexpressing cells, and we observed that WT AR 5′UTRs 
displayed an increase in luciferase activity upon induction 
of eIF3B overexpression, whereas the opposite was observed 
in HLA-A (Fig. 4I and J). However, the noninsert control vec-
tor and the UC-rich motif deletion in AR and HLA-A 5′UTRs 
were both insensitive to eIF3B overexpression (Fig.  4I and 
J). Interestingly, swapping the 5′UTR UC-rich motif from 
AR to HLA-A and vice versa did not alter luciferase activity 
upon induction of eIF3B overexpression (Supplementary 
Fig.  S4G). Thus, suggesting that, although the UC-rich 
motif is necessary for eIF3B binding to 5′UTRs, additional 
mechanisms are responsible for activating or repressing 
the translation of specific mRNAs. Moreover, the addition 
of m7G cap analogue to 22Rv1 protein extracts inhib-
ited translation of both AR and HLA-A luciferase reporter 
mRNAs, indicating that eIF3-dependent translation of both 
mRNAs is cap-dependent (Supplementary Fig.  S4H and 
S4I). These results suggest that eIF3B in prostate cancer 
may modulate translation in a transcript-specific manner 
by recognizing a UC-rich motif and mechanistically explain 
the biological impact of eIF3B overexpression in lethal 
prostate cancer.

Furthermore, we confirmed that MITF through eIF3B con-
trols AR and HLA-A expression. eIF3B ultraviolet cross-linked 
RNA immunoprecipitation (UV-RIP) and quantitative poly-
merase chain reaction (qPCR) of MITF-depleted prostate 
cancer cells showed enriched AR and HLA-A (Fig. 4K) mRNA 
binding to eIF3B, which resulted in the observed increased 
AR and decreased MHC-I protein levels (Supplementary 
Fig.  S4J), whereas mRNA levels remained unchanged (Sup-
plementary Fig. S4K). Opposite results were observed on AR 
and MHC-I protein levels in MITFA-overexpressing prostate 
cancer cells (Fig. 4L).

Finally, conscious that mTOR is a key regulator of 
translation (23, 30), we next investigated for potential 
cross-talk with the MITF–eIF3B axis. Treatment of 22Rv1 
and LNCaP cells with the mTOR inhibitor, rapamycin, did 
not affect either MITF or eIF3B expression (Supplemen-
tary Fig. S4L). In addition, MITF depletion did not modify 
the expression of mTOR-modulated translation, as shown 
by no changes in phospho-p70 S6 kinase and phospho-
4E-BP1 expression (Supplementary Fig. S4M). Thus, these 
results suggest that the MITF–eIF3B axis impacts transla-
tion in prostate cancer cells independently from mTOR 
pathway activity.

The MITF–eIF3B Axis Confers Resistance to ADT
Because AR overexpression is a frequent adaptive trait 

conferring resistance to ADT (4, 46), we next raised the 
question of whether the MITF–eIF3B axis could contrib-
ute to castration resistance. Supporting the clinical sig-
nificance of this axis, we observed a strong MITF-negative 
and eIF3B-positive correlation with an AR effector signa-
ture of 31 genes (49) in multiple publicly available pros-
tate cancer patient datasets (refs. 39, 40, 50, 51; Fig.  5A; 
Supplementary Fig.  S5A). Functionally, we observed that 
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in the androgen-responsive prostate cancer cells, LNCaP 
and VCaP, MITF depletion increased eIF3B mRNA (Sup-
plementary Fig.  S5B), as well as eIF3B and AR protein 
levels (Supplementary Fig.  S5C). The increase in AR pro-
tein expression under MITF-knockdown conditions also 
increased the transcription of the AR-regulated genes 
KLK3 and TMPRSS2 (Supplementary Fig.  S5D). Oppo-
site results were observed when overexpressing MITFA 
(Supplementary Fig.  S5E and S5F). Notably, both MITF 
knockdown and eIF3B overexpression increased LNCaP 
and VCaP proliferation when cultured in charcoal-stripped 
(CS) serum media (Fig.  5B) and conferred resistance to 
the antiandrogen receptor antagonist enzalutamide (Sup-
plementary Fig. S5G and S5H). Of note, we observed that 
when degrading AR protein using the ARV-110 proteolysis- 
targeting chimera (PROTAC; Supplementary Fig.  S5I), 
eIF3B-overexpressing prostate cancer cell proliferation sig-
nificantly decreased (Supplementary Fig. S5J), thus further 
supporting that AR modulation by eIF3B is key in confer-
ring resistance to ADT. Moreover, the proliferation of MITF-
knockdown cells was higher than control cells in the presence 
of 1  nmol dihydrotestosterone (DHT) than when cultured 
with 10  nmol DHT (Supplementary Fig.  S5K). Notably, in 
vivo subcutaneous tumors generated in castrated mice from 
LNCaP and VCaP shMITF- or eIF3B-overexpressing cells 
grew faster when compared with control tumors, as demon-
strated by photon flux (Fig. 5C) and tumor weight (Fig. 5D;  
Supplementary Fig. S5L).

Furthermore, we investigated if eIF3B overexpression con-
tributes to castration resistance in patient-derived models 
(Fig.  5E). Indeed, consistent with the above results, eIF3B 
overexpression in hormone-sensitive organoids generated 
from patient-derived prostate cancer xenograft models (44, 
52) increased AR protein levels (Supplementary Fig.  S5M) 
without affecting mRNA levels (Supplementary Fig.  S5N), 
and significantly increased organoid viability when cul-
tured in CS serum media (Fig.  5F). Remarkably, in vivo 
subcutaneous tumors generated from eIF3B-overexpressing 
organoids grew faster in intact and castrated mice than in 
tumors derived from isogenic empty vector control organoids  
(Fig. 5G).

Collectively, these results from cell line and patient-derived 
models indicate that the MITF–eIF3B axis by modulating AR 
protein expression may contribute to prostate cancer progres-
sion to antiandrogen therapy.

The MITF–eIF3B Axis Promotes Immune Evasion
Mechanisms of immune evasion are multifactorial (53) and 

include major histocompatibility complex class I (MHC-I) 

downregulation (54–60). Given that the MITF–eIF3B axis 
curtails MHC-I expression, we next raised the question if 
the identified signaling axis contributes to immune evasion 
in prostate cancer. Supporting the clinical relevance of this 
axis, we observed in patient tumor samples that high eIF3B 
protein expression was significantly associated with a lower 
MHC class I protein abundance (Fig. 6A) and a lower tumor-
infiltrating lymphocyte CD8/CD3 ratio (Fig.  6B). In addi-
tion, interrogation of prostate cancer tissue samples from 
multiple publicly available primary and metastatic therapy-
refractory patient transcriptomic datasets (39, 40, 50, 51, 60) 
showed eIF3B mRNA levels to be negatively correlated with 
a T effector mRNA signature (Fig.  6C), whereas no signifi-
cant association was identified between eIF3B mRNA levels 
and an MHC-I mRNA signature (Supplementary Fig.  S6A), 
thus pointing to a translation-based eIF3B–MHC-I immune 
evasion mechanism.

To determine whether the MITF–eIF3B axis inhibits anti-
cancer immune responses, we assessed this axis in TRAMP-
C2 and MyC-CaP mouse cell lines and observed that both 
MITF depletion (Supplementary Fig.  S6B) or eIF3B over-
expression (Supplementary Fig.  S6C) decreased MHC-I 
protein expression, without affecting the mRNA levels 
(Supplementary Fig.  S6D and S6E). To test the impact of 
this signaling axis on immune evasion, we injected eIF3B-
overexpressing and empty vector TRAMP-C2 and MyC-
CaP cells subcutaneously into C57BL/6 and FVB/N male 
mice, respectively. Once tumors formed, Poly(I:C) was 
intratumorally injected to trigger an immune response 
(61, 62). Poly(I:C) administration decreased the growth of 
control (TRAMP-C2 and MyC-CaP empty vector) tumors 
(Fig.  6D) and prolonged the overall mouse survival (Sup-
plementary Fig. S6F). Notably, the growth-inhibiting effect 
of Poly(I:C) disappeared in eIF3B-overexpressing tumors 
(Fig.  6D; Supplementary Fig.  S6F). Moreover, we observed 
that eIF3B-overexpressing tumors treated with Poly(I:C) 
had significantly lower cytotoxic CD8+ T-infiltrating cells, 
including cytotoxic granzyme B–positive CD8+ T cells 
(Fig.  6E and F; Supplementary Fig.  S6G) when compared 
with control tumors. To further determine the contribution 
of T-cell surveillance on eIF3B-dependent tumor growth, we 
subcutaneously injected empty vector (control) and eIF3B-
overexpressing cells into immunocompetent (C57BL/6 and 
FVB/N) or immunocompromised (NOD/SCID) mice that 
lack functional T cells. Notably, we observed that the lack 
of T cells in NOD/SCID mice decreased the differences 
in tumor growth between control and eIF3B-overexpress-
ing tumors (Supplementary Fig.  S6H). Next, we investi-
gated if the MITF–eIF3B axis could confer resistance to 

Figure 5. The MITF–eIF3B axis confers resistance to ADT. A, Pearson correlation analysis between MITF or eIF3B mRNA abundance with the expres-
sion of a 31-androgen receptor signature in tumor specimens from the indicated prostate cancer datasets (https://www.cancer.gov/tcga and GSE21032).  
TCGA, The Cancer Genome Atlas. B, Cell population doubling of LNCaP and VCaP cells transduced with shControl, shMITF, empty (EV), or eIF3B vector 
cultured in CS FBS and phenol red–free media. C, Representative imaging and quantification of tumor photon flux signals in castrated mice after 6 weeks 
of subcutaneous injection of 106 LNCaP and VCaP shControl or shMITF luciferase-tagged cells. Ten mice were used for each experimental group. C, control. 
D, Representative image and quantification of tumor weights in castrated mice subcutaneously injected with 106 LNCaP and VCaP EV or eIF3B vector 
luciferase-tagged cells. E, Diagram depicts the workflow used to generate patient-derived hormone-sensitive xenograft and organoid models. PC, prostate 
cancer; PDX, patient-derived xenograft. F, Representative image and cell viability (MTS) quantification of EV or eIF3B-overexpressing prostate cancer 
organoids cultured in regular media supplemented with FBS 10% or CS and phenol red–free media. G, Tumor growth curves of subcutaneous tumors 
generated after injecting control (EV) or eIF3B-overexpressing organoids (Org) in intact host mice and after castration. Mice were castrated (arrow) once 
tumors reached a size of 200 mm3. Ten mice were used for each experimental group. Data, mean ± SD of at least 3 experiments. *, P < 0.05; **, P < 0.0001.
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immune-checkpoint inhibitor (ICI) therapy. Similar to what 
we observed with Poly(I:C), eIF3B overexpression not only 
reduced the therapeutic efficacy of anti–PD-1 (Fig. 6G) but 
also decreased the accumulation of CD8+ T cells in TRAMP-
C2 and MyC-CaP tumors (Supplementary Fig.  S6I and 
S6J). Of note, the immune evasion effects induced by eIF3B 
overexpression were not ascribed to changes in eIF4E and 
eIF4G levels or subunit complex assembly (Supplementary  
Fig. S6K).

These data support that eIF3B elevation inhibits T-cell–medi-
ated immune response and may contribute to the observed 
limited clinical efficacy of immune-checkpoint inhibitors in 
lethal prostate cancer.

Targeting the MITF–eIF3B Axis Enhances 
Androgen Deprivation and Immune-Checkpoint 
Therapy Efficacy

Given that eIF3B increase upon MITF downregulation in 
prostate cancer modulates the expression of key molecules 
associated with drug resistance, we investigated whether 
this axis could be pharmacologically targeted to enhance 
therapy efficacy.

Proximity ligation (Fig.  7A) and immunoprecipitation 
(Supplementary Fig.  S7A) assays showed that 4EGI-1, a 
small molecule that disrupts the eIF4E/eIF4G complex 
translation initiation assembly (63), also impedes eIF3B 
binding to the translation initiation complex. Indeed, 
suggesting that eIF3B-dependent translation can be phar-
macologically targeted, we observed that 4EGI-1 altered 
AR and HLA-A translation, whereas GAPDH translation 
remained unaltered (Fig. 7B) and reverted both the protein 
increase of AR and decrease in MHC-I induced by eIF3B 
overexpression in 22Rv1 cells (Fig.  7C) without modifying 
mRNA levels (Supplementary Fig. S7B). Importantly, these 
effects were observed at 4EGI-1 concentrations that do 
not completely inhibit translation, as measured by labeling 
neonascent peptides with puromycin (Fig.  7D). Notably, 
supporting that 4EGI-1 impairs eIF3B translation, changes 
in AR and MHC-I expression induced by 4EGI-1 were also 
observed when overexpressing the eIF4 translation inhibitor 
4E-BP1 (Supplementary Fig. S7C). Remarkably, in vivo stud-
ies confirmed that 4EGI-1 administration to mice bearing 
22Rv1 xenografts disrupted eIF4E–eIF3B complex binding 
(Supplementary Fig. S7D) and deregulated AR and HLA-A 
mRNA translation (Supplementary Fig.  S7E), resulting in 
a decreased AR and increased MHC-I protein expression 

(Supplementary Fig.  S7F), without completely abrogating 
translation (Supplementary Fig. S7G).

Based on recent studies that demonstrated that combined 
therapies targeting AR in the context of hormone-sensitive 
disease significantly improved the survival of prostate can-
cer patients by delaying the onset of castration resistance 
(64–66), we tested the efficacy of combining 4EGI-1 with 
ADT. Indeed, as observed with 22Rv1 cells, exposure of 
hormone-sensitive LNCaP and VCaP cells to 4EGI-1 signifi-
cantly reduced AR protein levels (Supplementary Fig.  S7H) 
and induced apoptosis of prostate cancer cells cultured in CS 
serum media (Supplementary Fig. S7I). This result was also 
observed in vivo, where 4EGI-1 in combination with ADT sig-
nificantly decreased tumor size (Fig. 7E and F) and induced 
cleaved-caspase 3 expression in LNCaP and VCaP xenografts 
(Fig.  7G). Moreover, we further tested the efficacy of com-
bining 4EGI-1 with ADT in 3 hormone-sensitive patient-
derived xenograft (PDX) models (52). 4EGI-1 administration 
decreased AR protein expression (Supplementary Fig.  S7J) 
in all three models. Notably, the survival of mice intracardi-
ally injected with prostate cancer cells significantly increased 
when combining 4EGI-1 with ADT compared with each treat-
ment alone (Fig. 7H).

We next investigated if disrupting eIF3B-dependent trans-
lation may sensitize prostate cancer cells to immune-check-
point inhibition. At first, we tested the effect of 4EGI-1 
on MHC-I expression in TRAMP-C2 and MyC-CaP mouse 
prostate cancer cells. Notably, 4EGI-1 resulted in a signif-
icant increase in MHC-I protein abundance (Supplemen-
tary Fig.  S7K), but not mRNA expression (Supplementary 
Fig.  S7L). We further observed that eIF3B-overexpressing 
cells when exposed to 4EGI-1 increased MHC-I expression 
(Supplementary Fig. S7M), suggesting that MHC-I decrease 
induced by eIF3B can be pharmacologically reverted.

Next, we assessed whether 4EGI-1 could increase the 
efficacy of anti–PD-1 therapy. Notably, in vivo 4EGI-1 
administration increased MHC-I protein expression (Sup-
plementary Fig. S7N) and significantly potentiated the effi-
cacy of anti–PD-1 therapy, as assessed by decreased tumor 
growth (Fig.  7I), enhanced tumor infiltration by cytotoxic 
CD8+ T cells (Supplementary Fig.  S7O) and increase in 
mouse survival (Fig.  7J) when compared with control and 
single-agent-treated mice. Of note, the effect of combin-
ing 4EGI-1 and anti–PD-1 therapy was reverted upon 
CD8+ T-cell depletion (Supplementary Fig. S7P). Moreover, 
we observed that the efficacy of combining 4EGI-1 and 

Figure 6. The MITF–eIF3B axis promotes immune evasion. A, Representative IHC and quantification of eIF3B and MHC-I expression in prostate 
cancer tissue samples. The eIF3B and MHC-I staining intensity was scored as low (− or +) and high (++) in three different areas of each tumor section. 
χ2 test = Chi-square test. B, Representative IHC and quantification of the CD8/CD3 ratio in eIF3B low and high expressing prostate tumors. CD8- and 
CD3-positive cells were counted in three different areas of each tumor section. C, Pearson correlation analysis between eIF3B mRNA abundance and the 
expression of a T-cell effector signature (CD8A, GZMA, and GZMB) in tumor specimens from the indicated prostate cancer datasets (https://www.cancer.
gov/tcga, GSE21032, GSE84043, and GSE35988, https://github.com/cBioPortal/datahub/tree/master/public/prad_su2c_2019). TCGA, The Cancer Genome 
Atlas. D, Representative image and quantification of tumor weights of empty vector (EV) and eIF3B-overexpressing TRAMP-C2 and MyC-CaP tumors intra-
tumorally injected with vehicle (Veh.; PBS) or Poly(I:C) 2.5 mg/kg, intratumoral. Five male mice were used for each experimental group. E, Cytometry by time 
of flight (CyTOF) analysis of TRAMP-C2 tumors. PhenoGraph-defined cellular distribution and clustering, as defined by tSNE1 and tSNE2 (t-distributed 
stochastic neighbor embedding), colored by cellular phenotypes in TRAMP-C2 EV and eIF3B-overexpressing tumors from mice at 2 days after the last 
intratumoral injection of vehicle (PBS) or Poly(I:C). F, CyTOF analysis of TRAMP-C2 tumors. Data derived from normalized viable single cells analyzed by 
the PhenoGraph algorithm are shown in the bar graph as means ± SD (n = 3). Statistical significance was determined by one-way ANOVA with Bonferroni 
correction for multiple tests. CTL, cytotoxic T lymphocyte; MDSC, myeloid-derived suppressor cells; NK, natural killer cells. G, Tumor growth curves of 
TRAMP-C2 and MyC-CaP subcutaneous tumors generated after injecting 106 eIF3B-overexpressing or EV cells in mice intraperitoneally treated with IgG 
or anti–PD-1 (250 µg/i.p., alternate days). Ten male mice were used for each experimental group. Data, mean ± SD of at least 3 experiments. *, P < 0.05. 
Scale bar, 100 µm.
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anti–PD-1 decreased in tumors generated from TRAMP-C2 
H2-K1/H2-D1 knockout cells (Supplementary Fig.  S7Q), 
indicating that MHC-I expression is necessary to enhance 
anti–PD-1 efficacy by 4EGI-1.

Altogether, these data demonstrate an eIF3B-dependent 
translation mechanism that confers therapy resistance and when 
targeted may increase ADT and ICI efficacy in prostate cancer.

DISCUSSION
The progression of prostate cancer toward a lethal therapy-

refractory state is paralleled by a rewiring process in which 
cancer cells deregulate their signaling programs to survive 
multiple environmental changes and sustain tumor growth. 
In this study, we have uncovered that MITF downregulation 
in prostate cancer transcends beyond its potential tumor-
suppressive role in prostate cancer initiation (19) and con-
tributes to key biological properties enabling lethality in 
prostate cancer patients, namely, castration resistance and 
decreased immune surveillance, by facilitating eIF3B-depend-
ent translation of specific mRNAs.

By interrogating the expression of master regulator TFs in 
multiple transcriptome patient datasets, we identified that 
MITF is consistently downregulated in advanced therapy-
refractory prostate cancer samples when compared with pri-
mary tumors. Indeed, supporting that MITF downregulation 
may contribute to the pathogenesis of lethal prostate can-
cer we observed that MITF expression is most significantly 
downregulated in advanced therapy-refractory lethal stages 
of the disease and that primary prostate cancer displaying low 
MITF levels are significantly associated with disease relapse. 
These clinical correlates were further validated function-
ally in vivo, where intracardiac injection of MITF-depleted 
prostate cancer cells decreased the survival of mice. Of note, 
this observation was confirmed by our converse finding that 
overexpression of MITFA, the predominant MITF isoform 
expressed in prostate cancer, significantly reduced prostate 
cancer aggressiveness. We also show that the role of MITF in 
prostate cancer is driven by direct promoter binding and sub-
sequent transcriptional regulation of eIF3B, a key component 
of the translation initiation complex with previously reported 
oncogenic functions (67).

A critical feature of translational regulation is the abil-
ity to promptly rewire the cell proteome in response to 

changing environments, such as therapy exposure. Trans-
lational regulation may modify the signaling activity of 
specific mRNAs that contribute to cancer cell survival. In 
this context, we reveal that eIF3B controls the translation 
of AR and MHC-I. eIF3B eCLIP-seq analysis showed unan-
ticipated specificity of eIF3B binding to a 5′UTR UC-rich 
motif, and that through this motif binding AR and HLA-A 
mRNA translation is dependent on eIF3B amount. These 
results are in line with previous studies demonstrating spe-
cialized mRNA translation by specific eIF3 subunits, which 
utilizes different modes, including direct interaction with 
5′UTR motifs and secondary stem-loop binding, to exert 
either translational activation or repression (34–36). Indeed, 
within the context of AR and HLA-A target mRNAs, the 
5′UTR UC-rich motif is required for eIF3B to regulate their 
translation. However, it remains unresolved how, besides 
the 5′UTR UC-rich motif, secondary mRNA structure and 
direct or indirect interaction with RNA binding proteins 
may either promote or repress the translation of these 
eIF3B targets. Future studies are required to biochemi-
cally address the additional mechanisms that dictate eIF3B 
translational regulation on specific mRNAs. In addition, 
our observation that eIF3B participates in cap-dependent 
translation of AR and MHC-I is consistent with previous 
publications demonstrating that eIF3 subunits can utilize 
eIF4E-independent mechanisms of cap-dependent mRNA  
translation (37, 68).

Advanced prostate cancer unequivocally acquires resistance 
to ADT and can survive despite low levels of circulating andro-
gens (69). To date, classic mechanisms that underlie the devel-
opment of ADT resistance include AR overexpression through 
gene mutations or amplification, changes in androgen biosyn-
thesis, generation of constitutively active AR splice variants, 
increased AR enhancer activity, and cross-talk with other signal-
ing pathways (70–72). Here we present evidence of a translation 
mechanism contributing to lethal prostate cancer progression, 
as we describe how the MITF–eIF3B signaling axis regulates AR 
protein expression. It is likely that in this context, the MITF–
eIF3B axis confers upon prostate cancer cells a rapid increase 
in AR expression through direct translation regulation, facili-
tating a timely response to the drastic decrease of circulating  
androgens induced by ADT.

Translation deregulation by the MITF–eIF3B axis extends 
beyond AR overexpression and entails pathways that may 

Figure 7. Targeting eIF3B-dependent translation increases the efficacy of ADT and ICI therapy. A, Representative images and quantification of eIF4G–
eIF4E and eIF3B–eIF4E proximity ligation assays (PLA) in 22Rv1 cells treated with vehicle (DMSO) or 4EGI-1 (10 µmol/L) for 24 hours. B, Representative 
polysome profiling; AR, HLA-A, and GAPDH mRNA levels determined by qPCR from polysome fractions of 22Rv1 cells treated with vehicle (DMSO) or 
4EGI-1 (5 µmol/L, 24 hours). The percentage of AR, HLA-A, and GAPDH mRNA distributed in each fraction against total mRNA is shown. C, eIF3B, AR, and 
MHC-I immunoblot in 22Rv1 empty vector (EV) or eIF3B-overexpressing cells treated with vehicle (DMSO) or 4EGI-1 (5 µmol/L, 24 hours). endo, endo-
genous; FL, full length; OE, overexpression; Vs, variants. D, Puromycin, AR, and MHC-I immunoblot in 22Rv1 cells cultured with puromycin (100 nmol/L) 
and treated with vehicle (DMSO) or 4EGI-1 (5 or 50 µmol/L) for 24 hours. E, Representative image and quantification of tumor photon flux signals of 
castrated male mice bearing subcutaneous LNCaP and VCaP luciferase-tagged tumors treated with vehicle (DMSO) or 4EGI-1 (75 mg/kg/i.p., 5 days  
a week). Five male mice were used for each treatment group. F, Experimental diagram and quantification of LNCaP and VCaP tumor weights of intact 
and castrated (ADT) mice treated with vehicle (DMSO) or 4EGI-1 (75 mg/kg/i.p., 5 days a week) for 28 days. Five male mice were used for each treat-
ment group. G, Representative cleaved-caspase 3 IHC and quantification in LNCaP and VCaP xenografts from castrated mice treated with vehicle 
(DMSO) or 4EGI-1 (75 mg/kg/i.p., 5 days a week) for 1 week. Five male mice were used for each treatment group. H, Survival of intact and castrated mice 
intracardially injected with 105 PDX prostate cancer cells treated with vehicle (DMSO) or 4EGI-1 (75 mg/kg/i.p., 5 days a week). *, P < 0.05 (intact mice). 
*, P < 0.05 (castrated mice). Ten male mice were used for each treatment group. I, Representative image and quantification of TRAMP-C2 and MyC-CaP 
tumor weight of mice treated with vehicle (DMSO), 4EGI-1 (75 mg/kg/i.p., 5 days a week), anti–PD-1 (250 µg/i.p., alternate days) alone or in combination. 
Ten male mice were used for each treatment group. J, Survival curves of mice intracardially injected with 105 TRAMP-C2 and MyC-CaP cells treated with 
vehicle (DMSO), 4EGI-1 (75 mg/kg/i.p., 5 days a week), or anti–PD-1 (250 µg/i.p., alternate days) alone or in combination. Ten male mice were used for 
each treatment group. Data, mean ± SD of at least 3 experiments. ns, not significant. *, P < 0.05. Scale bar, 100 µm.
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be involved in immune evasion, as evidenced by our finding 
that eIF3B overexpression contributes to MHC-I protein 
downregulation. Prostate cancer exhibits limited responses 
to immune-checkpoint blockade therapy (73). Mechanisms 
associated with this lack of responsiveness are multiple 
and involve a myriad of signaling pathways, including 
distinct translational mechanisms that have been mainly 
focused on studying PD-L1 expression (74–76). Here we 
demonstrate a novel mechanism by which eIF3B selec-
tively represses MHC-I mRNA translation and contributes 
to the decreased immunosurveillance observed in lethal 
prostate cancer. Of note, the immunomodulatory eIF3B-
dependent translation mechanism identified in our study 
may cooperate with AR-induced cell-extrinsic and -intrinsic 
immune evasion (77–80), as well as contribute to immune 
evasion in the absence of AR expression in prostate cancer. 
Indeed, the immunoregulatory role of the MITF–eIF3B 
axis may transcend beyond prostate cancer, because MITF 
binds to the eIF3B promoter in multiple cancer cell types 
(see Supplementary Fig.  S3K). Thus, for example, low 
MITF expression in melanoma cells may confer resistance 
to immunotherapy (81) by not only inducing dedifferen-
tiation and lack of antigen production (82), but also by 
decreasing antigen presentation through eIF3B-mediated 
MHC-I translation repression.

The biological pathways influenced by the MITF–eIF3B 
axis are therapeutically relevant. Indeed, our results demon-
strate that pharmacologic targeting of translation subunits 
does not exclusively decrease general translation, but may 
also remodel the translatome, as previously demonstrated 
by others (83). Here we show that the small-molecule 4EGI-
1, designed to disrupt the interaction between translation 
initiation factors, can also modulate the eIF3B-dependent 
translation of AR and MHC-I. Remarkably, 4EGI-1 not only 
disrupted eIF3B binding to eIF4 but also modulated AR 
and MHC-I expression in prostate cancer cells overexpress-
ing 4E-BP1. Consequently, we observed that exposure of 
prostate tumors to 4EGI-1 at concentrations that do not 
completely block translation decreased AR and increased 
MHC-I expression, enhancing the efficacy of ADT and 
anti–PD-1 therapy. Thus, our results provide proof of con-
cept on how disrupting eIF3B-dependent translation may 
lead to novel therapeutic strategies and strongly advocate 
for the need to further develop more potent and specific 
eIF3 inhibitors.

In summary, this study uncovers how the MITF–eIF3B axis 
contributes to the pathobiology of lethal prostate cancer and 
broadens our understanding of how the cancer cell rewires dis-
tinct signaling pathways coupling transcription and translation 
mechanisms that provide the rationale to develop more effective  
therapeutic strategies.

METHODS
Human Prostate Cancer Tissues

Anonymized human formalin-fixed, paraffin-embedded (FFPE) pri-
mary (n  =  53) and advanced metastatic castration-resistant prostate 
cancer (n  =  20) tissue samples were collected from the Mount 
Sinai GU Biorepository (IRB#11-01565) under Institutional Review 
Board–approved protocol. All patients provided written informed 

consent to obtain tumor biopsies. All tissue sections were reviewed 
by a pathologist to confirm prostate cancer origin.

Animal Experimental Models
All animal experiments were performed in the AAALAC-accred-

ited Comparative Bioscience Center at Mayo Clinic. Experiments 
were in accordance with NIH guidelines for animal care and use, 
and approved and overseen by the Mayo Clinic Institutional Animal 
Care and Use Committee. All mouse procedures were performed 
with immunocompromised (CB17-Prkdcscid/; RRID:IMSR_JAX: 
001303) and immunocompetent (FVB/N; RRID:IMSR_JAX:001800 
and C57BL/6; RRID:IMSR_JAX:005304) obtained from The Jack-
son Laboratory. For castration, anesthetized and surgically pre-
pared animals were placed in dorsal recumbency. Both testes were 
then pushed down into the scrotal sacs by pressuring the abdomen. 
A 1-cm incision was made in the scrotum to expose the tunica. The 
tunica was pierced, and the testes were pushed out one at a time and 
then raised to expose the underlying blood vessels. The vas deferens 
with the prominent blood vessels running along them were located 
using a forceps and the testis were dissected away from the fat 
and removed. The vas deferens and ducts were then replaced back 
into the tunica, and skin incisions were closed with stainless steel 
wound closures and removed after 10 days. For intracardiac injec-
tions, 3- to 4-week-old mice were used. For the rest of the experi-
ments 6- to 7-week-old mice were used. See Methods for mouse 
work-specific procedures.

Prostate Cancer Cell Lines, Syngenic Mouse Tumors, 
and Preclinical Patient-Derived Xenograft and 
Organoid Models

The authenticated prostate cancer DU145 (RRID:CVCL_0105), 
22Rv1 (RRID:CVCL_1045), LNCaP (RRID:CVCL_0395), VCaP 
(RRID:CVCL_2235), MyC-CaP (RRID:CVCL_J703), and TRAMP-C2 
(RRID:CVCL_3615) cells were obtained from ATCC and tested neg-
ative for Mycoplasma. ARCaPM cells were obtained from Novicure. 
DU145, 22Rv1, and ARCaPM were grown in RPMI media with 10% 
FBS; LNCaP cells were grown in minimum essential media (IMEM) 
supplemented with 5% FBS and VCaP, MyC-CaP, and TRAMP-C2 
cells were grown in Dulbecco’s modified media supplemented with 
10% FBS. Cells were grown at 37°C in a humidified atmosphere with 
5% CO2. The cells were screened for Mycoplasma every 1–2 months 
using a Myco-Sniff Mycoplasma PCR detection kit. Moreover, to 
avoid passage-dependent effects and ensure valid and reproducible 
experimental results, the cell passage number was kept under 30. 
To assess cell growth under steroid-depleted conditions, prostate 
cancer cells were cultured with phenol red-free media supplemented 
with 5% charcoal dextran-treated FBS. Syngenic mouse tumors 
generated from TRAMP-C2 and MyC-CaP cells were used to assess 
in vivo eIF3B effects on immune evasion and test the activity of 
combining 4EGI-1 (Selleckchem) with anti–PD-1 therapy (Bio X 
Cell; clone RMP1-14). Advanced prostate cancer xenograft mod-
els (PDX1, PDX2, and PDX3) generated from circulating tumor 
cells from prostate cancer patients previously characterized by 
our group (44, 52) were used in experiments to test the in vivo 
activity of 4EGI-1 alone or in combination with ADT. Organoid 
models were generated from two PDX models. Briefly, harvested 
PDX tumors were washed in PBS, minced in 10% RPMI media sup-
plemented with antibiotics, and the cell suspension was filtered 
through a 70-µm cell strainer. The cells obtained by centrifuging at 
1,300  rpm for 2 minutes were embedded into Matrigel (Corning) 
supplemented with growth medium to generate organoids. The cell 
viability of empty vector (EV; control) and eIF3B-overexpressing 
organoids cultured in regular FBS media and CS FBS media (phe-
nol red–free) was determined by MTS Assay (Promega). For in vivo 
studies, about 500 organoids were subcutaneously injected into the 
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flanks of male NOD/SCID mice. Once the tumors reached a size 
of 200 mm3, mice were surgically castrated to study the impact of 
eIF3B on castration resistance.

Bioinformatics Data Analysis
Transcriptomic profiles of prostate cancer tissues were obtained 

from the NCBI Gene Expression Omnibus database (GSE35988, 
GSE21032, GSE3933, and GSE84043; https://www.cancer.gov/tcga 
and https://github.com/cBioPortal/datahub/tree/master/public/
prad_su2c_2019). Grasso and colleagues contain primary (n = 59) 
and warm autopsy (n  =  35) samples (39). Taylor and colleague 
include primary (n = 131) and metastatic (n = 19) prostate cancer 
samples (40). Lapointe and colleagues include primary (n = 62) and 
metastatic (n = 9) prostate cancer samples (41). The Cancer Genome 
Atlas (TCGA) contains primary (n = 333) samples (50). Fraser and 
colleagues contain primary (n = 73) prostate cancer samples. SU2C 
contains metastatic (n = 444) samples (60). Differentially expressed 
genes between experimental conditions were determined by random 
permutation-based t test with a statistical significance cutoff of 
false discovery rate (FDR) <0.05. Modulation of molecular pathway 
gene sets and target gene signatures from the Molecular Signa-
ture Database (MSigDB; https://www.broadinstitute.org/msigdb) 
was determined by using a modified version of GSEA (84) and 
DAVID Bioinformatics Resources (https://david.ncifcrf.gov/) with 
a statistical significance cutoff of FDR  <0.05. Pearson correlation 
analysis between MITF or MITF A and eIF3B mRNA expression was 
performed using R language with publicly available databases con-
taining transcriptomic data from prostate cancer tissue samples. In 
addition, the association between MITF and MITF target gene signa-
ture with Gleason score was determined in patient datasets having 
Gleason annotation (Taylor and TCGA). The differential expression 
of MITF and its target gene signature in normal and tumor cells was 
assessed at single-cell level (45). As normalization was performed 
by original authors and the data were not integrated, no additional 
batch correction step was required for the datasets.

To define a gene signature that recapitulated the activation status 
of AR in prostate cancer, we used a previously identified gene set 
consisting of 31 genes (49). Briefly, we first selected 34 genes from 
a meta-analysis that described a set of genes that were consistently 
regulated by androgens in 6 different experimental studies (85). 
Based on the work by Massie and colleagues (86) and the Cancertool 
interface (87), we annotated these genes as induced or repressed by 
activated AR. The final signature comprised 23 genes consistently 
activated by androgens (upregulated: ABCC4, ABHD2, ALDH1A3, 
APPBP2, DBI, DHCR24, DNAJB9, ELL2, FKBP5, HERC3, IQGAP2, 
KLK2, KLK3, KRT8, LIFR, MERTK, NDRG1, ODC1, PTPRM, SEC24D, 
SORD, TMPRSS2, TPD52) and 8 that were repressed (downregulated: 
BARD1, BCHE, CDK8, DDC, FN1, GATA2, MMP16, PIK3R3), whereas 
3 genes were excluded from the signature due to the inability to 
assign directionality. The AR signature was obtained by subtracting 
the average expression levels of the downregulated genes from the 
average expression levels of the upregulated genes per individual. 
Pearson correlation (r) was applied to analyze the relationship 
between MITF and eIF3B with the AR signature in patient samples 
from previously mentioned datasets using the cor.test function in 
R language.

To determine the correlation between eIF3B with T effector (CD8a, 
GZMA, and GZMB) and MHC-I (TAP1, TAP2, and HLA-A) signatures, 
we used genes reported previously (88, 89). The data used for the 
analysis were already quantified, and no raw data were processed. 
If in any case, the gene of interest is interrogated several times with 
several probes in case of the data retrieved by Microarray, the average 
expression was calculated of all available probes. The signatures were 
obtained by comparing the average expression levels of the genes 
per individual. Pearson correlation (r) was applied to analyze the 
relationship between eIF3B with the T effector or MHC-I signature 

in patient samples from datasets using the cor.test function in  
R language.

siRNA Knockdown
Predesigned Silencer Select (Ambion) siRNAs targeting control #1 

(AM4636), MITF #1 (s8791) and #2 (s8792), eIF3B #1 (s16493) and #2 
(s16494), RRS1 #1 (s23296) and #2 (s23297), TTL #1 (s45441) and #2 
(s45442), SLC19A1 #1 (s13085) and #2 (s13086), GPSM1 #1 (s25072) 
and #2 (s197865), RANBP10 #1 (s33433) and #2 (s33434), ATP6V0E1 
#1 (s17155) and #2 (s225062), TMEM243 #1 (s35655) and #2 (s35657), 
FYCO1 #1 (s35795) and #2 (s35796), GINM1 #1 (s41978) and #2 
(s41979), and ANXA4 #1 (s1389) and #2 (s1390) were transfected into 
cells seeded overnight at a density of 1 × 105 in 6-well plates. siRNAs 
and RNAiMAX lipofectamine (Invitrogen) were diluted in OptiMEM 
(Life Technologies), combined, and added dropwise to cells at a final 
concentration of 10 nmol/L. Knockdown efficiency was assayed 24 
hours later by qPCR, and for each gene, the two most independently 
efficacious siRNAs were selected for further experiments.

Transcriptome Profiling of MITF-Knockdown Cells
To characterize the transcriptional program regulated by MITF, 

we performed RNA sequencing of prostate cancer models, DU145, 
22Rv1, and ARCaPM, after 48 hours of being transfected with siRNA 
control or two siRNAs targeting MITF (biological replicates of n = 3 
for each condition). High-quality total RNA samples (RNA Integrity 
score  >8 by Agilent Bioanalyzer) were subjected to poly A–selected 
sequencing library preparation using TruSeq RNA Sample Prep Kit 
ver.2 (Illumina) following the manufacturer’s protocol. The librar-
ies were sequenced by HiSeq 2500 genome sequencer (Illumina) to 
generate 100 bp single-end reads. Data preprocessing and transcript 
abundance calculation (FPKM: fragments per kilo bases of exons for 
million mapped reads) were performed using TopHat and Cufflinks 
software using the human reference genome (hg19).

Focused Loss-of-Function Genetic Screen of Clinically 
Relevant MITF Target Genes

Custom siRNAs against 11 clinically upregulated genes were 
obtained from Ambion. For our screening system, we used the pros-
tate cancer cell line models, DU145, 22Rv1, and ARCaPM. Efficacy of 
target gene depletion (mRNA decrease >80%) was tested by conven-
tional qPCR using two independent siRNAs for each gene. Effects on 
colony formation was used to consider a target gene as a “hit.” The 
following primers were used in the qPCR assay.

MITF: F-TGCCCAGGCATGAACACAC, R-TGGGAAAAATACACG 
CTGTGAG

eIF3B: F- CCGACCGACTTGAGAAACTC, R-TTCTTCACAGCATC 
CACAGC

RRS1: F-ACACGCAACTGCTCATCAAC, R-TCTTCTTCTTGGGA 
CGGATG

TTL: F-CATAGACAACCAGGGCCAAG, R-GGTTCTGAAGCAGT 
CCGAAG

SLC19A1: F-ACCTCGTGTGCTACCTTTGC, R-GGTAGTCGGTG 
AGCAGGAAC

GPSM1: F-CCTCAGAGAAGCCTGACCTG, R-GGTACTTCCTGCT 
CCTCACG

RANBP10: F-CCCTATGGTCCCACATTCAC, R-ACAATCTCCCCA 
GGTGTCTG

ATP6V0E1: F-CCTCACTGTGCCTCTCATTG, R-GTTGAGTTGG 
GCCAGAATTG

TMEM243: F-TTTGCTACCAGGACCTACGG, R-CAACGGTTTTG 
GAGGTAGTTG

FYCO1: F-GTGACCTGGAGGAGCAGAAG, R-TGCAGACTGGAG 
TTCACAGG
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GINM1: F-ACCCTCCCTTTGGAAGAAAG, R-ATATGAAGATGGC 
GGCTCTG

ANXA4: F-GACGGAGCCTTGAAGATGAC, R-GTCCCCCATTTC 
TTCTCTCC

Identification of Predicted MBEs
Evolutionarily conserved MBEs in the human eIF3B promoter were 

identified computationally using multiple sequence alignment soft-
ware (90) and the EPD database (91). Multiple gene sequences con-
taining the eIF3B promoter regions were analyzed using the Jaspar 
database with cutoff P value of 0.001. The following oligonucleotides 
were used in cloning and qPCR to further study the identified MBEs 
in the transcriptional regulation of eIF3B by MITF.

MITF MBE1 ChIP qPCR:
F-ACAGGGTCTCGCTATGTTGC
R-TGTACTTGATGCCACTGAACTG

MITF MBE23 ChIP qPCR:
F-TTAAGACATCCCCCAACCAG,
R-GGGCTTTCACAGTGGTTCAG

MITF MBE4 ChIP qPCR:
F-GAAAGGAAAGGGGGAGGAC
R-GCCCGAAAATCATCAAACTG

MITF MBE5 ChIP qPCR:
F-GAGTCCTCTCAGGGTCGTTC
R-CTACAGCCCAGCCATGTG

Negative control ChIP qPCR:
F-AAACCACTGCTCAATGAAATAAAAG
R-TTTTTCCAATTCTGTGAAGAAAGTC

MITF MBE2-mutant cloning:
F-AGATAGAAGCaaaataCACCCAATGCC
R-GGCATTGGGTGtattttGCTTCTATCT

MITF MBE3-mutant cloning:
F-CCCCCGCCCCaaaataACCCGCGCTGTCCCG
R-CGGGACAGCGCGGGTtattttGGGGCGGGGG

Molecular Cloning
The eIF3B promoter sequence (−1,400 to  +200 nucleotides) was 

purchased at GenScript and cloned into the pGL4.10 reporter vector 
using NheI and BglII sites (Promega). The resulting vector was used 
as a template to mutate MITF-binding sequences by site-directed 
mutagenesis. After synthesizing the mutant strand by PCR, the tem-
plate sequence was digested with DpnI restriction enzyme for 2 hours 
at 37°C. The mutant vector was transformed into competent cells for 
nick repair, plasmid DNA was recovered, and mutation of the bind-
ing site was confirmed by Sanger sequencing.

ChIP
ChIP-seq was carried out as previously described (92) on MITF 

immunoprecipitated (Active Motif antibody; RRID:AB_2614955) 
22Rv1 DNA samples at the Genome Analysis Core, Mayo Clinic, 
Rochester, MN. Briefly, paired-end libraries were prepared using 
Chip-derived DNA according to the manufacturer’s instructions 
for the NEBNext Ultra II library prep kit (New England BioLabs). 
The concentration and size distribution of the completed libraries 
were determined using an Advanced Analytical Fragment Analyzer 
(Agilent Technologies Inc.) and Qubit fluorometry (Thermo Fisher 
Scientific Inc). Libraries were sequenced (6 samples/P2 Flow cell) 
following Illumina’s standard protocol using the Illumina Next-
Seq 2000 and P2 flow cell. The flow cells were sequenced as 50 × 2 
paired-end reads using NextSeq 1000/2000 Control Software Suite 
v1.4.1 and RTA3.

MITF ChIP followed by qRT-PCR was performed as previously 
described (93). Briefly, chromatin from cross-linked DU145, 22Rv1, 
and ARCaPM cells was sonicated, precleared, and incubated over-
night with 5 µg of the corresponding antibody in RIPA buffer and 
precipitated with protein G/A-Sepharose. The DNA–protein–anti-
body complexes were then washed three times with RIPA, three 
times with RIPA- NaCl, twice with Lithium Buffer, and twice with 
1×  TE. Cross-linkage of the coprecipitated DNA–protein com-
plexes was reversed and the immunoprecipitated DNA was analyzed 
by qPCR.

eIF3B Promoter Luciferase Reporter Assay
DU145, 22Rv1, and ARCaPM cells were seeded into 12-well plates 

at a density of 1.25 × 105 and allowed to attach overnight. A transfec-
tion mix was prepared by combining 198 ng of pGL4.10 or pGL4.10-
eIF3B promoter, MBE2 or MBE4, 19.8 ng of pRL-Renilla, and 882 ng 
of an MITFA expression vector or GFP control, or siRNA control or 
two siRNAs against MITF. Luciferase activity was measured with a 
Dual-Luciferase-Assay kit (Promega) 48 hours after transfection, mix-
ing 50 µL of lysate with 50 µL of Luciferase Buffer Assay and analyzed 
in an automatic luminometer. 50 µL of Stop & Glo reagent was then 
added and Renilla luminescence was measured after 10 minutes of 
incubation. Ratios of Firefly versus Renilla luciferase were calculated 
to determine promoter activity.

eIF3B eCLIP
eCLIP studies were performed by Eclipse Bioinnovations Inc 

https://eclipsebio.com/ according to the published single-end 
eCLIP protocol (94) with the following modifications. Approxi-
mately 5  ×  107 22Rv1 cells per sample were grown and UV cross-
linked at 400 mJoules/cm2 with 254 nm radiation, flash frozen, and 
stored until use at −80°C. Cells were lysed using 1 mL of eCLIP lysis 
mix and subjected to one round of sonication for 5 minutes with 
30 seconds ON/OFF (total 10 minutes) at 75% amplitude. Rabbit 
Anti-eIF3B/EF3S9 antibody was then precoupled to Anti-Rabbit 
IgG Dynabeads, added to lysate, and incubated overnight at 4°C. 
Prior to immunoprecipitation, 2% of the sample was taken as the 
paired input sample, with the remainder magnetically separated 
and washed with eCLIP high stringency wash buffers. IP and 
input samples were cut from the membrane at the relative band 
size to 75 kDa above. RNA adapter ligation, IP-Western, reverse 
transcription, DNA adapter ligation, and PCR amplification were 
performed as previously described. The eCLIP cDNA adapter con-
tains a sequence of 10 random nucleotides at the 5′  end. This 
random sequence serves as a unique molecular identifier (UMI; 
ref. 95) after sequencing primers are ligated to the 3′ end of cDNA 
molecules. Therefore, eCLIP reads begin with the UMI and, in the 
first step of analysis, UMIs were pruned from read sequences using 
umi_tools (v0.5.1; ref.  96). UMI sequences were saved by incorpo-
rating them into the read names in the FASTQ files to be utilized 
in subsequent analysis steps. Next, 3′ adapters were trimmed from 
reads using cutadapt (v2.7; http://journal.embnet.org/index.php/
embnetjournal/article/view/200), and reads shorter than 18 bp in 
length were removed. Reads were then mapped to a database of 
human repetitive elements and rRNA sequences compiled from 
Dfam (97) and Genbank (98). All nonrepeat mapped reads were 
mapped to the human genome (hg38) using STAR (v2.6.0c; ref. 99). 
PCR duplicates were removed using umi_tools (v0.5.1) by utilizing 
UMI sequences from the read names and mapping positions. Peaks 
were identified within eCLIP samples using the peak caller CLIPper 
(https://github.com/YeoLab/clipper; ref.  100). For each peak, IP 
versus input fold enrichment values were calculated as a ratio of 
counts of reads overlapping the peak region in the IP and the input 
samples (read counts in each sample were normalized against the 
total number of reads in the sample after PCR duplicate removal). 

D
ow

nloaded from
 http://aacrjournals.org/cancerdiscovery/article-pdf/13/12/2584/3390056/2584.pdf by guest on 10 January 2024

https://eclipsebio.com/
http://journal.embnet.org/index.php/embnetjournal/article/view/200
http://journal.embnet.org/index.php/embnetjournal/article/view/200
https://github.com/YeoLab/clipper


A MITF–eIF3B Axis Confers Therapy Resistance in Lethal Prostate Cancer RESEARCH ARTICLE

 DECEMBER  2023 CANCER DISCOVERY | 2603 

A P value was calculated for each peak by the Yates’ Chi-square test, 
or Fisher exact test if the observed or expected read number was 
below 5. Comparison of different sample conditions was evaluated 
in the same manner as IP versus input enrichment; for each peak 
called in IP libraries of one sample type, we calculated enrichment 
and P values relative to normalized counts of reads overlapping 
these peaks in another sample type. Peaks were annotated using 
transcript information from GENCODE (101) with the following 
priority hierarchy to define the final annotation of overlapping fea-
tures: protein-coding transcript (CDS, UTRs, and intron), followed 
by noncoding transcripts (exon and intron). Enrichment of motifs 
in the eCLIP peaks was determined with the HOMER suite.

Cloning of U/C-Rich Motif Containing 5′UTRs in the 
Luciferase Reporter Vector

The AR and HLA-A 5′UTR regions identified to bind eIF3B via 
eCLIP-seq were cloned into luciferase reporter plasmid pGL3. The 
pGL3 vector was digested with NcoI, which cuts immediately upstream 
of the luciferase translation start site. The AR and HLA-A 5′  UTRs 
were synthesized (GenScript) and subcloned into the linearized pGL3 
vector. The WT and deleted (MUT) U/C-rich motif in the AR and 
HLA-A 5′ UTRs were sequence validated (GenScript).

U/C-Rich Luciferase Reporter Assay
22Rv1 cells seeded in 6-well plates (2  ×  105 cells/well) in RPMI 

media. After 24 hours, cells were transfected with either empty pGL3 
vector, WT U/C-rich 5′UTR (WT), or deleted U/C-rich (MUT) 5′UTR 
pGL3 vectors and Renilla vector. Cells were collected 24 hours after 
transfection and split in two for either RNA extraction (Qiagen 
RNeasy kit) and normalization by qPCR, or for protein extraction 
for luciferase activity assay measure following the manufacturer’s 
instructions (Dual-Luciferase-Assay kit, Promega). Luminescence 
was detected and analyzed in an automatic luminometer (Promega 
GloMax Luminometer). Firefly luciferase activity was normalized to 
Renilla luciferase activity comparing WT and mutant 5′UTRs vec-
tors. The translation efficiency of the Firefly reporter construct was 
calculated by normalizing Firefly luciferase RNA to Renilla luciferase 
and relative to WT plasmid.

Polysome Profiling
Polysome profiling was also carried out following a previously 

described protocol with minor modifications (102). Briefly, indicated 
cells were collected after treating with cycloheximide (100 µg/mL) 
and lysed by resuspending in lysis buffer (10 nmol/L Tris, pH 7.4, 
100 mmol/L NaCl, 1 mmol/L DTT, 20 mmol/L MgCl2, 500 µg/mL 
heparin, and 100 µg/mL cycloheximide). A 5%–50% sucrose gradi-
ent (w/v) was made with a buffer (50 nmol/L Tris Acetate pH 7.0, 
50 mmol/L NH4Cl, 10 mmol/L MgCl2, 1 mmol/L DTT), and a clari-
fied cell lysate was carefully loaded on top. The gradients were then 
centrifuged at 23,460 × g for 3 hours at 4°C in a Beckman SW-41ti 
rotor. The fractions were obtained and the OD255 of each fraction 
was noted. The same volume of RNA extracted from the fractions 
was used in cDNA synthesis. The target mRNAs in the fractions were 
quantified by qPCR. The qPCR data were analyzed by the threshold 
cycle (Ct) comparative method and quantified as a percentage of the 
total RNA considering the whole fractions stand for 100% (103).

eIF3B UV-RIP
eIF3B RIP assay was performed as previously reported by Lee and 

colleagues (34). Briefly, 107 cells from DU145, 22Rv1, and ARCaPM 
shRNA control or shRNA MITF #1 and #2 UV (400 mJ/cm2) cross-
linked using a Stratalinker UV-light box were harvested by scrapping 
and resuspended in two volumes of NP40 lysis buffer. The lysates 
were incubated with either rabbit IgG or rabbit anti-eIF3b antibody 

and protein G Dynabeads (Invitrogen) for 2 hours at 4°C. The beads 
were washed five times with NP40 buffer (50 mmol/L HEPES-KOH 
pH 7.5, 500 mmol/L KCl, 2 mmol/L EDTA, 1% Nonidet P-40 alterna-
tive, 0.5 mmol/L DTT), and bound RNAs were isolated by phenol-
chloroform extraction and ethanol precipitation. cDNA was reverse 
transcribed using the Superscript III kit, and qPCR was performed 
using SYBR Green.

Puromycin Assay
Quantification of the global protein synthesis rate of prostate 

cancer cells was evaluated using the surface sensing of transla-
tion (SunSEt) method as previously described (104). Puromycin 
is a structural analogue of aminoacyl-transfer RNA (aminoacyl-
tRNA) and, as such, can be incorporated into elongating peptide 
chains via the formation of a peptide bond (105). Cells were incu-
bated with puromycin (Gibco) 1 µmol/L for 6 hours at 37°C in a 
humidified atmosphere with 5% CO2. Immunologic detection of 
puromycin-labeled peptides using an antibody against puromycin 
was then assessed following the standard immunoblot procedure. 
For in vivo experiments, mice were sacrificed, and tumors were har-
vested after 60 minutes of an intraperitoneal injection of 200 µL of 
2.5 mmol/L puromycin and levels of puromycin-labeled peptides 
in tumors measured by IHC using the antibody against puromycin 
(Millipore; RRID:AB_2566826).

shRNAs, CRISPR/Cas9 Knockout, and Gene Overexpression
For inducible shRNA-mediated inhibition of MITF, two clones 

(MITF.763 and MITF.2397) were selected following the screen of 
a custom library. A control shRNA targeting Renilla luciferase was 
also used. Predictions of shRNA were obtained using “sensor rules” 
to enrich for predictions harboring sequence features associated 
with effective shRNAmir processing and potent knockdown (106). 
DU145, 22Rv1, ARCaPM, LNCaP, VCaP, MyC-Cap, and TRAMP-C2 
cells were infected with a lentivirus containing a TRIN-E vector with 
the control or MITF-targeting shRNAs and selected with neomycin 
(0.4 mg/mL). MITF depletion efficiency was evaluated by immu-
noblotting. Vectors were designed by Dr. Amaia Lujambio (Mount 
Sinai School of Medicine, NY, USA). Studies with stably expressing 
shRNA sublines were performed with pools passaged no more than 
five times.

Genome editing of MITFA, H2-K1, and H2-D1 were performed 
with the CRISPR/Cas9 system. Briefly, sgRNA targeting MITFA were 
purchased from GenScript and subcloned into lentiCRISPRv2 vector 
(Addgene 52961) following a rigorous method to exclude potential 
off-target effects of sgRNA. Prostate cancer cells were transduced 
with viral particles of EV or sgRNA MITFA#1 (ATCGTGCCGGATT 
TCGAAGT), H2-K1 (CCTCGGGGAGCCCCGGTACA), and H2-D1 
(GGTGACTTCACCTTTAGATC). Cells were then processed for sub-
sequent analyses by qPCR and immunoblotting.

Overexpression of MITFA, eIF3B, and 4E-BP1 (Addgene) was con-
ducted by transducing indicated vectors in prostate cancer cells.

Cell Population Doubling Assays
Proliferation capacity of prostate cancer cells was performed by 

plating 104 cells in 60-mm culture dishes and counting the number 
of cells at indicated time points using an automated cell counter 
(Countess II Life Technologies).

Mouse Intracardiac Injections
Intracardiac injections were performed as previously described 

(44). Briefly, the ventral thorax of 3- to 4-week-old mice was shaved 
prior to anesthesia with an isoflurane vaporizer and nose cone. The 
thorax was sterilized with iodine and alcohol and a sterile marker 
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was used to mark a location halfway between the sternal notch and 
the xyphoid process. 100 µL from a 1 × 106 cells/mL suspension of 
tumor cells in sterile 1× PBS was drawn into a 30.5-gauge needle. The 
upright syringe was gently inserted through the mark and for each 
injection successful penetration into the left ventricle was confirmed 
visually by a pulse of bright red blood into the syringe. Following 
each experiment, a detailed necropsy was performed to confirm the 
disseminated tumor burden grossly and histologically.

In Vivo Mouse Model Therapy
For in vivo studies involving testing the efficacy of combining a 

translation inhibitor (4EGI-1) with ADT or an ICI anti–PD-1, two in 
vivo experimental models, including subcutaneous and intracardiac 
injections of prostate cancer cells, were performed. Subcutaneous 
xenografts were generated by implantation of 106 indicated prostate 
cancer cells or 500 organoids generated from PDX in a 1:1 mixture 
of growth medium and Matrigel (Corning) into the flanks of NOD/
SCID mice. When subcutaneous tumors became palpable, mice were 
randomly assigned to treatment groups containing five animals. 
Intracardiac injection of prostate cancer cells was performed as 
described above.

To study the contribution of MITF depletion and eIF3B overex-
pression on castration resistance, intact and castrated mice were 
used. For assessing combined therapy efficacy castrated mice were 
treated with vehicle (DMSO) or 4EGI-1 (75 mg/kg/i.p. 5 days a week). 
The vehicle was 10% DMSO in sterile 1× PBS.

To study the extent of eIF3B contribution to immune evasion, 
mice bearing tumors from vector control or eIF3B-overexpressing 
cells were either treated with Poly(I:C) (2.5 mg/kg, intratumoral, 
Tocris) or anti–PD-1 antibody (250 µg/mouse, i.p.). Drugs were 
administered on alternate days for 2 weeks and tumors were har-
vested 2 days after the final treatment. For combined therapeutic 
efficacy studies, indicated tumor-bearing mice were divided into 
four equal groups and intraperitoneally administered with control 
(DMSO and IgG), 4EGI-1 (75 mg/kg/i.p. 5 days a week), anti–PD-1 
(250 µg/mouse/i.p., once every 2 days) or 4EGI-1 + anti–PD-1. CD8 
T lymphocytes were depleted by administering 400 µg of anti-CD8α 
(clone 2.43, Bio X Cell) i.p. twice weekly beginning 1 day prior to 
therapy. Tumor size was measured at regular intervals. At the end 
of the study, tumors were harvested, weighed, and subjected to 
IHC analysis.

Monitoring Subcutaneous Tumor Growth
Subcutaneous tumors were generated by implantation of indi-

cated prostate cancer cells or organoids generated from PDX in a 1:1 
mixture of culture medium and Matrigel (Corning) into the flanks 
of mice. Tumor dimensions were monitored weekly using Vernier 
calipers. Tumor volume was calculated according to the formula 
V = (a2 × b)/2, where a and b are the minimal and maximal diameters 
in millimeters, respectively. In accordance with institutional guide-
lines, mice bearing subcutaneous tumors greater than 500 mm3 
were sacrificed. Explanted tumors were weighed, formalin-fixed, and 
embedded in paraffin for IHC analysis.

In Vivo Bioluminescence Imaging
Imaging was performed using an IVIS Spectrum (Xenogen) imager. 

Animals received luciferin (PerkinElmer) at 200 µg/kg by i.p. injec-
tion 2 minutes prior to imaging. Animals were then anesthetized 
using an isoflurane vaporizer and placed onto the warmed stage 
inside the camera box. At this stage, animals received continuous 
exposure to 2% isoflurane (Piramal). For quantification, rectangular 
regions of interest incorporating the entire animal were measured. 
The signal was measured in photons per second using Living Image 
software v.4.2.

General Toxicity Monitoring
Body weights for every mouse were recorded every 3 days, and 

fluctuations were computed by the percentage of current body 
weight relative to baseline. When animals showed signs of weight 
loss therapy was discontinued. In accordance with institutional 
guidelines, all animals experiencing greater than 20% weight loss 
were sacrificed.

RNA Extraction and qPCR
RNA was isolated using the RNeasy Mini kit (Qiagen) in accord-

ance with the manufacturer’s instructions. Complementary DNA 
was synthesized from equivalent concentrations of total RNA using 
the SuperScript III First-Strand Synthesis SuperMix Kit (Invitrogen) 
as per the manufacturer’s instructions. Amplification was carried out 
using a Proflex PCR System (Applied Biosystems). Cycle threshold 
values were determined and normalized to the loading control for 
each experiment. Fold changes for experimental groups relative to 
respective controls were calculated using Proflex software (Applied 
Biosystems). Primers used in the qPCR assay are:

AR: F-CTTCGAATGAACTACATCAAGGAAC, R-CTTGATTAGCA 
GGTCAAAAGTGAAC

KLK3: F-CACAGGCCAGGTATTTCAGGT, R-GAGGCTCATATCG 
TAGAGCGG

TMPRSS2: F-GTCCCCACTGTCTACGAGGT, R-CAGACGACGGG 
GTTGGAAG

Luciferase: F-ATCCGGAAGCGACCAACGCC, R-GTCGGGAAGAC 
CTGCCACGC

HLA-A: F-TGTCTTCCCAGCCCACCATCC, R-CATCACGGCAGC 
GACCACAG

HLA-B: F-CCCAGTCCACCGTCCCCATC, R-CACATCACAGCAG 
CGACCACAG

HLA-C: F-TCTACCCTGCGGAGATCACACTG, R-GCTCTTGTCC 
AGAAGGCACCAC

H2-K: F-GCCTCCTCCATCCACTGTCTCC, R-CCCCTCCTTTTC 
CACCTGTGTTTC

H2-D: F-GAGTATTGGGAGCGGGAAACACAG, R-AGTAGCCGA 
GCAGGTTCCTCAG

H2-L: F-CACCCTGACCTGGCAGTTGAATG, R-TCCCAAGAGGC 
ACCACCACAG

Mouse GAPDH: F-ACTCCACTCACGGCAAATTC, R-TCTCCATG 
GTGGTGAAGACA

β-actin: F-AAACTGGAACGGTGAAGGTG, R-GTGGCTTTTAGGA 
TGGCAAG

MITF M spliced: F-CATTGTTATGCTGGAAATGCTAGAA, R-GG 
CTTGCTGTATGTGGTACTTGG

MITF A, -C, -H, and -J primers were from Hershey and Fisher (107).

Immunoblot and Immunoprecipitation
Whole-cell extracts were prepared in RIPA buffer (Invitrogen) and 

analyzed by immunoblot using standard procedures. Extracts from PDX 
tumors were obtained using a tissue homogenizer (Fisher Scientific). 
For immunoprecipitation, extracts were incubated with the indicated 
antibodies overnight at 4°C. Following 2 hours of incubation with 
protein A/G Dynabeads (Invitrogen), beads were washed four times, 
resuspended in 1 ×  Laemmli sample buffer and boiled for 5 minutes. 
After protein quantification using the BCA method, 5× Laemmli buffer 
was added, and the mix was boiled for 5 minutes. SDS-PAGE resolved 
proteins were transferred to PVDF membranes and incubated with pri-
mary antibodies. The various other primary antibodies used in the study 
were MITF (Sigma; RRID:AB_1079381 and Abcam; RRID:AB_470315), 
AR (Abcam; RRID:AB_2861275), eIF3B (Abcam; RRID:AB_941410 
and Bethyl; RRID:AB_1210997), eIF3D (Bethyl; RRID:AB_1210973), 
eIF3C (Novus; RRID:AB_2096744), eIF3E (Bethyl; RRID:AB_10749034), 
eIF3K (Abcam; RRID:AB_1924951), eIF3G (Bethyl), eIF3F (Bethyl; 
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RRID:AB_10748371), eIF3h (Bethyl; RRID:AB_1210983), RPL23A/uL23 
(Bethyl; RRID:AB_2615652), RPS24/eS24 (Bethyl; RRID:AB_2620193), 
RPS19/eS19 (Bethyl; RRID:AB_2620351), eIF4E (BD; AB_397664), 
eIF4G (Bethyl), cleaved-PARP (Cell Signaling Technology), p70S6K 
(Cell Signaling Technology; RRID:AB_2800283), p4E-BP1 (Cell Signal-
ing Technology; RRID:AB_823413), 4E-BP1 (Cell Signaling Technol-
ogy; RRID:AB_659944), cleaved-caspase 3 (Cell Signaling Technology; 
RRID:AB_2341188), and GAPDH (Abcam; RRID:AB_1267174). Sec-
ondary antibodies were used at 1:2,000.

AR Protein Half-life
To evaluate whether eIF3B overexpression affects AR half-life, 

we carried out an AR protein stability experiment. To this end, EV 
(control) and eIF3B-overexpressing 22Rv1 cells were treated with 
cycloheximide (100 µg/mL) and samples were collected at 0, 2, 4, 8, 
and 12 hours after cycloheximide treatment. The AR protein expres-
sion in Western blots was quantified by using ImageJ software.

PROTAC Degrader
The extent of the contribution of AR to eIF3B-mediated oncogenic 

phenotype was further verified using ARV-110 (Selleckchem), an AR 
PROTAC degrader in LNCaP and VCaP hormone-sensitive cells. The 
cells were treated with ARV-110 (20 ng/mL), and cell population 
doubling was measured at indicated time points as described above.

Single-Cell Mass Cytometry (Cytometry by Time of Flight)
Cytometry by time of flight (CyTOF) was used to quantify the tumor 

immune cell infiltration by labeling selected surface and intracellu-
lar targets (108). Briefly, single-cell suspensions were prepared from 
the tumor samples, and the red blood cells (RBC) were removed by 
using RBC lysis buffer. Anti-mouse CD45 (89Y tag), anti-mouse CD3e 
(152Sm tag), anti-mouse CD8a (153-Eu tag), anti-mouse CD4 (145-Nd 
tag), anti-mouse CD11by (172-Yb tag), anti-mouse NK1.1 (170Er tag), 
anti-mouse Ly-6G (141Pr tag), anti-mouse Ly-6C (162Dy tag), and 
anti-mouse granzyme B (173Yb tag) antibodies from Fluidigm were 
used. Cells were first stained for surface markers by incubating with 
the fluorophore-conjugated antibodies for 45 minutes at room tem-
perature. Following fixation and permeabilization, cells were stained 
for intracellular marker(s). The data were acquired on a CyTOF instru-
ment (Fluidigm) in the Flow Cytometry and Cellular Imaging Core 
Facility at Mayo Clinic, Rochester. The data were analyzed with cytofkit 
package and PhenoGraph in R studio as described elsewhere (108).

Flow Cytometry
Single-cell suspension of the tumor samples was prepared by 

mechanical dissociation. Cells were stained first with Alexa Fluor 647 
anti-CD8α (BioLegend; RRID:AB_2563452). Following fixation and 
permeabilization, the cells were stained with Alexa Fluor 594 anti–
granzyme B (Antibodies-online). Each antibody was incubated for 
30 minutes on ice avoiding exposure to light. MHC-I expression was 
analyzed in mouse cell lines stained with PE MHC class I (Invitrogen; 
RRID:AB_466122). The data were acquired on BD Fortessa X20 flow 
cytometer and analyzed using FlowJo v10.8.1.

IHC
IHC analyses were conducted on prostate cancer FFPE tissue sec-

tions from human samples, PDXs, and syngenic mouse tumors. Tis-
sue sections (5 µm) were deparaffinized and submitted to standard 
peroxidase-based IHC procedures. MITF (Abcam), AR (Abcam), Cas-
pase-3 (Abcam; RRID:AB_2069705), CD3 (Abcam; RRID:AB_443425), 
CD8 (Cell Signaling Technology; RRID:AB_2756376), and granzyme 
B (Abcam; RRID:AB_2114427) quantification of positive cells was 
determined by counting the number of tumor cells in 10 contiguous 

high-power fields in three different areas of each section and referred 
to the total number of counted cells. eIF3B (Bethyl), MHC-I (Invitrogen; 
RRID:AB_2899999), and puromycin (Millipore) staining intensity was 
scored as low (−  or +) and high (++) in three different areas of each 
tumor section.

Proximity Ligation Assay
The in situ Duolink Proximity Ligation Assay (PLA; Sigma) was 

used to detect eIF4E–eIF4G or eIF4E–eIF3B interactions in FFPE 
prostate cancer tissue sections and cultured prostate cancer cells. 
Dissociating effects of 4EGI-1 on eIF4E and eIF4G or eIF4E and 
eIF3B translation initiation subunits binding were tested on prostate 
cancer cells and tumors generated in mice. Prostate cancer cells were 
treated with 4EGI-1 5 µmol/L for 24 hours and mice were treated 
with 4EGI-1 75 mg/kg/i.p. for 5 days.

FFPE sections were deparaffinized, rehydrated, and subjected to 
antigen retrieval following standard methods. Tissue samples were 
blocked for 30 minutes and incubated overnight at 4°C with eIF4E, 
eIF4G, and eIF3B primary antibodies. Prostate cancer cells were 
grown on coverslips and after 24-hour exposure to vehicle or 4EGI-1 
washed and fixed with 10% formalin for 30 minutes at room tem-
perature. Next, cells were permeabilized with 0.25% Triton-X100 for 
10 minutes at room temperature and blocked for 1 hour at 37°C 
before incubation with eIF4E, eIF4G, and eIF3B primary antibod-
ies for 2 hours at room temperature. Following primary antibody 
incubation, PLA signal was assessed following the manufacturer’s 
protocol. Briefly, both tissue sections and prostate cancer cells were 
incubated with secondary antibodies conjugated to oligonucleotides 
(PLA plus/minus probes) for 1 hour at 37°C. The two hybridized 
oligonucleotides were joined in a closed circle using a ligase at 37°C 
for 30 minutes. The DNA was then amplified with rolling circle 
amplification, and detection of the amplicons was carried out using 
the Brightfield detection kit. The number of PLA signals per cell was 
counted using ImageJ.

Quantification and Statistical Analysis
Statistical analysis was carried out with SPSS version 19.0 

(SPSS, Inc.). To analyze correlations, we used Pearson correlation 
tests when the two variables were assessed as continuous, t test 
when one variable was assessed as continuous and the other as 
qualitative and χ2 test (Fisher exact test) when the two variables 
were qualitative. Survival analyses were performed using the 
Kaplan–Meier method and curves were compared by the log-rank 
test. All the statistical tests were conducted at the two-sided 0.05 
level of significance.

Data and Software Availability
The accession numbers for the datasets generated in this study 

include RNA sequencing MITF knockdown in prostate cancer 
cells (GEO: GSE133977), MITF ChIP-seq in prostate cancer cells 
(GEO: GSE237870), and eIF3B eCLIP-seq in prostate cancer cells 
(GEO: GSE240338).

Transcriptomic profiles of prostate cancer tissues were obtained 
from the NCBI Gene Expression Omnibus database (GSE35988, 
GSE21032, GSE3933, and GSE84043; https://www.cancer.gov/tcga,  
https://github.com/cBioPortal/datahub/tree/master/public/prad_ 
su2c_2019, and https://ega-archive.org/datasets/EGAD00001008340).
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