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Abstract

In prostate cancers, elongation initiation factor 4A1 (elF4A1) supports an oncogenic translation
program and is highly expressed, but its role remains elusive. By use of human specimens and
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cell models, we addressed the role of elF4A1 in prostate cancer in vitroand in vivo. EIF4A1
expression, as determined by mRNA and protein levels, was higher in primary prostate cancers
relative to normal prostate tissue. Also, for primary prostate cancers, elevated mRNA levels of
EIF4A1 correlated with DNA hypomethylation levels in the CpG-rich island of £/F4A1. Using a
DNMT3a CRISPR-Cas9-based tool for specific targeting of DNA methylation, we characterized,
in human prostate cancer cells, the epigenetic regulation of £/F4A1 transcripts through DNA
methylation in the CpG-rich island of £/F4A1. Next, we investigated the oncogenic effect of
EIF4A1 on cancer cell proliferation /n vitro and tumor growth /n vivo. For prostate cancer

cells, E/F4A1 heterozygous knockout or knockdown inhibited protein translation and tumor
growth. In addition, using RNA immunoprecipitation with RNA sequencing, we discovered

the elF4Al-mediated translational regulation of the oncogene BRDZ2, which contains the most
enriched elF4A1-binding motifs in its 5” untranslated region, establishing an elF4A1-BRD2 axis
for oncogenic translation. Finally, we found a positive correlation between expression levels of
elF4A1 and BRD2 in primary prostate cancers. Our results demonstrate, for prostate cancer cells,
epigenetic regulation of £/F4A1 transcripts through DNA methylation and an oncogenic roles of
elF4ALl through BRD2 signaling.

Keywords
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Introduction

A defining characteristic of many types of cancer is the dysregulation of mRNA translation
[1], which may drive the oncogenic phenotype to promote tumor progression. mMRNA
translation can be separated into three distinct stages: initiation, elongation, and termination.
Initiation factors have recently been targeted in anti-oncogenic therapeutic strategies,
including those for prostate cancer [2]. The initiation step of translation is regulated by

the mRNA-bearing elongation initiation factor 4F (elF4F) complex, including elF4A, 4B,
4G, and 4E. elF4A is the ATP-dependent helicase that unwinds secondary structures in the
5’ untranslated region (5 UTR) of mMRNA before translation occurs [3]. The elF4A family
consists of 3 closely related proteins, elF4A1, A2, and A3. elF4A1 unwinds secondary

and tertiary structures of G-quadruplexes in the 5* UTR to facilitate translation of coded
proteins [4]. Of note, in cancers, RNA G-quadruplexes promote elF4A-dependent oncogene
translation [5]. However, it remains to be determined whether elF4A1 contributes to the
progression of prostate cancers.

In transformed, prostate-derived epithelial cell lines, most oncogenes are translationally
upregulated relative to normal prostate epithelial cells [6]. Additionally, for efficient
translation, many of these genes require helicases to unwind secondary and tertiary
structures in the 5” UTR [5]. elF4A1 supports an oncogenic translation program and may
alter the translation of prostate cancer-associated oncogenes that contain G-quadruplexes
or other consensus sequences within their mRNAs [5, 7, 8]. In the present study, we
characterized the expression profile and epigenetic regulation of £/F4A1 in human prostate
cancer specimens and cell lines. Also, we addressed its functional role on cell growth and
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progression of prostate cancers. Finally, we identified potential regulatory targets of elF4Al
and relevant mechanisms in the regulation of translation.

Results and Discussion

EIF4A1 expression is increased in human prostate cancers through epigenetic regulation
by DNA hypomethylation in the promoter region of EIF4A1

As determined with The Cancer Genome Atlas (TCGA) dataset, expression of £/F4A1
was upregulated in most human cancers (15/24), including prostate cancer (Fig. S1A).

As shown in mass-spectrometry-based proteomic data from the Clinical Proteomic Tumor
Analysis Consortium (CPTAC) dataset, expression of the elF4A1 protein was higher in
most human cancers as compared to normal controls (Fig. S1B). In TCGA prostate
adenocarcinomas, there was elevated expression of £/F4A1 in prostate cancer tissues
relative to normal prostate tissue (Fig. 1A). Of note, high expression of £/F4A1 was
associated with poor survival of patients with prostate cancer (Fig. 1B). In our sample
cohort, we evaluated, by immunohistochemistry (IHC), expression of the elF4A1 protein
and assessed its relationship with tumor progression in 85 prostate cancer tissues with 13
high-grade prostatic intraepithelial neoplasia (PIN) tissues and 85 tumor-adjacent normal
prostate tissues (Table S1). All positive samples expressed cytoplasmic elF4A1, but a few
samples showed both cytoplasmic and nuclear staining. Approximately 85% (72/85) of

the tumor-adjacent normal prostate tissues had no or low elF4A1 expression, and only
15% (13/85) had high levels of elF4A1 expression (H-score > 50) (Fig. 1C and 1D).
However, 40% (34/85) of the prostate cancer samples had high levels of elF4A1 expression
(H-score > 50) (Figs. 1C and 1D). Although, in localized tumors, the expression of elF4A1l
increased with tumor stage (T1 to T3), it was lower in metastatic tumors (T4 or N+ or

M+) (Fig. 1E), suggesting an upregulation of elF4Al in early-stage prostate cancers. Also,
we characterized the effect of elF4A1 on tumor aggressiveness. Expression of elF4A1 was
not associated with Gleason scores (Fig. 1F). Likewise, in the Human Protein Atlas dataset
(www.proteinatlas.org), elF4A1 was expressed in 60% (6/10) of prostate cancers but not in
normal prostates (0/3); the difference, however, was not statistically significant (Figs. S1C
and S1D).

Next, we used the cBioPortal dataset (www.cbioportal.org) to perform a genetic analysis

of E/IF4A1in 7677 prostate adenocarcinoma samples from 13 studies. Only a few genetic
alterations (average < 4%) of E/F4A1, including amplification, deletion, and mutation, were
found in human prostate adenocarcinomas (Fig. S2). However, DNA methylation levels in
the promoter region of £/F4A1 were lower in prostate adenocarcinomas relative to normal
prostate controls (Fig. 1G). Of note, for prostate adenocarcinomas, expression levels of
EIF4A1 negatively correlated with DNA methylation levels (r= - 0.534, p < 0.001, Fig.
1H), suggesting epigenetic regulation of £/F4A1 transcripts by DNA methylation in these
cancers. Then, we identified a prominent 5’CpG island (1414-bp, 136 CpG sites) of £E/F4A1
using the UCSC Genome Browser (genome.ucsc.edu) (Fig. 11). Bisulfite sequencing was
used to identify, in DU145 cells, DNA hypomethylation at the CpG island of £/F4A1 and
high expression of elF4A1 (Figs. 1N and 2A). To test whether promoter DNA methylation
regulates £/F4A1 transcription, we utilized a CRISPR-dCas9 (a catalytically dead Cas9)-
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DNMT3a construct, which provides a simple way to acquire gene-specific modifications
of DNA methylation, to establish dCas9-DNMT 3a stably expressing DU145 cells (Fig.
1K). Three single guide RNAs (sgRNAS) targeting the £/F4A1 promoter were designed

to guide the dCas9-DNMT 3a for the £/F4A1-specific DNA methylation (Fig. 1J). The
DU145 cells stably expressing dCas9-DNMT 3a were transiently transduced by sgRNAS,
and the sgRNA-transfected cells were sorted by flow cytometry for transcription and DNA
methylation analyses (Figs. 1K and 1L). As shown in Fig. 1M, sgRNA transduction reduced
transcription of £/F4A1 in the DU145 cells stably expressing dCas9-DNMT 3a. Bisulfite
sequencing confirmed induced DNA methylation in the CpG sites of £/F4A1 at day 6 after
sgRNA transduction (Figs. 1N and S3). These data suggest that, in prostate cancer cells,
induction of DNA methylation of the £/F4A1 promoter inhibits transcription of £/F4A1.

EIF4A1 heterozygous knockout (KO) inhibits protein translation and tumor growth in an
androgen-independent manner

elF4A1 was highly expressed in two castration-resistant prostate cancer (CRPC) cell lines,
DU145 and PC3, and one androgen-dependent cell line, LNCaP (Figs. 2A, 2G and 20). In
DU145 and PC3 cells, elF4A1 was expressed in the cytoplasm (Figs. S4A and S4B). To
determine its functional role in prostate cancer cells, we knocked out £/F4A1in DU145 and
PC3 cells using CRISPR/Cas9 genome editing, and then the KO clones were selected by
Western blots, Sanger sequencing, and polysomal profiling. Although a few selected clones
showed homozygous KO of £/F4A1, all KO clones died after 2 or 3 generations in cell
culture, indicating that £/F4A1 homozygous KO is lethal in prostate cancer cells. To address
this issue, we selected clones with CRISPR heterozygous KO of £/F4A1 (EIF4AIT™) by
Sanger sequencing (Fig. S4C). In these £/F4AI*~ cells, expression of elF4A1 protein was
low (Figs. 2A and 2G). Cell proliferation and colony numbers were also low compared to
scramble-treated DU145 cells, but these effects were reversed by exogenous transfection
with £/F4A1 (Figs. 2B—F). This phenotype was also validated in £/F4A1*'~ PC3 cells (Figs.
2H-1J). To establish the effect of £/F4A1 on tumor growth /n vivo, EIF4A1 scramble-treated
and E/F4AI"~ DU145 cells were subcutaneously injected into male immunodeficient NSG
mice. At day 27 after inoculation, xenograft tumor growth was slower in mice injected with
EIF4AI~ DU145 cells than in mice injected with scramble-treated cells (Fig. 2K). At day
27, tumor weights were also low in mice injected with £/F4A1*"~ DU145 cells compared

to those injected with scramble-treated cells (Figs. 2L and 2M). In addition, in £/F4AI*~
DU145 cells relative to scramble-treated cells, there were, in polysome graphs, 3 peaks for
the 40S and 60S ribosomal subunits and 80S monosomes with a chain of actively translating
mature ribosomal complexes. Polysomal profiling showed a lower abundance of polysomes,
indicating inhibition of translating activity (Fig. 2N). Likewise, there was inhibition of
growth of LNCaP cells after knockdown of £/F4A1 by small interfering RNAS (SiRNAS)
(Figs. 20 and 2P). However, £/F4AI-mediated growth of LNCaP cells was not blocked by
androgen depletion (Fig. 2Q). Thus, their growth was androgen-independent.

Identification of translational targets and relevant signaling of elF4A1 in human prostate

cancer cells

In cancers, RNA G-quadruplexes cause elF4A-dependent oncogene translation [5], but
whether key oncogenes and their translation are regulated by elF4AL1 in prostate cancer
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remains elusive. Thus, we screened the translational targets of elF4A1 in DU145 cells

using Native RNA Immunoprecipitation (RIP) assays with RNA-seq (RIP-seq). As shown

in Fig. 3A, RIP-seq was performed in paired sets with elF4A1- and 1gG-derived IPs.

The elF4A1-binding peaks and RNA fractions were normally distributed around the ATG
translation start site (Figs. 3B and 3C). In the elF4A1-RIP sample, 197 coding genes

with eFI14A1-binding peaks in mMRNAs, including the 5 UTR, exon, and 3’ UTR regions,
were identified (Fig. 3B). The top 3 most enriched eFI4A1-binding motifs (MAGGTA,
CCASCYC, and GARGA) were identified by aligning the sequences of all eFI4A1-binding
RNA fractions to a reference genome (Fig. 3D). Next, we identified 14 coding genes with
long and complicated 5° UTRs, which contained the top enriched elF4A1-binding motifs in
their 5 UTRs (Fig. 3E). Of 14 coding genes, 6 genes, including BRDZ, HIF1A, PPPIRZ2,
TRIP12, TSC22D4, and ZER1, were confirmed with RIP-quantitative PCR (qPCR) for more
MRNA transcripts in the elF4A1-RIP sample compared to the 1IgG-RIP sample (Fig. 3E). Of
note, in DU145 cells, elF4A1-binding peaks with increased mRNA transcripts were found
in mMRNAs of three bromodomain and extraterminal (BET) family genes, BRDZ, BRD3, and
BRD4 (Figs. 3F, 3G and S5A-C). However, elF4A1-binding peaks in the 5° UTR with top
enriched motifs were identified only in BRDZ (Figs. S5B and S5D). Furthermore, in the
prostate cancer cell lines, DU145, PC3, and LNCaP, elF4A1-binding RNA fractions and top
enriched motifs in their 5> UTRs with increased mRNA transcripts were validated for three
genes, BRDZ, HIF1A, and TSC22D4, by use of RIP-qPCR with specific primers within the
5" UTR (Figs. 3G-1).

The BET family is essential for epigenetic regulation of target genes and cancer cell growth,
and BET inhibitors are promising therapeutic agents for patients with metastatic CRPC [9,
10]. In various cancers, c-MYC (also referred to as MYC) is a transcriptional target of

the BET family [11], and targeting the BET-MYC axis overcomes androgen resistance in
metastatic CRPC [12]. In TCGA dataset, increased expression of MYC, BRDZ, and BRD3,
but not BRD4, was evident in prostate cancer tissues relative to normal prostate tissues
(Fig. S6A). Furthermore, among prostate cancers, we identified a positive correlation of
expression of E/F4A1 with expression of MYC, BRDZ, and BRD4, but not BRDS3 (Fig.
S6B). In the PCTA dataset, however, this correlation was validated for £/F4A1 only with
MYCand BRDZ (Fig. S6C). As determined by Western blots, protein expression levels

of BRD2, BRD3, BRD4, and MYC in DU145 and PC3 cells were lower after £/F4A1
heterozygous KO (Figs. 4A-C). Thus, we identified, for prostate cancer cells, elF4A1-
mediated translation initiation of the oncogene BRDZ (Fig. S5D). To further validate the
elF4A1-BRD2 axis, we transfected EIF4A1 into DU145 and PC3 E/F4AI*™ cells. As
shown in Figs. S7A and S7B, expression levels of BRD2 protein in these cells were rescued
after £/F4A1 transfection.

The MYC protein, an oncogenic transcription factor, targets a large gene network, leading to
changes in expression of many genes that regulate the cell cycle, survival, protein synthesis,
cell adhesion, and metabolism [13-15]. To determine if the expression of £/F4A1 correlates
with MY C signaling in prostate cancer tissues, we analyzed TCGA and PCTA datasets for
an expression correlation of £/F4A1 with MYC target genes identified in previous studies
[16, 17]. As shown in Fig. S8, there were significant correlations between the expression
levels of £/F4A1and MY C target genes, including 7TMPRSS2, CDKNZB, MCL 1, RIOXZ,
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PTMA, LDHA, ODC1, APEX1, FASN, FKBP4, HSPD1, NCL, NPM1, ODC1, PTMA,
RPL23, RPL6, and TPM!J. In prostate cancers, these genes are essential for cell growth,
apoptosis, and metabolism [15-17]. Although, in our RIP assays, elF4A1 did not interact
with MYC directly (Fig. 3), elF4A1 may regulate the MYC signaling through BRD2 in
human prostate cancer.

We further evaluated other potential elF4A1-regulated translational targets and relevant
signaling using public datasets and protein expression analyses. In prostate cancers, there
was a positive correlation between expression levels of £/F4A1and HIF1A in the PCTA
dataset but not in TCGA dataset (Figs. S6D and S6E). Also, in normoxia, there was

no change of HIF1a expression in the DU145 and PC3 EIF4A1+/- cells compared to
scrambled control cells (Figs. S9A and S9B). Since HIF1a is more stabilized in low
oxygen concentrations or hypoxia [18], we performed this experiment in hypoxia condition.
Although protein expression of HIF1a was lower after £/F4A1 heterozygous KO in DU145
cells under hypoxia, this reduction was not evident in £/F4A1*'~ PC3 cells (Figs. 4A—C).
Also, in prostate cancers, there was no correlation between the mRNA expression levels of
EIF4A1and 7SC22D4 (Figs. S6D and S6E). Likewise, in DU145 and PC3 cells, protein
expression of TSC22D4 was not appreciably changed after £/F4A1 heterozygous KO (Figs.
4A-C). The elF4F complex and its inhibitors regulate translation initiation for oncogenes,
such as those encoding cyclins (e.g., cyclin D1) and anti-apoptotic proteins (e.g., BCL2

and BCLXL) [5, 19]. In our analysis, lower protein expression of cyclin D1, BCL2, and
BCLXL was evident in £/F4A1*"~ DU145 and PC3 cells (Figs. 4A—C). However, as shown
by RIP-seq and RIP-gPCR analyses of DU145 cells, elF4A1 did not bind directly to the 5’
UTRs in mRNAs of these genes (Fig. S5C).

Co-expression of elF4A1 and BRD2 in prostate cancer samples

Since our data showed elF4A1-mediated translational regulation of BRD2 in prostate cancer
cells, we assessed the expression of elF4A1 and BRD2 and their association in prostate
cancer xenografts and primary cancers. In DU145 mouse xenografts, protein expression of
elF4A1 and BRD2 was less in £/F4AI*~ tumors than in scramble-transfected tumors (Fig.
4D). In primary prostate cancers, H-score analysis showed a positive correlation between
expression levels of elF4A1 and BRD2 (r=0.529, p< 0.0001) (Figs. 4E and 4F), suggesting
co-expression of these factors in human prostate cancers.

elF4A1, a DEAD-box RNA helicase, accelerates the translation of certain transcripts

that contain consensus structural sequences within their 5 UTRs; these structures are

more common among oncogenes [5, 20]. In breast cancers, elF4A is involved in the
malignant phenotype, including cell proliferation, survival, stemness, cell cycle progression,
angiogenesis, and chemoresistance [21-23]. In gastric cancers, high intratumoral expression
of elF4A1 promotes the epithelial-to-mesenchymal transition and is positively associated
with poor tumor differentiation, advanced tumor stage, and poor prognosis [24]. Likewise,
in TCGA dataset, there is overexpression of £/F4A1 in most human cancers, and this is
associated with poor survival for patients with various cancers (Figs. 1B, S1A and S10). As
seen in the present study, £/F4A1 heterozygous KO inhibits protein translation and growth
of prostate cancer cells in an androgen-independent manner, supporting an oncogenic role
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for E/F4A1in prostate cancer. In our IHC analysis, expression of elF4A1 was high for
tumor stages T1 to T3 but not in metastatic tumors. Thus, elF4A1 is most likely an
initiator of oncogenic transformation for tumor progression but not a necessary regulator
for metastasis of prostate cancer.

The mechanism of transcription regulation of £/F4A1 and its overexpression in prostate
cancer remains unknown. An early study found a CpG-rich, methylation-free island in

the first intron of £/F4A1[25]. In the UCSC Genome Browser, we identified a CpG-rich
island between the proximal promoter and the first intron of £/F4A1. In TCGA dataset,
hypomethylation levels in this CpG-rich island correlated with high expression levels of
EIF4A1 mRNA in human prostate cancers. In the present study, our functional analysis by
DNMT3a CRISPR-targeted DNA methylation revealed that DNA methylation in this CpG-
rich island is responsible for expressing the £/F4A1 transcripts, supporting an epigenetic
regulation of £/F4A1 transcripts by DNA methylation in human prostate cancer cells.

elF4A recognizes specific motifs of mRNAs that contain G-quadruplex sequences with
secondary structure in their 5 UTRs [5, 20]. elF4A1 also targets regions other than
G-quadruplexes of MRNAs and promotes mRNA translation through classical secondary
structures [7, 26]. In the present study, using native RIP-seq with the DREME algorithm,
we identified the top 3 enriched 7-, 6-, and 5-nucleotide motifs among the eFI4A1-binding
peaks. Only our identified 7-nucleotide motif CCASCYC was relatively more GC-rich,
which is similar to the previously reported (CGG)4 or G(CGG)3CR motifs [5, 20] (Fig.
S11). Furthermore, eFI4Al-binding peaks were enriched in the mRNAs of the BET

gene family, including BRDZ2, BRD3, and BRD4. However, only the long 5 UTR of
BRDZ, which contains multiple top nucleotide motifs, interacted with elF4A1, and elF4Al-
mediated expression of BRD2 was validated in prostate cancer cells. For BRD3and BRDA,
eFl4A1-binding peaks were found only in exons of these genes. In addition, we identified
two other eFI4A1 target genes, HIF1A and 7SC22D4. eF14A1 binds to their long 5’ UTRSs,
which contain eFI4A1-binding motifs. However, elF4A1-mediated expression of HIF1la and
TSC22D4 was not validated in DU145 or PC3 cells.

elF4A facilitates translation of oncogenic mRNAs, leading to the synthesis of oncoproteins,
such as cyclin D1, Bcl2, MCL1, MUC1, ROCK1, ARF6, HDMZ2, BIRCS5, and survivin,
which are essential for tumor cell survival, proliferation, migration, invasion, metastasis,
and chemoresistance [27-30]. However, in the present study with DU145 cells, no eFI4Al-
binding peaks were identified in the 5 UTRs of these genes. Our native RIP assay has

an advantage and a disadvantage. Its advantage is identifying the targets as they interact
with elF4A1 in the cytosol during their native state. The disadvantage is that the elF4A1

is associated with the cytoplasmic lysates freely and may bind to multiple targets, or even
to different places on the same target. Our data demonstrate that elF4A1 not only interacts
with the 5° UTR but may bind to other sites on the transcript. Also, mMRNA may recruit the
elF4A1 protein at the time a ribosome decodes mRNA to produce a protein. /n vitro, the
protein configuration can be altered, potentially creating elF4A1-recognizable structures that
would not exist /n vivo. Thus, our data need to be validated by various technologies /n vitro
and /n vivo. Also, further investigation of prostate cancers is required to identify additional
elF4A1-mediated oncogenic drivers.
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BRD2, as a target of AR signaling, is induced by androgen stimulation in prostate cancer
cells, and expression of BRD2 is positively associated with mortality for patients with
prostate cancer [31]. In the present study, we discovered that BRDZ2 contains multiple
elF4A1-binding consensus sequences in its long 5’ UTR, directly associated with the
elF4A1 RIP. Also, in TCGA dataset, expression of BRDZ positively correlated with those
of E/F4A1. In the present study, there was co-expression of elF4A1 and BRD2 proteins in
prostate cancers, supporting existence of an elF4A1-BRD2 axis for oncogenic translation
in human prostate cancers. BRD2 is a transcriptional activator of MYC [11]. However,
our data showed that, in prostate cancer cells, elF4A1 was unlikely to interact with MYC
directly. Thus, in these cells, eIF4A1 may drive androgen-independent cell growth through
BRD2-MYC signaling.

In summary, elF4A1, an androgen-independent initiator of oncogenic transformation, is
highly expressed in human prostate cancers through an epigenetic regulation involving DNA
hypomethylation. During translation initiation in prostate cancer cells, elF4A1 interacts with
atranscript in the 5 UTR of BRD2mRNA to facilitate protein translation, which may drive
the oncogenic phenotype of prostate cancer.

Materials and Methods

Generation of CRISPR-dCas9 (a catalytically dead Cas9)-DNMT3a cell line

The Fuw-dCas9-Dnmt3a construct (Addgene, Plasmid #84476), in which dCas9 is fused
with DNA methylase DNMT3a, was used to generate CRISPR-dCas9-DNMT 3a stably
expressing DU145 cell line for CRISPR-dCas9-targeted DNA methylation of the £/F4A1
promoter as described previously [32]. sgRNAs were cloned into the pLenti U6- pgRNA
(mCherry)-modified (Addgene, Plasmid #84477), as described previously [32], to generate
SsgRNA lentiviral expression constructs. SgRNA target sequences are listed in Table

S2. Next, the CRISPR/dCas9 stably expressing cell lines were transduced with sgRNA
lentiviruses. After transduction, cells were sorted by fluorescence-activated cell sorting using
a BD FACS Aria2 with mCherry (sgRNA) for CRISPR-dCas9-targeted DNA methylation
analysis.

RNA immunoprecipitation (RIP)

Cells (10%) were cultured on 2 x 100 mm? plates to reach 70% confluency. After washing
in ice-cold PBS, cells were collected by scraping into cytoplasmic extract buffer, protease
inhibitor cocktail, and RNAseOut then collected, lysed, and pelleted. The supernatant was
transferred to fresh tubes and snap-frozen to —80°C. When prepared, lysates were incubated
with pre-swollen beads to clear non-specific interactions and pelleted. Ten percent of the
supernatant was collected for “input”, the remainder was split into two paired tubes for
rabbit anti-elF4A1 or control rabbit 1gG IP. Antibody and beads were allowed to conjugate
at 2 hours on ice, and then mixed with lysate. The paired mixtures were incubated for 6
hours to overnight at 4°C with gentle rotation (antibody - bead with lysate). The lysate was
pelleted and washed x 6 times and then total RNA was isolated using the TRIzol RNA
isolation protocol.
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RNA library preparation and sequencing

RNA libraries were prepared using TruSeq Stranded mRNA Library Prep Kits (Illumina,
San Diego, CA) according to the manufacturer’s protocol. Integrity was assessed using

an Agilent 2200 Tapestation instrument (Agilent Technologies, Santa Clara, CA). First-
strand cDNA syntheses were performed using random hexamers and ProtoScript Il Reverse
Transcriptase (New England Biolabs, Ipswich, MA). The libraries were normalized, pooled,
and subjected to cluster and pair-read sequencing performed for 150 cycles on a HiSeqX10
instrument (Illumina), according to the manufacturer’s instructions. The RNA-seq data were
submitted to NCBI GEO (accession No. GSE161709).

Identification of eFI4A1-binding peaks and motifs

There were pairwise sequence data from two RNA-seq samples (elF4A1 and 1gG).

The quality check was performed on each sample. The samples were aligned against
GRch38Decoy reference genome using BWA (http://bio-bwa.sourceforge.net). The peaks
were identified in the alignment using MACS2 [33, 34]. The peaks were called on RIP-
elF4A1 using RIP-IgG as a control. The peaks were annotated using R package ChlPseeker
[35]. The bed files were produced by the MACS2 and expanded the region to 50 bp

using bed tools to create expanded bed files. These files were then used to extract the
corresponding sequences from the genomes using bed tools. Finally, the motifs were found
using DREME (http://meme-suite.org/doc/dreme.html).

Other materials and methods is referred to the supplemental data.
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Figure 1. Expression and promoter DNA methylation of EIF4A1 and its epigenetic regulation in
human prostate cancer.

(A) Differential expression levels of £/F4A1 between normal prostate tissues with Gleason
grades and prostate cancer tissues from TCGA dataset. Data are presented as the medians
and interquartile ranges. (B) Kaplan-Meier curves, log-rank test, and Cox proportional
hazards regression for £/F4A1 expression at low and high levels in prostate cancers from
TCGA dataset through the Prostate Cancer Transcriptome Atlas (PCTA) database. (C)
Representative immunohistochemical (IHC) staining in normal prostate, high-grade prostatic
intraepithelial neoplasia (PIN), and prostate cancer tissues with anti-human EIF4A1 mAb
(Abcam, ab31217). The percentage of positive tumor cells per slide (0% to 100%) was
multiplied by the dominant intensity pattern of staining (1, weak; 2, moderate; 3, intense);
therefore, the overall H-score ranged from 0 to 300. (D-F) Quantitative H-scores for
tumor-adjacent normal prostate samples and prostate cancer samples with tumor stages and
Gleason scores. (G) DNA methylation levels in the CpG island of the £/F4A1 promoter
between normal prostate and prostate cancer tissues from TCGA dataset. Data are presented
as the medians and interquartile ranges. (H) Correlation of mMRNA expression levels of
E/F4A1 with DNA methylation levels in the CpG island of the £/F4A1 promoter in prostate
cancer samples from TCGA dataset. (I) Screenshot from the UCSC genome browser
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showing location of the £/F4A1 promoter, CpG island, exons, intronl, and transcription
and histone marks. (J) Single guide RNAs (sgRNAs) for guiding CRISPR/dCas9-DNMT3a
to target the CpG island of the £/F4A1 promoter. (K and L) Experimental procedure

for the stable transduction of CRISPR/dCas9-DNMT 3a, transient transduction of scramble
empty vector or SgRNA vectors, and cell sorting of mCherry expressing DU145 cells.

(M) Quantitative expression analysis of £/F4A1 before and after sgRNA transduction of
CRISPR/dCas9-DNMT3a cells at days 0, 2, 4, and 6 as determined by qPCR. The fold
change in expression was calculated using the 222 Ct method with GAPDH mRNA as an
internal control. (N) DNA methylation status at the CpG island before and after SgRNA
transduction of CRISPR/dCas9-DNMT3a into DU145 cells at day 6 as determined by
bisulfite sequencing. Open and full black circles show unmethylated and methylated CpG
sites, respectively. This experiment was repeated three times.
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Figure 2. Effect of EIF4A1 heterozygous knockout or knockdown on cell proliferation, tumor
growth, and translating activity in human prostate cancer cells.

(A, E, G, I) Downregulation and rescue of elF4A1 expression in £/F4A1 heterozygous
knockout (£/F4A1'7) DU145 and PC3 cells, verified by Western blots. (B-D, F) Cell
proliferation assay and colony formation assay for DU145 cells. (F, J) Cell proliferation
assay for PC3 cells. (K) Tumor volumes in NSG mice after injection (n=10/group). (M,

L) Representative tumor masses and mean tumor weights on day 27 after injection. (N)
Polysome profiles of £/F4A1*!~ clones against a scramble-treated control in DU145 cells.
Free ribosomal subunits (40S and 60S), monosomes (80S), and polysomes in the polysome
fractions are indicated. (O) Knockdown of elF4A1 in LNCaP cells by £/F4A1 small
interfering RNAs (siRNAS) verified by Western blots. Growth of LNCaP cells transfected
with £/F4A1 siRNAs in androgen-included (P) or androgen-depleted (Q) culture medium.
Data are presented as the means and standard deviation (SD). Scr, scramble. All experiments
were repeated three times.
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Figure 3. Identification of elF4A1 target mRNAs in the 5° UTR of genes and their binding motifs

in human prostate cancer cells.

(A) The workflow of the RIP assay. (B, C) Heat-map and distribution of eIF4A1-RIP-seq
peaks and RNA fractions in the ATG translation start site of target genes. Peaks are in the
top plot and RNA fractions in the bottom plot. (D) Top 3 enriched elF4A1-binding motifs
from sequences in elF4A1-binding sites. (E) Expression levels of 1gG- or elF4A1-RIP
transcripts in the 5° UTRs of candidate genes. (F) elF4A1-binding sites (red arrows) in

the transcription regions of BRDZ, BRD3, and BRD4. Screenshot from the UCSC genome
browser showing locations of the promoter, exons (including 5 UTR and 3’ URT), introns,
and transcription direction (blue arrows). (G-1) IRP-gPCR validation of elF4A1-binding
peaks in the 5 UTRs of candidate genes in DU145, PC3, and LNCaP cells, as determined
by gPCR. Data are presented as the means and SD. **p<0.01, ***p<0.001 by a two-tailed
ttest. All experiments were repeated three times.
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Figure 4. Relationship between expression levels of elF4A1l protein and its potential target genes
in human prostate cancer.

(A-C) Protein expression and quantitative analysis of elF4Al and its potential target genes
in DU145 and PC3 cells, as determined by Western blots. Data are presented as the means
and SD. * p< 0.05 by ANOVA followed by Tukey’s post hoc test vs. the scramble

control group. (D) Protein expression of elF4A1 and DRD2 in DU145 xenograft tumors,

as determined by IHC. (E, F) Protein expression and H-score analysis of elF4A1 and BRD2
in primary prostate cancer tissues as determined by IHC. Scr, scramble. All experiments
were repeated three times.
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