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RNA-binding protein MEX3A controls
G1/S transition via regulating the RB/E2F
pathway in clear cell renal cell carcinoma
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MEX3A is an RNA-binding protein that mediates mRNA
decay through binding to 30 untranslated regions. However,
its role and mechanism in clear cell renal cell carcinoma
remain unknown. In this study, we found that MEX3A
expression was transcriptionally activated by ETS1 and upre-
gulated in clear cell renal cell carcinoma. Silencing MEX3A
markedly reduced clear cell renal cell carcinoma cell prolifer-
ation in vitro and in vivo. Inhibiting MEX3A induced G1/S
cell-cycle arrest. Gene set enrichment analysis revealed
that E2F targets are the central downstream pathways
of MEX3A. To identify MEX3A targets, systematic screening
using enhanced cross-linking and immunoprecipitation
sequencing, and RNA-immunoprecipitation sequencing as-
says were performed. A network of 4,000 genes was identified
as potential targets of MEX3A. Gene ontology analysis of up-
regulated genes bound by MEX3A indicated that negative
regulation of the cell proliferation pathway was highly en-
riched. Further assays indicated that MEX3A bound to the
CDKN2B 30 untranslated region, promoting its mRNA
degradation. This leads to decreased levels of CDKN2B and
an uncontrolled cell cycle in clear cell renal cell carcinoma,
which was confirmed by rescue experiments. Our findings
revealed that MEX3A acts as a post-transcriptional regulator
of abnormal cell-cycle progression in clear cell renal cell
carcinoma.

INTRODUCTION
Renal cell carcinoma (RCC), originating from nephric epithelial cells,
ranks as the sixth most common cancer in males and ninth in fe-
males.1 Clear cell RCC (ccRCC) is the most common type of RCC
and accounts for approximately 75% of all cases.2 Recent studies
have substantially increased our understanding of the genomic
complexity and molecular features of ccRCC, such as chromosomal
alterations, phosphoinositide 3-kinase (PI3K)-protein kinase B
(AKT)-mammalian target of rapamycin (mTOR) pathwaymutations,
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loss of oxygen sensing, and loss of cell-cycle regulation.3–5 Despite ad-
vances in both diagnostic and therapeutic strategies in ccRCC, very
few prognostic markers for ccRCC are available in current clinical
practice.6,7 Hence, further study is required to understand the molec-
ular pathogenesis of ccRCC.

Mex-3 RNA-binding family member A (MEX3A), an RNA-binding
protein containing two KH domains and one RING finger, is a
post-translational repressor that is dysregulated in several tumors.8,9

Previous studies have reported that MEX3A was upregulated and
associated with poor patient outcomes in multiple cancers, such as
esophageal squamous cell carcinoma (ESCC), lung adenocarcinoma
(LUAD), and glioma.10–12 Functionally, MEX3A acts as a facilitator
of tumorigenesis by promoting cell-cycle progression and sustaining
cell viability, but preventing cell apoptosis. For example, in pancreatic
ductal adenocarcinoma (PDAC), MEX3A expression was higher in
the G1 phase than in the S phase, and silencing MEX3A induced
G1/S cell-cycle arrest.13 In triple-negative breast cancer, inhibition
of MEX3A led to cell apoptosis and an increase in the proportion
of cells in the G2/M phase.14 By contrast, in colorectal carcinoma,
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overexpression ofMEX3A reduced the Caco-2 cell population at G0/
G1 phase and increased the S phase population.15 Recently, although
high MEX3A expression was reported to correlate positively with
poor prognosis for patients with ccRCC,16 the exact molecular mech-
anisms by which MEX3A promotes ccRCC tumorigenesis remain
largely unexplored.

In the present study, we aimed to explore the function and mecha-
nism of MEX3A in ccRCC. We observed that MEX3A expression
was upregulated in ccRCC, and a higher level of MEX3A correlated
with poorer overall survival (OS). Functional assessment revealed
that disruption ofMEX3A expression impaired ccRCC cell prolifera-
tion, colony formation, cell-cycle progression, and migration. Using
enhanced cross-linking and immunoprecipitation sequencing
(eCLIP-seq) and RNA immunoprecipitation sequencing (RIP-seq)
assays, we systematically analyzed the downstream targets of
MEX3A in ccRCC and proved that MEX3A affected CDKN2B (cyclin
dependent kinase inhibitor 2B) expression by modulating its mRNA
degradation directly, thereby disturbing the cell cycle. In summary,
we identified MEX3A as an important cell-cycle regulator, and pro-
vided new insights into the ccRCC tumor biology.

RESULTS
MEX3A is upregulated in ccRCC

We first interrogated The Cancer Genome Atlas (TCGA) RNA
sequencing (RNA-seq) data of kidney renal clear cell carcinoma
(KIRC) using the University of California, Santa Cruz (UCSC)
Xena browser, and found that MEX3A was significantly overex-
pressed in ccRCC samples compared with adjacent normal samples
(Figure 1A). Further analysis of Gene Expression Omnibus (GEO)
datasets (GSE16449 and GSE86095) showed a consistent expression
pattern ofMEX3A in ccRCC (Figures 1B and 1C). Clinically, although
MEX3A expression did not correlate with ccRCC pathological stage
(Figures S1A and S1B), higher MEX3A levels were associated signif-
icantly with shorter OS (Figure 1D). In addition, we randomly chose
10 pairs of ccRCC tissues to perform a western blotting assay. The re-
sults showed that MEX3A levels were upregulated significantly in six
ccRCC samples, showed no remarkable alterations in three ccRCC
samples, and were downregulated in one ccRCC sample (Figure 1E).
This finding was consistent with the above results, which implied that
MEX3A might serve as a prognostic factor for patients with ccRCC.

To determine the molecular mechanisms underlying MEX3A upre-
gulation in ccRCC, we first categorized TCGA ccRCC samples into
groups of “wild-type” (WT) and “mutation” based on the absence
or presence of the von Hippel-Lindau (VHL) mutation, the most
common and characteristic genetic change of ccRCC. However, no
significant difference in MEX3A expression was observed between
the groups, indicating that upregulation of MEX3A in ccRCC was in-
dependent of the VHL mutation status (Figures S1C and S1D). We
also investigated possible genetic alterations of MEX3A itself by
studying exome sequencing data of primary ccRCC samples using
the cBioportal pan-Cancer database.17 Notably, a very low frequency
(less than 1%) of either MEX3A mutation or amplification was
242 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
observed in ccRCCs from various cohorts. These results suggested
that dysregulation of MEX3A was not attributed to genetic disorders
in ccRCC (Figure S1E).

Apart from genetic aberrations, epigenetic modifications, such as
DNA methylation, also play a major role in reprogramming gene
expression. Hence, we analyzed the DNA methylation status at the
MEX3A gene locus using Infinium Human Methylation 450K data
from the TCGA to determine whether DNA methylation affected
MEX3A expression in ccRCC. Instead of the promoter regions, lower
methylation levels were found in the second exon region of MEX3A
among the majority of cancer samples compared with that in normal
samples (Figure S1F). However, the DNA methylation levels in these
regions were not inversely correlated with MEX3A expression levels
(Figure S1G).

Transcriptional control represents another molecular mechanism
pertaining to gene expression regulation. In search of potential tran-
scriptional changes underlying MEX3A hyper-activation, we
retrieved chromatin immunoprecipitation sequencing (ChIP-seq)
data from GES86095 and found that strong coincident H3K27ac
and H3K4me3 signals were deposited at both the promoter (region
2) and second exon (region 1) regions ofMEX3A in all ccRCC tumor
samples. In contrast, such H3K27ac or H3K4me3 signals were largely
diminished in paired normal samples (Figure 1F).18 The H3K27ac
mark is widely accepted as an indicator of active cis-regulatory
DNA and the H3K4me3 signal is considered as a marker of pro-
moters. Therefore, we suspected that hyper-activation of MEX3A
was triggered at the transcriptional level. Unsurprisingly, we demon-
strated lower MEX3A expression in all paired normal samples
through further interrogating the RNA-seq data (Figure 1F). Assay
for transposase-accessible chromatin using sequencing (ATAC-seq)
data from the TCGA showed a strong signal in both regions of
MEX3A in ccRCC (Figure 1F). Further analysis of the ATAC-seq
and RNA-seq data showed a highly positive correlation between
ATAC-seq peak intensity and the expression level of MEX3A in
genomic region 2 rather than region 1 (Figure 1G). Hence, we were
particularly interested in unveiling transcription factors that directly
regulate the promoter region (region 2) of MEX3A. Fortunately, we
found that the ChIP-seq data of ETS1 (encoding ETS proto-oncogene
1, transcription factor) in 786-O cells showed a strong binding peak in
the promoter region of MEX3A (Figure 1F). Analysis of the TCGA
database showed that ETS1 is a highly expressed transcription factor
in ccRCC (Figure S2A). Mikami et al. also confirmed that ETS1
mRNA expression was upregulated in ccRCC samples.19 Functional
assay revealed that overexpressing ETS1 enhanced cell proliferation
and migration in ccRCC cell lines, which indicated that ETS1 is an
oncogenic transcription factor in ccRCC.20,21 To validate whether
ETS1 regulates MEX3A expression depending on binding to the
MEX3A promoter region in ccRCC, we constructed a short hairpin
RNA (shRNA) to decrease ETS1 expression in ccRCC cell lines.
The results showed that silencing ETS1 in 786-O and A498 cells
significantly inhibitedMEX3A expression (Figures 1H and 1I). How-
ever, no significant alterations inMEX3A expression were found after
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Figure 1. MEX3A is significantly upregulated and activated by ETS1 in ccRCC

(A and B) Increased MEX3A expression in tumors compared with normal tissues. Data were obtained from the TCGA and GEO databases. (C) Before-after graph showing

MEX3A expressions in paired samples (GSE86095). Tumors showed a higher value. (D) OS time of patients with ccRCC categorized according toMEX3AmRNA levels (p =

0.0251). (E) The protein expression of MEX3A in 10 pairs of ccRCC samples. N, normal; T, tumor. (F) IGV line plots of the H3K27ac, H3K4me3, and ETS1 ChIP-seq results in

the indicated samples. Signal values of normalized peak intensity are shown in the upper left corner. Gene count values of tissue samples are shown in the upper right corner.

All ChIP-seq data were fromGSE86095 or GSE78113 (786-O H3K27ac). (G) Scatterplots showing the correlation between ATAC-seq peaks andMEX3AmRNA expression.

Each dot is a TCGA ccRCC sample. The RNA expression and ATAC-seq data of ccRCC from the TCGA were analyzed. (H) mRNA levels of ETS1 and MEX3A after ETS1

knockdown. The means ± SD are shown, n = 3. (I) Western blotting validating the change in MEX3A levels after silencing ETS1. (J) Luciferase reporter assays in 786-O cells.

The means ± SD are shown, n = 3. *p < 0.05, **p < 0.01, ***p < 0.01, ****p < 0.0001; n.s., not significant.
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knocking down ETS1 in ACHN cells (Figures S2B and S2C). Referring
to a previous study, we constructed two pGL3-enhancer vectors, one
containing the WTMEX3A promoter region and another with muta-
tions (MUT) in the ETS1 binding sequence (from GGAA to TCGA),
to detect the binding of ETS1 in ccRCC cell lines (Figure 1J).22 The
results showed that the firefly luciferase signal was remarkably
reduced after silencing ETS1 expression in 786-O cells transfected
with the WT plasmid (Figure 1J). However, no significant difference
in the firefly luciferase signal was found in the MUT groups (Fig-
ure 1J). In summary, instead of gene mutation, amplification, or
DNA methylation, the main reason for the high expression of
MEX3A was transcriptional activation. Our results also proved that
ETS1 activated MEX3A transcription in ccRCC.

Silencing MEX3A suppresses ccRCC cell proliferation,

migration, stemness, and tumor growth

To test the functional roles of aberrant MEX3A expression, MEX3A
was silenced using small interfering RNA (siRNA) transfection
from a lentivirus vector in ccRCC cells. The efficiency of siRNA inter-
ference was confirmed using western blotting (Figure 2A). According
to previous studies, MEX3A is considered to be a stem cell marker.
Therefore, we tested the impact of silencingMEX3A on cell stemness.
Sphere-formation assays showed that silencing of MEX3A depressed
cell stemness significantly (Figures 2B and 2C). In addition, the quan-
titative real-time reverse transcription PCR (qRT-PCR) results re-
vealed that knocking down MEX3A remarkably downregulated the
expression of stemness-related genes, including OCT4 and NANOG
(Figure 2D). We then explored the effect of MEX3A on cell growth.
Inhibition of MEX3A expression impeded ccRCC cell viability in(3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and colony formation assays (Figures 2E, 2F, and S3A). The effect
of MEX3A on cell motility was also examined. Compared with that
in the control groups, silencing MEX3A significantly decreased the
cell migration ability of ccRCC cells (Figures 2G and S3B). Then,
we overexpressedMEX3A in ccRCC cells, which markedly promoted
cell viability in the colony formation assay (Figures 2H, 2I, and S3C).
Similarity, upregulation of MEX3A promoted cell migration in A498
and 786-O cells (Figure S3D). To explore the effect of knockdown of
MEX3A on tumorigenesis in vivo, constitutive pLKO.1-MEX3A-sh1-
expressing or pLKO.1-Control-expressing ACHN cells were injected
into mice. Tumors formed fromMEX3A-silenced cells were markedly
smaller than those formed from the control cells (Figure 2J–2L).
Overall, these results demonstrated that MEX3A promotes cell
viability and tumor growth in ccRCC.

Inhibition of MEX3A induces G1/S arrest in ccRCC

To gain a further insight into MEX3A-regulated gene and signaling
pathways, RNA-seq was performed to explore the target genes
affected by MEX3A. A total of 488 differentially expressed genes
were identified, including 310 downregulated and 178 upregulated
genes, in MEX3A-silenced ACHN cells (p < 0.05, count R 100, and
log2 fold-change [FC] R 1 or % �1; Figure 3A). Certain genes
from the RNA-seq data were chosen for qRT-PCR verification and
the results showed that their expression levels were significantly
244 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
altered after silencing MEX3A in ACHN cells (Figure S4A). Gene
set enrichment analysis (GSEA) of TCGA RNA-seq data showed
that MEX3A expression correlated highly with several pathways,
including epithelial-mesenchyme transition (EMT), Notch signaling,
and DNA repair. To gain a further understanding of MEX3A highly
correlated pathways, we combined the GSEA results of RNA-seq in
ACHN cells, TCGA RNA-seq data of ccRCC, and transcriptome
sequencing data in GSE86095, and found that higher expression of
MEX3A was associated with E2F-targets, MYC-targets, and G2/M
checkpoint pathways in ccRCC (Figures 3B, 3C, and S4B). Accord-
ingly, we detected the cell-cycle alterations after silencing MEX3A
in ccRCC cell lines. Compared with the control groups, a larger pro-
portion of cells were in the G1 phase in ACHN, A498, and 786-O cells
(Figures 3D, 3E, and S4C). In addition, monitoring of cell-cycle pro-
gression at the single-cell level in MEX3A-silenced ACHN cells
demonstrated that MEX3A knockdown prolonged the G1 phase
significantly (Figures 3F and 3G). The E2F transcription factor plays
an important role in controlling the transition from the G1 to S
phase.23 However, E2F1 protein levels were not significantly changed
in ccRCC cells (Figure S4D). Considering that the phosphorylation of
retinoblastoma 1 (RB) is crucial to E2F transcription factor activity,24

we detected the phosphorylation of RB at S795 and S807/811 after
silencing MEX3A in ccRCC cells. The results showed that silencing
MEX3A decreased the levels of phosphorylated RB, cyclin A2, and
cell-dependent kinase (CDK) 1 in ccRCC, which indicated that
silencing MEX3A induced G1/S arrest by regulating the RB/E2F
pathway (Figure S4D). A study reported that CDK6 regulates G1/S
transition and is a downstream target of MEX3A.13 Hence, we de-
tected the levels of CDK1, CDK2, CDK4, and CDK6 in ccRCC cell
lines. The results showed that CDK1 levels decreased significantly
after knocking downMEX3A in ccRCC cell lines (Figure S4E). How-
ever, the levels of CDK2, CDK4, or CDK6 were not consistent after
silencing MEX3A using two different siRNAs or different cell lines,
which might be because of the different siRNA sequence or cell spec-
ificity (Figure S4E). Despite the different alterations of CDK4 or
CDK6 induced by two different siRNAs of MEX3A, we found that
both siRNAs induced G1/S arrest and inhibited the RB/E2F pathway
in ccRCC cell lines. Hence, these results indicated that CDK6 or
CDK4 are not the key proteins in MEX3A-mediated G1/S transition
in ccRCC. In summary, these data indicated that RNA-binding pro-
tein MEX3A is a cell-cycle regulator and silencing MEX3A induced
cell arrest at G1 phase by regulating the RB/E2F pathway in ccRCC.

Screening for the downstream targets of MEX3A

To further understand which RNA sequences are directly recog-
nized by MEX3A, we first established an ACHN cell line stably ex-
pressing N-terminal FLAG-tagged MEX3A and performed single-
nucleotide resolution eCLIP (Figure S5A). The eCLIP sequencing
results showed that a total of 7,350 peaks were identified by the
FLAG antibody, and the annotation of these eCLIP peaks revealed
that about 68% of MEX3A binding sites were located in the 30

UTR of targets (Figure 4A). Analyses of these peaks showed that
most of the MEX3A-captured RNAs were protein-coding RNAs
(Figure 4B). We used eCLIP-seq to find the downstream targets
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Figure 2. Inhibition of MEX3A suppresses ccRCC cell viability

(A)MEX3A silencing by siRNAs was verified by western blotting in different ccRCC cell lines. (B andC) Cell stemness was detected by silencingMEX3A in ACHN cells. Mean ±

SD, n = 3. Scale bar, 200 mm. (D) The mRNA expression of stemness markers after silencing MEX3A in ACHN cells. Knockdown of MEX3A inhibited (E) MTT, (F) colony

formation, and (G) cell migration in ccRCC cell lines. Mean ± SD, n = 3. (H) Western blotting validation ofMEX3A overexpression. (I) Overexpressed (OE)MEX3A promoted cell

colony formation compared with control group in ccRCC cell lines. Mean ± SD, n = 3. (J) Xenograft images, (K) tumor growth, and (L) tumor weight of xenografts expressing

either scramble shRNA or MEX3A-shRNA in mice. Means ± SD are shown, n = 8, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 3. MEX3A is a cell regulator in ccRCC

(A) Heatmap of the RNA-seq results in ACHN cells. (B) Heatmap of the GSEA results of top 20 enriched hallmark pathways in the MEX3A high-expression groups (top 25%)

versus MEX3A low-expression (bottom 25%) ccRCC samples from the TCGA samples. MEX3A-Tumor groups (17621953T, 70528835T, 74575859T) versus MEX3A-Normal

groups (17621953N, 70528835N, 74575859N) from GSE86095. (C) Individual GSEA plots of E2F-target pathways as in (B). (D) Fluorescence-activated cell sorting (FACS)

analysis showing the DNA content (PI) of ACHN cells after silencing MEX3A. (E) Bar graphs show the percentage of cells in G1, S, and G2 phase of the cell cycle by FACS

analysis, as in (D). Mean ± SD, n = 3. (F) Representative images of cells at the indicated times post transfection with theNC (top) or MEX3A-siRNAs (bottom). Green, S andG2/M

phase; yellow, G1 phase. Scale bar, 50 mm. (G) Bar graphs showing the time that the cells stalled in G1 phase after mitosis. n = 10. *p < 0.05; **p < 0.01; ***p < 0.001.
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of MEX3A in ccRCC; however, the repeatability of this technique is
not as good as RIP-seq. To eliminate this limitation of the eCLIP-
seq assay, we also performed RIP-seq to detect the downstream
RNAs that interacted with MEX3A. Analyses of the RIP-seq data
showed that 4,713 RNAs were enriched by the MEX3A protein
compared with the immunoglobulin (Ig) G group, and the majority
of the MEX3A-captured RNAs encoded functional proteins; less
246 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
than 3% of encoded pseudogenes, antisense, long non-coding
RNAs (lncRNAs), and others (Figure 4C, immunoprecipitation
(IP) gene count R100, log FC % 1). Studies had found that
CDX2 (encoding caudal type homeobox 2), CDK6, and CCL2 (en-
coding C-C motif chemokine ligand 2) were the downstream targets
of MEX3A.10,11,15 Except for CDX2, which is not expressed in
ACHN cells, both the eCLIP-seq and RIP-seq data showed that
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Figure 4. Identification of direct downstream targets of MEX3A in ccRCC

(A) Distribution of MEX3A eCLIP-binding sites across different regions of gene bodies. (B and C) Distribution of MEX3A targets in eCLIP-Seq or RIP-seq experiments. (D)

Weblogos depicting the significant MEX3A eCLIP-binding motifs in ACHN cells identified through de novomotif analysis. (E) Metagene profiles of enrichment of all peaks of

MEX3A. (F) Metagene profiles of enrichment of alterations genes after silencing MEX3A. (G) Overlap of RIP-seq, RNA-seq, and eCLIP-seq in ACHN cells. (H and I) Bubble

chart showing the top 10 enriched pathways in upregulated genes after silencing MEX3A in ACHN cells (GO term).
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MEX3A could bind to the 30 UTR of CDK6 and CCL2 mRNA (Fig-
ures S5B and S5C). Then, we performed motif analyses of the eCLIP
peaks located in the 3’ UTRs, which showed that 50-UUUAUAAA-
30 was the MEX3A high-affinity recognition motif (Figure 4D).
Interestingly, MEX3A binding sites were mainly enriched in 30

UTR region near the end of the CDS region and stop codon (Fig-
ure 4E). By comparing the distribution of peaks of upregulated or
downregulated genes after silencing MEX3A, we found that the dis-
tribution of peaks was altered (Figure 4F). However, we could not
think of a reasonable explanation for this phenomenon, thus this
aspect requires further exploration.
MEX3A was identified as an RNA-binding protein that degrades its
target mRNAs via binding their 30 UTRs.15 Therefore, we chose genes
that could be both enriched by eCLIP-seq and RIP-seq and whose
expression levels were changed after silencing MEX3A for study.
The results showed that 79 genes were directly regulated by
MEX3A (Figures 4G, 47 out of 178 upregulated; 32 out of 310 down-
regulated). Then, Gene Ontology (GO) analyses of these upregulated
and downregulated genes were performed. The GO results for the up-
regulated genes suggested an overrepresentation of genes involved in
tissue development and the negative regulation of cell proliferation
(Figure 4H). GO analysis of the downregulated genes’ results showed
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 247
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that bone development and cartilage development were highly en-
riched (Figure 4I). Considering that MEX3A correlates highly with
the cell cycle, the genes associated with negative regulation of cell pro-
liferation pathways were regarded as major research objects.

MEX3A regulates cell cycle via degrading CDKN2B mRNA

Next, we decided to verify cell cycle-related targets of MEX3A in
ccRCC cell lines using RIP qPCR. The genes CDKN1A, CDKN2B,
E2F7, MAX, DCUN1D3, and BTG2, which were enriched by
MEX3A, were further validated in ACHN, A498, and 786-O cells.
The results showed that CDKN2B, E2F7, and BTG2 were specifically
enriched by the anti- FLAG antibody in several cells (Figures 5A–
5C). The qRT-PCR results showed that CDKN2B and BTG2 were
both upregulated in ACHN and A498 cells after silencing MEX3A
(Figure 5D). However, E2F7was only slightly increased inACHNcells
(Figure 5D). CDKN2B is a cell-cycle regulator that controls G1/S tran-
sition and regulates the RB/E2F pathway.25 Therefore, we constructed
a psi-Check2 vector containing the 30 UTR sequence of CDKN2B, and
the luciferase assay results showed that overexpressing MEX3A in-
hibited the firefly luciferase activity significantly, which suggested
thatMEX3A degradedCDKN2BmRNAby binding to its 30 UTR (Fig-
ure 5E). After 6 h of actinomycin D (ActD) treatment, the rate of
CDKN2B mRNA degradation in the MEX3A-silenced group was
significantly slower than that in the control group (Figure 5F). As
shown in Figure 5G, we synthesized three biotin-labeled RNA probes
(negative control [NC],WT, andmutant [Mut]), to detect binding be-
tween MEX3A and 30 UTR region of CDKN2B. The RNA pull-down
assays showed that MEX3A was enriched by the WT probes instead
of other probes or beads, which indicated that MEX3A interacted
with CDKN2B mRNA via recognizing the 50-UUUAUAAA-30

sequence (Figure 5G). Then, we tested the mRNA and protein expres-
sion levels after silencingMEX3A in ccRCC cells. The results showed
that silencing MEX3A markedly increased the mRNA expression
levels of CDKN2B and decreasedMCM2 (encoding minichromosome
maintenance complex component 2), MCM5, and CDK1 mRNA
levels. Knockdown of CDKN2B reversed these variations induced by
silencing MEX3A in ACHN and A498 cells (Figure 5H). In addition,
western blotting assays revealed that silencing CDKN2B could reverse
the MEX3A-mediated inhibition of the RB/E2F pathway in ACHN
and A498 cells (Figure 6A). Then, cell-cycle assays confirmed that
silencing CDKN2B decreased the inhibition on G1/S transition caused
by knocking downMEX3A in ccRCC cells (Figures 6B, S5D, and S5E).
MTT and colony formation assays showed similar effects of silencing
CDKN2B in ccRCC cells (Figures 6C, S5F, and S5G).

Our results revealed that MEX3A promoted the expression of E2F
targets via degrading CDKN2B mRNA. To better understand this
relationship between MEX3A and E2F targets in vivo, we analyzed
these gene expression correlations in the TCGA and GSE16449 data-
sets. Several representative results, including differential expression
analysis, correlations analysis, and survival curve analysis, were pre-
sented. In detail, we found that the expression levels of CDK1,
MCM2, and CCNA2 were increased significantly in the ccRCC tumor
group compared with those in the control group (Figures 6D and
248 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
S6A). Besides, there were positive correlations between MEX3A
expression and the downstream effectors, including CDK1, MCM2,
and CCNA2 (Figures 6E and S6B). In the above results, we mainly
focused on the regulation between MEX3A and CDKN2B. Unfortu-
nately, we did not find a negative correlation between MEX3A and
CDKN2B in the TCGA or GSE16449 data. However, BTG2, another
potential target of MEX3A, correlated negatively with MEX3A
expression in GSE16449 (Figure 6E). Lastly, higher expression of
CDK1 or CCNA2 was associated with a shorter survival time and
higher expression of CDKN2B or BTG2 was associated with a longer
survival time in the TCGA data (Figure 6F). Above all, these results
revealed that MEX3A regulated G1/S transition and promoted the
expression of E2F downstream targets by degrading CDKN2B
mRNA expression and supported the view that MEX3A is crucial
for cell-cycle regulation in ccRCC (Figure 7).

DISCUSSION
To date, research on MEX3A has concentrated mainly on its role in
intestinal stem cells and tumor cells. In intestinal stem cells,
MEX3A affects cell stemness in a post-transcriptional manner.26,27

Studies have found that MEX3A is upregulated in several tumors
and regulates cell proliferation, migration, drug resistance, and tumor
growth by regulating mRNA degradation or protein ubiquityla-
tion.10,12,28,29 In this study, we found that MEX3A was overexpressed
in ccRCC, which was caused by transcriptional activation. After a
comprehensive analysis of public databases and ACHN RNA-seq
data, we found that MEX3A mainly regulates the RB/E2F pathway
in ccRCC. CDKN2B, located on chromosome 9p21, encodes a well-
known cell regulator that controls G1/S transition in cell-cycle pro-
gression.25 Overexpression of CDKN2B significantly inhibited cell
proliferation and decreased the phosphorylation level of RB s807/
811 by directly binding CDK4 or CDK6.30 Studies have demonstrated
that the RB/E2F pathway is critical for control of the cell cycle and tu-
mor progression.31,32 pRB is phosphorylated on S807/811 during the
S phase, and phosphorylation of RB’s C-terminal serine (S795) desta-
bilizes the interaction between RB and the E2F1-DP1 hetero-
dimer.33,34 Upon phosphorylation of RB at S795 and S807/811,
downstream targets of E2F, such as CCNA2, CDK1, and MCM2,
will be transcriptionally activated.35 Our results revealed that
silencing MEX3A inhibited the phosphorylation of RB at S795 and
S807/811 through increasing CDKN2B expression and decreased
the expression of CCNA2, CDK1, and MCM2, which indicated that
inhibition of MEX3A induced G1/S arrest in ccRCC. Notably, loss
of 9p21 is frequent and causes poorer survival in patients with ccRCC.
However, 9p21 loss of heterozygosity does not lead to downregulation
of CDKN2B.36 Higher CDKN2B expression correlated positively with
a longer OS in patients with ccRCC, which indicated the anti-tumor
role of CDKN2B in ccRCC. The results of the present study indicated
that MEX3A regulates the cell cycle by degrading CDKN2B mRNA.
Unfortunately, we did not find a negative correlation between
MEX3A and CDKN2B expression. BTG2, encoding BTG anti-prolif-
eration factor 2, was another potential target of MEX3A, which was
upregulated after MEX3A silencing and downregulated in ccRCC
samples. Similar to CDKN2B, BTG2 acts as a cell-cycle regulator.
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Figure 5. MEX3A directly binds to the 30UTR of CDKN2B mRNA

(A and B) RIP-seq assays showing several targets enriched by MEX3A in different ccRCC cell lines. Mean ± SD, n = 3. (C) IGV line plots of MEX3A RIP-seq and eCLIP-seq in

ACHN cells. Signal values of normalized peak intensity are shown in the upper left corner. (D) The mRNA expressions of CDKN2B, E2F7, and BTG2 were detected after

silencingMEX3A in ccRCC cells. Mean ± SD, n = 3. (E) Luciferase reporter assays in ACHN and 293T cells. The 30 UTR ofCDKN2Bwas cloned into a reporter vector. Mean ±

SD, n = 3. (F) RNA degradation rate after silencingMEX3A in ACHN cells. Mean ± SD, n = 3. (G) Diagram of three RNA probes and the western blotting results of RNA pull-

down. (H) mRNA expression ofMEX3A, CDKN2B,MCM2,MCM5, and CDK1 after MEX3A and CDKN2B knockdown in different ccRCC cell lines. Mean ± SD, n = 3. *p <

0.05, **p < 0.01, ***p < 0.001; ****p < 0.0001; n.s., not significant.
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Figure 6. MEX3A controls cell cycle via regulating CDKN2B mRNA decay in ccRCC

(A) Levels of MEX3A, CDKN2B, and E2F/RB-related proteins after MEX3A and CDKN2B knockdown. Inhibition of CDKN2B recovered the inhibition induced by silencing

MEX3A on G1/S transition (B) and proliferation (C). (D) The expression ofMCM2, CDK1, CCNA2, and BTG2 in TCGA. (E) The mRNA expression correlation betweenMEX3A

and its downstream targets. (F) OS time of patients with ccRCC categorized according to mRNA levels.
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Figure 7. Schematic summary of the role of MEX3A in ccRCC

Proposed working model showed MEX3A was activated by ETS1 and promoted

G1/S transition by degrading target mRNAs, which regulates cell proliferation

negatively.
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In ccRCC, overexpression of BTG2 suppressed cell proliferation and
decreased CCND1 expression, which could inhibit activation of the
RB/E2F pathway.37 In this study, we found that BTG2 expression
was upregulated after knocking down MEX3A in ccRCC cells, and
higher expression of BTG2 was related to a longer survival time in pa-
tients. However, we did not further verify the regulatory relationship
between MEX3A and BTG2. Therefore, further research is needed to
reveal the detailed regulatory network of MEX3A, which could pro-
vide a molecular theoretical basis for clinical diagnosis and treatment.

In a previous study, MEX3A was found to be mainly located in the
cytoplasm and colocalized with Decapping MRNA 1A (DCP1A) in
P bodies in MCF7 cells.9 MEX3A interacts with argonaute (AGO) 1
and AGO2, which could be interrupted by RNase treatment.9 These
results indicated that MEX3A plays a role in mRNA degradation,
which has been confirmed by several studies.12,15,38 However, a recent
study reported that depletion of MEX3A decreased the expression of
its direct target, CDK6, by promoting mRNA decay in pancreatic
ductal adenocarcinoma cells.13 In addition, Santovito et al. found
that MEX3Awas enriched in the nucleus and coimmunoprecipitation
(coIP) assessments did not detect the interaction between MEX3A
and DCP1A in human umbilical vein endothelial cells.39

Despite identifying a list of MEX3A downstream targets in ACHN
cells, it is still hard to confirm the RNA-binding function of
MEX3A. On the one hand, the binding status of MEX3A to different
genes is diverse. For example, the binding region of MEX3A in the 30

UTR of CDK6 was not completely covered (Figure S4B). In addition,
miRNAs could also bind to the 30 UTR of mRNAs to regulate their
expression. Therefore, if the binding region of MEX3A coincides
with those of miRNAs, gene expression would be highly likely to be
downregulated after silencingMEX3A. Similarly, if the binding region
of MEX3A did not overlap with an miRNA-binding region, MEX3A
might cooperate with miRNAs to regulate mRNA expression.
Furthermore, MEX3A has been proved to form a complex with
miR-126-5p and AGO2 without a target mRNA via its two KH do-
mains, which might provide a novel insight into post-transcriptional
regulation of MEX3A.39 In short, the regulatory functions of MEX3A
and miRNAs on mRNAs might be mutually inhibitory when they
form a complex. Upon loss of MEX3A or miRNAs, another one
will regulate the expression of their targets by binding to the 30

UTR of downstream targets. On the other hand, the RING domain
of MEX3A might also play an important role in the regulation of
downstream targets. In MEX3C, another member of the MEX3 fam-
ily, loss of the RING domain did not interrupt the interaction between
MEX3C andHLA-A2mRNA.40,41 However, loss of the RING domain
would not shorten theHLA-A2mRNA poly(A) tail.41 These data also
suggested that the function of MEX3A in degrading mRNA might be
dependent on its RING domain. Here, we performed a genome-wide
RNA screen to identify the downstream targets of MEX3A and
described the molecular mechanism of RNA regulation of MEX3A
to some extent. However, the function of post-transcriptional regula-
tion of MEX3A has not been fully explained and needs further
investigation.

Regarding the MEX3-recognition element (MRE), Pagano et al. iden-
tified a high-affinity MRE ((A/G/U) (G/U)AGN0-8U(U/A/C)UA))
by mixingMEX3 and several pools of ssRNA.42 Then, a study demon-
strated that the KH1 domain of MEX3C could only bind to MRE10a
(50-CAGAGU-30), whereas the KH2 domain could bind to both
MRE10a and MRE10b (50-GUUUAG-30).43 Similarly, MEX3A was
reported to bind to the 30 UTR of CDX2 through recognizing the
sequence 50-AGAGUUUUUA-30.15 In the present study, we identi-
fied a MEX3A recognition element (50-UUUAUAAA-30) using
eCLIP-seq, which will be useful to screen targets of MEX3A in other
research models.

Lastly, Barriga et al. found that MEX3A high-expression cells were
resistant to chemotherapy (5-fluorouracil) and gamma radiation in
intestinal stem cells.27 Knocking down MEX3A enhanced the sensi-
tivity to gemcitabine treatment in PDAC.13 However, the mecha-
nisms underlying these findings are largely unknown. In conclusion,
further research should focus on the RNA-binding function and the
clinical value of MEX3A in ccRCC.

MATERIALS AND METHODS
Cell culture and ccRCC tissue samples

ACHN, A498, and 786-O are the most commonly used ccRCC cell
lines.44 ACHN, 786-O, and 293T were purchased from the Cell
Bank of the Chinese Academy of Science, and A498 cells were
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obtained from the American Type Culture Collection (ATCC; Man-
assas, VA). All cell lines were authenticated by short tandem repeat45

profiles provided by IGE Biotechnology (Guangzhou, China). Cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Grand Island, NY) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (Beyotime, Shanghai,
China) at 37�C in 5% CO2. 10 pairs of ccRCC and adjacent tissues
were obtained by surgical operation from Chinese Academy of Med-
ical Sciences and Peking Union Medical College. This study was
approved by the Review Board of Chinese Academy of Medical Sci-
ences and Peking Union Medical College. All patients provided
signed informed consent.

Cell transfections

Transfection of cells with plasmid DNA or siRNA was performed us-
ing ViaFect (Promega, Madison, WI) or Lipofectamine RNAiMAX
(Thermo Fisher Scientific, Waltham, MA) according to the manufac-
turer’s instructions. siRNAs targeting MEX3A and CDKN2B (si-
MEX3A-1, GCGAGGAACCAGTGTTCAT; siMEX3A-2, GGCAAG
GCTGCAAGATTAA; siCDKN2B, CCAACGGAGTCAACCGTTT),
and NC siRNA were purchased from GenePharma (Suzhou, China).

Antibodies and reagents

Western blotting was performed as previously described.24 All the blots
were incubated with primary and secondary antibodies (Transgene
biotech, 1:10,000) for 1 h. After incubating with the ECL reagent
(Thermo Fisher), the blots were visualized using iBright CL1000
(Thermo Fisher). The primary antibodies recognized cyclin-dependent
kinase (CDK) 1 (BD Bioscience, San Jose, CA; #610037), CDK4 (CST,
Danvers, MA; #12790), CDK2 (CST, #18048), CDK6 (CST, #13331),
cyclin-dependent kinase inhibitor 2B (CDKN2B) (Immunoway, Plano,
TX; #YT3492), cyclin D1 (CCND1) (BD, #556470), retinoblastoma 1
(RB) (CST, #9309), phosphorylated (p)-RB S795 (CST, #9301), p-RB
S807/811 (CST, #8516), E2F transcription factor 1 (E2F1) (Abcam,
Cambridge, MA; #ab112580), Mex-3 RNA-binding family member A
(MEX3A) (Sigma, St Louis, MO; #HPA062703), FLAG (Sigma,
#F1804), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Transgene Biotech, Beijing, China; #HC301-01).

Cell-cycle analysis

After siRNA transfection for 48 h, cells were harvested using trypsin,
and fixed overnight in 70% ethanol at 4�C. DNA was stained with
propidium iodide (PI; 5 mg/mL; Beyotime, Shanghai, China) at 4�C
for 15 min in 1� phosphate-buffered saline supplemented with
RNase A. PI-labeled samples were measured using a CytoFLEX
flow cytometer (Beckman Coulter, Indianapolis, IN). The ModFit
LT 5.0 software (Verity Software House, Topsham, ME) was used
to analyze the cell-cycle distribution.

Cell colony formation, migration, and MTT assays

After siRNA transfection for 48 h, cells were harvested using trypsin.
For the colony-formation assay, 500 cells per well were seeded into
six-well plates and incubated for 2 weeks, then fixed using 4% para-
formaldehyde for 15 min and stained with 0.1% crystal violet for
252 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
15 min. For the MTT assay, 2 � 103 cells per well were seeded into
96-well plates, and cell proliferation was measured using a standard
MTT assay, as described previously.24 For the migration assay,
550 mL of DMEM medium containing 20% FBS was added to the
lower chamber of a Transwell insert. Cells suspended in 100 mL of
DMEM medium without FBS (ACHN, 1 � 105 cells per well; A498,
3 � 104 cells per well; 786-O, 3 � 104 cells per well) were seeded
into the upper chambers of 24-well Transwell inserts and incubated
for 24 h. Cell in the upper chamber were fixed with 4% paraformal-
dehyde for 15 min and stained with 0.1% crystal violet for 15 min.
After removing cells in the upper chamber, cells that passed through
the membrane were counted under a light microscope (Nikon, Ni-U,
Tokyo, Japan).

Luciferase reporter assay

To detect the binding of ETS1, the sequences of NC and WT were
separately cloned into pGL3-enhancer vector. The mutant pGL3-
enhancer was cloned using MutanBEST kit (Takara, Dalian, China,
#R401). After co-transfection with pRK-TK for 48 h, luciferase activ-
ity was measured using a dual-luciferase reporter assay system
(Promega). To detect the binding of MEX3A to the CDKN2B 3’
UTR, the sequences were cloned into the psiCHECK-2 vector pur-
chased from IGE Biotechnology. After co-transfection with
constructed psicheck-2-30 UTR-CDKN2B and PCDH-CopGFP-
puro-MEX3A in cells for 48 h, luciferase activity was measured using
a dual-luciferase reporter assay system (Promega). Primers used for
PCR amplification during luciferase reporter vector construction
are listed in Table S1.

Lentivirus packaging and infection

Lentiviral plasmids PCDH-CopGFP-puro-MEX3A and pLKO.1-
EGFP-puro-MEX3A, and control plasmids were purchased from
IGE Biotechnology. These pLKO-based and PCDH-based lentiviral
plasmids were co-transfected with packing plasmids (psPAX2 and
pMD2.G) into 293T cells. Culture medium containing lentivirus
was collected and filtered. Stable knockdown or overexpression cells
were selected using 1–2 ng/mL puromycin for 3 days.

RNA-seq and RIP-seq assay

After transfection for 48 h, total RNA was extracted using RNAiso
Plus (Takara, #9108Q) according to the manufacturer’s instructions.
mRNA library construction and single-end sequencing were executed
by BGI (Wuhan, China). The primers used to validate altered genes
using qRT-PCR are listed in Table S2.

The RIP-seq assay was performed as previously described.46 Briefly,
1 � 107 cells stably expressing FLAG-tagged MEX3A were treated
with 0.3% formaldehyde and the cross-linking reaction was stopped
by adding 0.125 M glycine. The complexes of RNA and protein
were enriched using 5 mg of anti-FLAG antibody with Dynabeads
protein G (Invitrogen, Waltham, MA; #10004D) in cell lysis buffer
overnight at 4�C. Then, total RNA was isolated by the phenol-chloro-
form method after treatment with proteinase K (Thermo Fisher).
Library construction and sequencing were completed by BGI.
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RNA-seq data and RIP-seq data were aligned and quantified using
RSEM47 and STAR48 against the GRCh37 human reference genome
and annotation (GTF format) downloaded from GENCODE official
website. Gene counts were then used for downstream analysis.

eCLIP assay and data analysis

FLAG-taggedMEX3A eCLIP was performed in ACHN cells, following
a previously published protocol.49 Briefly, input and FLAG antibody IP
fractions were run on an NuPAGE Bis-Tris protein gel (Thermo
Fisher). Protein-RNA complexes between 72 kDa and 150 kDa were
collected for RNA isolation, followed by library generation. eCLIP
libraries were sent to IGE Biotechnology for paired-end sequencing
(PE150). eCLIP data processing was conducted using eCLIP pipeline
version 0.2.1a (https://github.com/YeoLab/eclip/releases/tag/0.2.1a).
High-confidence eCLIP peaks were called by selectingMEX3A-binding
peaks with a minimum IP count R10 and a minimum log2 fold-
change (FC) IP/input valueR1.De novomotif analysis was conducted
by usingHOMER v4.10 findMotifsGenome.pl script with the following
parameters: -rna -S 10 -size 200 -len 8 -p 4. The ChIPSeeker R package
was used to determine the distribution of peaks.50

RNA pull-down assay

The 30 biotin-labeled RNA probes were synthesized by IGE Biotech-
nology. According to a previous study, ACHN cells in a 100-mm dish
were lysed by adding 1 mL of lysis buffer (10 mM HEPES pH 7.0,
200 mM NaCl, 1% Triton X-100, 10 mM MgCl2, 1 mM DTT with
protease inhibitors and RNase inhibitor).51 After incubation for
30 min on ice, supernatants were transferred to new tubes using
high-speed centrifugation (12,000 � g, 15 min, 4�C). RNA probes
were applied to 30 mL of washed streptavidin beads and incubated
on a rotating shaker at 4�C for at least 20min. Then, 200 mg of protein
lysate was incubated with 30 mL of RNA-Beads (New England Bio-
labs, Ipswich, MA; S1420S) at 4�C for 2 h. Beads were washed three
times with lysis buffer. Captured proteins were heated for denatur-
ation and validated using western blotting. The sequence of RNA
probes is listed in Table S3.

Sphere-formation assay

To evaluate sphere-formation potential, ACHN cells were treated
with siRNAs for 24 h. Then, cells were plated at a density of 500 cells
per well in the ultra-low attachment 12 plate (Corning Incorporated,
Corning, NY) and incubated in DMEM/F12 (1:1) supplemented with
1� B-27 (Gibco, United States), 20 ng/mL epidermal growth factor
(EGF; Gibco, United States), 10 ng/mL fibroblast growth factor-basic
(bFGF; Gibco, United States), 1� L-glutamine, and 1� penicillin/
streptomycin. Every 3 days, half of the medium was replaced. Cells
were cultured for 10 days, and the spheroid of each well was photo-
graphed with an Olympus fluorescent microscope and counted.

Murine xenograft model

The studies were approved by the AnimalManagement Committee of
Sun Yat-Sen University. Cells (3� 106) were injected subcutaneously
in nude mice (3–4 weeks old). The tumors were harvested and their
sizes and weights were measured.
Statistics

All results were analyzed statistically using GraphPad Prism v8
(GraphPad, La Jolla, CA). A p value <0.05 was considered as statisti-
cally significant. OS was computed using the Kaplan-Meier method,
and p values of OS were calculated using the log rank test.
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