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Abstract

Long noncoding RNAs (IncRNA) have been associated with various types of cancer; however, the
precise role of many IncRNAs in tumorigenesis remains elusive. Here we demonstrate that the
cytosolic INcRNA P53RRA is downregulated in cancers and functions as a tumor suppressor by
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inhibiting cancer progression. Chromatin remodeling proteins LSH and Cfp1 silenced or increased
P53RRA expression, respectively. P53RRA bound Ras GTPase-activating protein-binding protein
1 (G3BP1) using nucleotides 1 and 871 of P53RRA and the RRM interaction domain of G3BP1
(aa 177-466). The cytosolic P5S3RRA-G3BP1 interaction displaced p53 from a G3BP1 complex,
resulting in greater p53 retention in the nucleus, which led to cell-cycle arrest, apoptosis, and
ferroptosis. P5S3RRA promoted ferroptosis and apoptosis by affecting transcription of several
metabolic genes. Low P53RRA expression significantly correlated with poor survival in patients
with breast and lung cancers harboring wild-type p53. These data show that INcRNAs can directly
interact with the functional domain of signaling proteins in the cytoplasm, thus regulating p53
modulators to suppress cancer progression.

Introduction

Long noncoding RNAs (IncRNA) have attracted significant attention because of their
emerging role in cancer (1, 2). Tens of thousands of INcRNAs may be encoded in the human
genome (3, 4), but the precise role of many of them remains elusive. LncRNAs display
enormous variations in expression level and show diversity in subcellular localization (4).
Nuclear IncRNAs are involved in transcriptional regulation in ¢/sand in #rans, modulation of
chromosomal interactions, transcription factor trapping, chromatin looping, gene
methylation, recruitment of transcription factor, and chromatin modification (5, 6).
Cytoplasmic IncRNAs can influence activity or abundance of interacting proteins, mRNAs,
or micro-RNAs (2, 6-8). Nevertheless, research into the functions of INCRNAs, especially
those that reside in the cytoplasm, is still at an early stage.

The number of p53-regulated INcRNAs is growing rapidly, pointing to involvement of
IncRNAs in p53 signaling (9-11). It has been demonstrated that some IncRNAs play an
extensive role in modulating tumor-suppressor pathways has been demonstrated for some
IncRNAs (12). The maternally imprinted RNA MEG3 has been found to bind to p53 and
activate transcription of a subset of p53-regulated genes (13). The DNA-damage-inducible
IncRNA PANDA controls a p53-dependent pathway, by binding to the transcription factor
NF-YA and blocking its recruitment to pro-apoptotic genes (14). Although downstream
activities of the p53 pathway have been explored, the potential role of IncRNAs in the
regulation of p53 activity has not been extensively studied.

Ras-GTPase-activating protein-binding protein 1 (G3BP1) modulates the transduction of
signaling stimulated by the oncoprotein Ras (15). The G3BP family of proteins participate in
several signaling pathways involved in carcinogenesis, including p53 and Ras signaling as
well as the ubiquitin proteasome system (16, 17). Furthermore, G3BP1 is essential for the
normal interaction between stress granules and processing bodies and can preserve
polyadenylated mRNA during carcinogenesis (18, 19). However, the precise role and
mechanism of action of G3BP1 in tumorigenesis is not understood. Here, we report a
IncRNA-dependent mechanism that regulates a highly dose-dependent family of RNA
binding proteins in the cytoplasm, uncovering a transcriptional regulatory axis that promotes
cell death in mammalian cells.
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Materials and Methods

Cell culture, chemicals, plasmids, and siRNAs

The normal lung cell lines, HBE (ATCC:CRL-2741) and MRC-5 (ATCC: CCL-171) and the
lung cancer cell lines A549 (ATCC: CCL-185), H358 (ATCC: CRL-5807), and H522
(ATCC: CRL-5810) were obtained from the ATCC. The lung cancer cell lines SPCA-1,

PC9, 95C, and 95D were obtained from the Cancer Research Institute of Central South
University. A549 cells were cultured in DME/F12 1:1(HyClone), 293T cells were cultured

in DMEM (Gibco), and the other cell lines were cultured in RPMI11640 (Gibco). All medium
was supplemented with 10% (v/v) FBS. All cell lines were maintained at 37C with 5% CO».
All cell lines tested negative for mycoplasma contamination and were passaged less than 10
times after the initial revival from frozen stocks. All cell lines were authenticated prior to use
by short tandem repeat profiling.

The chemicals erastin and ferrostatin-1 were purchased from Selleck. The PS3RRA
(linc00472) lentiviral overexpression construct was built by cloning LINC00472 cDNA that
was kindly provided by Hebert Yu (20) into the pCDH-EF1-MCS-BGH-PGK-GFP-T2A-
Puro vector (SBI; catalog no. CD550A-1). The FLAG-G3BPL1 truncation overexpression
constructs were built by the truncated G3BP1 cDNAs into a pLVX-EF1la-IRES-Puro vector
(catalog no. 631988; Clontech). Primers used are listed into Supplementary Table S1. The
F380L/F382L RNA recognition motif (RRM) mutant of G3BP1 was introduced into the
G3BP1 gene using the QuikChange Il Site-Directed Mutagenesis Kit (Agilent). The GFP-
p53 overexpression constructs were built by cloning p53 cDNA into a pLIM1-EGFP vector
(catalog no. 19319; Addgene). Wild-type p53 and mutant p53 plasmids were provided by
Drs. Mian Wu (University of Science & Technology of China, Hefei, China) and Yu Zhang
(Central South University, Changsha, China). The lentiviral ShRNA clones targeting human
P53RRA (#1 ATTTCATCTTCATTGGATA; #2 AGATCATTAGCTTCTTAAA), G3BP1 (#1
CATTAACAGTGGTGGGAAA,; #2 AGGCTTTGAGGAGATTCAT), p53 (#1
ACTCCAGTGGTAATCTACT; #2 GTCCAGATGAAGCTCCCAG), and the nontargeting
control construct were purchased from Genechem (www.genechem.com.cn).

Bisulfite sequencing

Genomic DNA (1 ug) was subjected to bisulfite treatment using the MethylDetector
Bisulphite Modification Kit (Active Motif). The amplified fragments were subcloned into
the pCR2.1-TOPO vector (Invitrogen). The primers used were as follows: F:
GGGGAAAAGTTTGGATTGTTT and R: CTTAACTTAATCTAAACTCCAAAAT.
Independent clones were sequenced using the M13 F primer, and only sequences with
individual fingerprints were selected for analysis.

RNA pull-down and mass spectrometry analysis

RNA pull-down assays were performed using a Pierce Magnetic RNA-Protein Pull-Down
Kit (Thermo Scientific). Fifty pmol of biotin-labeled full-length P5S3RRA RNA or the
antisense P53RRA fragment was heated to 60°C for 10 minutes, slow cooled to 4°C, and
then incubated with streptavidin beads at 37°C for 2 hours. The RNA was mixed with 200
ug of cellular protein extracts from lung adenocarcinoma or 293T cells. Proteins bound to
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P53RRA or antisense P53RRA were subjected to mass spectrometry analysis on a MALDI-
TOF instrument (Bruker Daltonics) or examined by Western blotting. The /n vitro
transcription of P53RRA and its deletion fragments was assessed with primers containing
the T7 promoter sequence (Supplementary Table S2) using the TranscriptAid T7 High Yield
Transcription Kit (Thermo Scientific).

RNA immunoprecipitation assays

A total of 107 cells were harvested by trypsinization and resuspended in 2 mL of PBS. The
cell lysate was pelleted by centrifugation at 4°C and 500 x g for 15 minutes. The cell lysate
was resuspended in 1 mL of RIP buffer, split into three fractions (for Input, Mock, and IP),
and then centrifuged at 4°C and 13,000 rpm for 10 minutes. Antibodies against normal
mouse 1gG (Merck Millipore, catalog no. 12-371), normal rabbit 1gG (Cell Signaling
Technology, catalog no. 2729), G3BP1 (Santa Cruz Biotechnology, catalog no.sc-365338),
andG3BP2 (Abcam, catalog no. ab86135) as well as Anti-FLAG M2 Magnetic Beads
(Sigma Aldrich, catalog no. M8823) or GFP (Santa Cruz Biotechnology, catalog no.
sc-9996) were added to the supernatant and incubated overnight at 4°C with gentle rotation.
Next, 40 pL of protein A/G beads were added and the mixture was incubated at 4°C for an
additional hour. The beads were pelleted at 2,500 rpm for 30 seconds, washed three times
with 500 uL of RIP buffer and one time with PBS, and then resuspended in 1 mL of RNAiso
Plus. The total RNA (input control) and RNA precipitated with the isotype control (IgG) for
each antibody were assayed simultaneously with all test samples. The coprecipitated RNAs
were detected by gRT-PCR for P53RRA (forward, GGTGACTTTCTCGACTCGTCGT and
reverse, GATGATGCCAACATGTCTGGTGC).

IHC analysis and lung cancer biopsies

IHC analyses were essentially performed as previously described (21-24) and are also
described in the Supplementary Materials and Methods section. Lung cancer biopsies,
validated by pathologist Dr. Desheng Xiao (Xiangya Hospital, Central South University,
Hunan, China), were obtained from the Department of Pathology at Xiangya Hospital.
Written informed consent was obtained from all patients or their relatives, and the
institutional ethical committee of our hospital approved the study in accordance with the
ethical guidelines from the Declaration of Helsinki. The lung cancer tissue array was
purchased from Pantomics.

Quantitative real-time PCR and chromatin immunoprecipitation

The details of these procedures have been described previously (21,22,25). Primers are listed
in Supplementary Tables S3 and S4. The antibodies used are as follows: H3K4me3 (Active
Motif, catalog no. 39915), Histone H3K27me3 (Active Motif, catalog no. 39155), LSH
(Santa Cruz Biotechnology, catalog no. sc-46665), and Cfp1 (Santa Cruz Biotechnology,
catalog no. 25391).

Nude mice and study approval

The xenograft tumor formation assay was essentially performed as previously described
(22). All procedures for animal study were approved by the Institutional Animal Care and
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Use Committee of the Central South University of Xiangya School of Medicine and confirm
to the legal mandates and federal guidelines for the care and maintenance of laboratory
animals. SCID mice (Hunan SJA Laboratory Animal Co. Ltd.) were injected with the
indicated cells in the mammary fat pad (10 mice/group). Injected mice were imaged from
both the dorsal and ventral sides every three days. Data were analyzed using Student ftest; a
Pvalue < 0.05 was considered significant. Additional methods can be found in the
supplemental section.

Results

The IncRNA P53RRA is a cytosolic IncRNA that is silenced in multiple cancers

To investigate the role of IncRNAs in lung cancer, we first examined INcCRNA expression
profiles in two non—small cell lung cancer tissue samples and adjacent normal tissues using
the Arraystar LncRNA Microarray (V2.0). Thirteen IncRNAs were upregulated and 18 were
downregulated by more than five-fold, including p53-related INcRNA (P53RRA,;
Supplementary Table S5). Using 5’- and 3’-rapid amplification of the cDNA ends, P53RRA
was found to be 2,933-nucleotide (nt) long. The gene is identical to the sequence C6orf155
in GeneBank and uc003pfz.1 in the UCSC database (hg19 chr6: 72,124,149-72,130,448)
and shows enrichment of H3K4me3-modified histones at the transcription start site and
H3K4mel-modified histones at the promoter region (Fig. 1A).

Using an independent panel of 47 primary lung tumors and normal lung tissues, we found
that P53RRA was downregulated in both lung adenoma (ADC) and squamous carcinoma
(SCC; Fig. 1B and C). /n situ hybridization showed that PS3RRA was located primarily in
the cytoplasm in normal lung tissues and the level of P53RRA was significantly decreased in
both lung ADC and SCC (Fig. 1D and E). The level of P53RRA was also decreased in liver
cancers compared with normal liver tissues (Fig. 1F). /n situhybridization analysis also
indicated that P53RRA localized to the cytoplasm of normal liver cells and that its level was
decreased in liver cancer (Fig. 1G; Supplementary Fig. S1A). Similar findings were obtained
in colon cancer and nasopharyngeal carcinoma (Fig. 1H and I; Supplementary Fig. S1B and
S1C). Quantitative RT-PCR (qRT-PCR) detected significantly higher levels of P5S3RRA
expression in HBE and H1299 cells, and reduced levels in A549 and SPCAL cells
(Supplementary Fig. S1D). Furthermore, the localization of P53RRA in the cytoplasm was
confirmed by the assessment of the nuclear and cytoplasmic fractions in HBE, A549,
SPCAL1, and H522 cells using RT-PCR (Fig. 1J). Our data suggest that PS3RRA might exert
its biological function in the cytoplasm and that its expression is suppressed in human
cancers.

Finally, nine GEO datasets representing different cancer types were used to compare
expression levels between normal breast tissues and tumors. Higher levels of P5S3RRA were
detected in normal tissues compared with tumor tissues (Supplementary Fig. S1E), and
higher P53RRA expression was associated with low grade and less aggressive disease
(Supplementary Fig. S1F). Overall, these results were in agreement with our own findings.
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Epigenetic silencing of P53RRA by DNA methylation is mediated by LSH, whereas Cfpl is
involved in the activation of P53RRA

Abnormal DNA methylation has been found in cancer cells, especially at silenced tumor
suppressor genes (26, 27). We detected increased level of DNA methylation around the
transcription start site of the P53RRA gene in lung cancer tissues compared with control
lung tissues (Fig. 2A and B; Supplementary Fig. S2A). This increase was found in A549,
SPCA1, and H522, but not in HBE cells (Fig. 2C). After treatment of A549 and SPCA1
cells with the DNA demethylating drug azacytidine, P5S3RRA expression increased,
indicating that DNA methylation represses P53RRA expression (Fig. 2D).

Because LSH is crucial for transcriptional repression at DNA methylated genes and plays an
important role in cancer progression (23, 25, 28-31), we hypothesized that LSH is involved
in the regulation of P53RRA transcription. Overexpression of LSH further decreased
P53RRA levels by increasing DNA methylation (Fig. 2E), which specifically at the P53RRA
promoter region (Supplementary Fig. S2B and S2C). In contrast, depletion of LSH increased
P53RRA expression levels, and DNA methylation in the PSRRA promoter region decreased
(Fig. 2F; Supplementary Fig. S2D and S2E), suggesting that LSH represses P53RRA.
Furthermore, the expression of LSH and P53RRA were inversely correlated in lung cancers
(Fig. 2G). Chromatin immunoprecipitation (ChIP) assays revealed that LSH is bound to the
P53RRA promoter in A549 and SPCA1 lung cancer cells, but not in HBE cells, suggesting a
direct role for LSH (Fig. 2H).

A high percentage of DNA-methylated cancer genes are pre-marked with H3K27me3
modifications, whereas hypo-methylated genes show H3K4me3 modifications (28, 32). We
found that H3K27me3 was significantly increased in both A549 and SPCAL1 cells compared
with HBE cells (Fig. 21), whereas H3K4me3 was significantly reduced in both A549 and
SPCAL1 cells compared with HBE cells (Fig. 2J). The conserved subunit CxxC finger protein
1 (Cfp1l) binds to unmethylated CpGs and is a component of the Setl complex, which
mediates H3K4me3 modifications (33, 34). The binding of Cfp1 was reduced in A549 and
SPCAL cells compared with HBE cells, consistent with the potential role of Cfpl in
depositing H3K4me3 modifications (Fig. 2K). Thus, DNA hypermethylation is associated
with the silencing of PS3RRA and a dynamic epigenetic switch accompanied by DNA hypo-
demethylation is linked to increased transcript levels.

Overexpression of Cfpl in A549 cells increased the level of PS3RRA RNA (Supplementary
Fig. S3A-S3E), whereas the depletion of Cfpl in SPCA1 cells decreased P5S3RRA RNA
levels independent of changes in DNA methylation (Supplementary Fig. S3F-S31),
indicating that Cfpl is a key activator of P53RRA expression.

P53RRA functions as a tumor suppressor in vitro and in vivo

To uncover the physiological role of P5S3RRA in cancer, we stably overexpressed P53RRA
in A549, SPCA1, and H522 lung cancer cell lines (Fig. 3A). P5S3RRA overexpression
significantly decreased the growth of all cell lines /n vitro (Fig. 3B). The stable expression of
P53RRA in Ab549, SPCA1, and H522 cell lines significantly reduced colony formation (Fig.
30).
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To address whether PS3RRA can also play a role in cancer /n vivo, we used a xenograft
model. We found that that A549-P53RRA cells produced significantly smaller tumors after 1
month of growth compared with A549 cells (Fig. 3D-F). The injection of SPCA1-P53RRA
and H522-P53RRA cells (2 x 106) demonstrated that P53RRA overexpression significantly
decreased both tumor size and tumor weight (Fig. 3G-L).

To substantiate our findings, we stably knocked down P53RRA in HBE cells. The
knockdown approach successfully reduced PS5 3RRA mRNA using two separate sequences
(Fig. 3M). The depletion of P53RRA significantly increased the growth and colony
formation of HBE cells /n vitro (Fig. 3N and O). Thus, our data suggest a role of P53RRA as
a tumor suppressor.

P53RRA represses metabolic-related genes at the transcriptional level

To gain insight into the function of P53RRA, we used RNA sequencing following the stable
expression of P53RRA in H522 cells. Using two independent biological replicates, we
obtained an average of 8.4 million unique mapped reads and 17,442 unique transcripts [with
fragments per kilobase of exon per million reads (FPKM) >1 in both replicates] per
condition. We identified 921 mRNAs with two-fold greater counts (upregulated) and 738
mRNAs with two-fold fewer counts (down-regulated) in cells stably expressing PS3RRA
compared with cells expressing the control vector (Supplementary Fig. S4A). Further, a
volcano plot further showed 227 upregulated and 126 downregulated genes (Supplementary
Fig. S4B). Gene ontology analysis identified that these genes were significantly enriched for
pathways related to metabolic processes, cell components and molecular function, cell cycle,
and cell death (Supplementary Fig. S4C-S4E).

Given that P53RRA is potentially linked to metabolic and cell death genes, we validated the
expression of downstream target genes. Overexpression of P53RRA significantly increased
the MRNA expression of seven genes and decreased the expression level of 14 genes in
Ab49, SPCAL, and H522 cells (Supplementary Fig. SSA-S5C) in agreement with our RNA
sequencing data. Moreover, depletion of P53RRA in HBE cells inversely changed the
MRNA levels of metabolic genes that were regulated by P53RRA (Supplementary Fig.
S5D).

We further explored the correlation between P53RRA levels and the expression of nine
selected genes downstream target genes in 56 clinical lung cancer samples. We found a
positive correlation between P53RRA and RIMBP3C, TIGAR, GPR162, and TIAI, and a
negative correlations between P53RRA and SLC1A5, SLC7A11, HNRNPC, and BATF3 in
normal, tumor-adjacent lung tissues and in lung cancer tissues (Supplementary Fig. S6A). A
Kaplan—Meier analysis of a cohort of these patients with lung cancer showed that lower
expression of the metabolic genes SLC7A11, CS, SLC1A5, SLC2A4, and SLC2A14 and
higher expression of TIA1 was linked to overall survival in all lung cancers (Supplementary
Fig. S6B).

P53RRA promotes cell-cycle arrest, apoptosis, and ferroptosis

Because GO analysis indicated that P53RRA affects cell cycle and apoptosis progression,
we next tested whether P5S3RRA plays a role in this biological process. Overexpression of
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P53RRA reproducibly resulted in cell-cycle redistribution with a significant increase in the
number of cells in the G; phase and a significant decrease in other stages of the cell cycle in
synchronized A549, SPCA1, and H522 cells (Fig. 4A; Supplementary Fig. STA-S7C).
Depletion of P53RRA promoted cell-cycle progression (Supplementary Fig. S7D and S7E).
In addition, depletion of P53RRA increased the levels of the cyclin D1 protein and
phosphorylated Rb (Fig. 4B and C), whereas overexpression of P5S3RRA decreased these
levels, further supporting a role for PS3RRA in cell-cycle regulation.

Moreover, we found that P5S3RRA induced a greater level of both early apoptosis and late
apoptosis as measured by Annexin V and Pl staining (Fig. 4D; Supplementary Fig. S7F),
whereas depletion of P53RRA decreased apoptosis in HBE cells (Supplementary Fig. S7G).
Expression of P53RRA increased the levels of cleaved caspase-3, cleaved caspase-9, and
Bax and decreased the levels of cleaved caspase-8 in A549, SPCAL, and H522 cells (Fig.
4E), whereas depletion of P53RRA in HBE cells decreased the levels of cleaved caspase-3,
cleaved caspase-9, and Bax and increased the level of cleaved caspase-8 (Fig. 4F).

To characterize the role of P53RRA in ferroptosis, a novel mode of non-apoptotic cell death,
we assessed the role of several metabolic genes. We found that erastin induced growth
inhibition. We observed that P5S3RRA increased erastin-induced growth inhibition in A549,
SPCAL1, and H522 cells (Fig. 4G), whereas depletion of P5S3RRA decreased erastin-induced
growth inhibition (Fig. 4H). The intracellular concentrations of iron and lipid reactive
oxygen species (ROS) are two surrogate markers for ferroptosis (35, 36). We found that
P53RRA increased the intracellular concentrations of iron (Fig. 41 and J) and lipid ROS in
Ab49, SPCAL, and H522 cells (Fig. 4K), whereas the depletion of P53RRA in HBE cells
decreased the intracellular concentrations of iron and lipid ROS (Fig. 4L and M). Taken
together, these findings imply that PS3RRA promotes cell-cycle arrest, apoptosis, and
ferroptosis.

P53RRA interacts with Ras GTPase-activating protein-binding protein 1

Because InNcRNAs may function through their interactions with other proteins (37, 38), we
hypothesized that PS3RRA might interact with certain cellular proteins to regulate biological
functions. Using RNA pulldown assays (Fig. 5A) and mass spectrometry analysis, we
identified a PS3RRA-protein complex in cell lysates generated from HBE-P53RRA and
H522-P53RRA cells, antisense of PS3RRA served as a negative control in these
experiments. Among the many proteins identified G3BP1 and G3BP2 were most interesting
(Fig. 5B; supplementary Table S6). We validated the presence of G3BP1 in an intact
complex from independent RNA pulldown assays in A549 cells (Fig. 5C) and SPCA1 cells
(Fig. 5D), whereas other proteins, such as LSH, CDH4, Histone H3, keratin17/19, and p53,
did not show enrichment in the biotion-P53RRA pulldown. The interaction of G3BP1 and
P53RRA was demonstrated to be dose-dependent using biotin-P53RRA in A549 and 293T
cells (Fig. 5E). RNA immune-precipitation (RIP) assays confirmed an enrichment of
P53RRA in the complexes precipitated with the antibody against G3BP1, but not G3BP2 or
p53 in A549, SPCAL, and H522 cells (Fig. 5F—H). Taken together, these findings suggest
that G3BPL1 is a proven and novel binding partner of P5S3RRA.
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The P53RRA-G3BP1 interaction in the cytoplasm is critical for activation of the p53
signaling pathway

Based on the interaction of P5S3RRA and G3BP1, we examined whether P53RRA affects
G3BP1 expression and cellular localization. However, overexpression or depletion of
P53RRA did not affect G3BP1 expression or localization (Supplementary Fig. S8A-S8C).
Further, overexpression of G3BP1 did not change P53RRA expression or cellular
localization (Supplementary Fig. S8D-S8F). However, G3BP1 expression did promote cell
growth and colony formation (Supplementary Fig. S8G and S8H). Consistent with these
findings, depletion of G3BP1 in HBE cells did not affect P53RRA expression and
localization (Supplementary Fig. S81-S8K) but attenuated cell growth and colony formation
(Supplementary Fig. S8L and S8M). Moreover, overexpression and knockdown experiments
demonstrated that G3BP1 regulates several P53RRA target genes (Supplementary Fig. S8N
and S80), suggesting a functional role of the PS3RRA-G3BP1 complex in the regulation of
these metabolic genes.

Most metabolic genes, including SLC7A11 and TIGAR, are targets of p53 (39). We first
confirmed that p53 could regulate these genes using by overexpressing p53 in A549 cells
and assessing the cells by RT-PCR and ChIP (Supplementary Fig. S9A and S9B). We found
that G3BPL1 also regulated the recruitment of p53 to these metabolic genes (Supplementary
Fig. S10A and S10B). Using a ChlIP assay for p53 in A549, H522, and SPCA1 cells that
highly expressed P53RRA, we observed recruitment of p53 to the promoter regions in all
three cell lines (Fig. 6A; Supplementary Fig. S11A and S11B). Conversely, depletion of
P53RRA in HBE cells reduced the recruitment of p53 to promoters (Fig. 6B). These findings
suggest a potential role for p53 in the downstream function of the P53RRA-G3BP1
interaction.

To address the hypothesis that p53 activity might be affected by the intact complex of
P53RRA-G3BP1, we first confirmed that G3BP1 interacted with p53 in the cytoplasm in
Ab549 and 293T cells (Fig. 6C). Overexpression of G3BP1 sequestered more p53 in the
cytoplasm in both the absence and presence of UVA treatment, which itself induces the
redistribution of p53 into the cytoplasm (Supplementary Fig. S12A). Depletion of G3BP1 in
Ab549 cells attenuated p53 redistribution in the absence and presence of UVA treatment that
induced the redistribution of p53 into the cytoplasm (Supplementary Fig. S12 B). To test
whether P53RRA affects the transactivation activity of p53, we used a reporter gene assay.
Although P53RRA expression had no further effect on p53 reporter expression, G3BP1
expression decreased p53 transactivation activity (Fig. 6D). Based on these indications, we
hypothesized that the intact complex of P53RRA-G3BP1 may affect p53 protein levels. We
found that overexpression of PS3RRA slightly increased the p53 protein levels in A549,
SPCAL, and H522 cells. Interestingly, the levels of p21 protein, a direct target of p53,
increased in these cells. Similar findings were also observed for MDM2 protein levels (Fig.
6E), indicating that PS3RRA promotes the classic p53 signaling pathway.

Because G3BP1 expression sequestered p53 in the cytoplasm, we hypothesized that in the
presence of P5S3RRA less G3BP1 may complex with p53 and therefore more p53 may be
available in the nucleus. Indeed, expression of P53RRA decreased the level of cytosolic p53,
but not G3BP1, in A549, H522, and SPCAL1 cells (left panels of Fig. 6F—H). UVA treatment
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induced the redistribution of p53 into the cytoplasm, whereas PS3RRA enhanced the level of
p53 in the nucleus in both A549 and SPCAL cells (right panels of Fig. 6F—H). The depletion
of P53RRA in HBE cells induced greater retention of p53 in the cytoplasm (Fig. 61). Finally,
we confirmed that PS3RRA decreased the intact complex of p53-G3BP1 in a dose-
dependent manner after P53RRA was introduced into the cells that were also transfected
with G3BP1 and p53 (Fig. 6J).

p53 is known to regulate IncRNA expression (9, 10, 40, 41). However, we did not find
evidence that p53 regulates PS3RRA RNA levels (Supplementary Fig. S13A and S13B),
suggesting that P53RRA acts upstream of the p53 signaling pathway. In addition, we
demonstrated that depletion of p53 increased the percentage of cells in S phase, decreased
apoptosis, and attenuated erastin-induced ferroptosis through changes in metabolic genes
after introduction of P53RRA into A549 cells (Fig. 6K—M; Supplementary Fig. S13C—
S13F). We further showed that knockout of p53 increased the percentage of cells in S phase,
decreased cell growth, colony formation, apoptosis, and attenuated erastin-induced
ferroptosis through changes these metabolic genes after introduction of P5S3RRA into
HCT116 p53*/*, but not HCT116 p53~~ cells (Fig. 6N-P; Supplementary Fig. S13F—
S13M), thus suggesting that P53RRA regulates these downstream effects at least partly
through p53. Together, these findings suggest that the effects of P53RRA on cell growth,
proliferation, cell-cycle progression, and apoptosis are indeed dependent on the presence of
p53.

Altogether, our data suggest that P53RRA regulates p53 target genes through its interaction
with G3BP1 in the cytoplasm, which leads to less sequestration of p53 in the cytoplasm and
more p53 retention in the nucleus.

P53RRA interacts with the RRM domain of G3BP1 via residues critical to RNA binding

To determine specific domains that are responsible for the interaction between P53RRA and
G3BP1, we performed RPA with different fragments of P53RRA using software (http://
rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; Fig. 7A). One region (1-2340 nt) of
P53RRA bound to G3BP1 as efficiently as the full-length P53RRA. Further mapping of this
region indicated that the 1-871 nt domain was required for the P53RRA-G3BP1 interaction
in A549 and SPCAL1 cells (Fig. 7B).

To map the region or regions within G3BP1 that interact with P53RRA, we tested the
binding of G3BP1 truncation variants to P53RRA, with antisense P53RRA serving as a
negative control (left panel of Fig. 7C). The RRM, but not the nuclear transport factor 2
domain, of G3BP1 was required for PS3RRA binding. Finally, the interaction motifs of
G3BP1 with P53RRA were confirmed by RIP followed by real-time PCR. The G3BP1 anti-
body enriched P53RRA by approximately 20-fold compared with the 1gG control (Fig. 7D).
Moreover, the relative enrichment was further increased for the RRM domain of G3BP1
(174-466 aa; Fig. 7D), indicating that nucleotides 1-871 nt of P5S3RRA form an intact
complex with the RRM of G3BP1. Thus, the RRM domain of G3BP1 is necessary and
sufficient for P53RRA binding. The F380L/F382L double mutation in the RRM domain of
G3BP1 caused a significant loss of interaction with the 1-871 nt sequence of P53RRA (Fig.
7E). This mutant of G3BP1 did not bind the 1-871 nt form of P53RRA using the RIP-assay
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with biotinylated-P53RRA, suggesting that these residues are critical to the interaction (Fig.
7F). Therefore, the F380 and F382 residues in the RRM domain of G3BP1 and nucleotides
1-871 of P53RRA are critical for the PS3RRA-G3BP1 interaction.

Furthermore, neither the 1-871 nt nor the 872-2933 nt of truncated form of P53RRA
affected G3BP1 protein level (Fig. 7G). However, only the 1-871 nt, but not the 872—2933
nt form of P53RRA, resulted in less sequestration of p53 in the cytoplasm (Fig. 7H). In
addition, only the 1-871 nt form of P53RRA, but not the 872-2933 nt form, decreased cell
growth and colony formation (Fig. 71-J) and the expression of metabolic genes in A549 cells
(Fig. 7K). Moreover, the 1-871 nt of P53RRA induced cell-cycle arrest by decreasing the
cyclin D1 protein level (Fig. 7L) and increasing the levels of cleaved caspase-3 and
caspase-9 (Fig. 7M) and erastin-induced ferroptosis (Fig. 7N) in A549 cells.

Finally, a Kaplan—Meier analysis for a cohort of these lung cancers showed that higher
expression of P53RRA and G3BP1 was associated with longer overall survival in all patients
with lung cancer (Supplementary Fig. S14A) and ADC (Supplementary Fig. S14B).
However, lower p53 expression was associated with longer survival in all lung cancers and
ADCs (Supplementary Fig. S14C). Higher P53RRA expression is closely linked to overall
survival in breast cancer (Supplementary Fig. S14D). In 50% or more of human cancer
types, p53 is directly inactivated by mutations (42). We found that high P53RRA expression
concurrent with wild-type p53 was strongly linked with overall survival in breast cancer,
whereas a higher level of P53RRA with mutated p53 was slightly linked with overall
survival (Supplementary Fig. S14E and S14F), suggesting that P53RRA may exert its
function through wild-type p53, but not through mutant p53. Moreover, we found that
cooperation between P53RRA and wild-type p53 significantly decreased cell growth and
colony formation compared with P5S3RRA and mutant p53 (Supplementary Fig. S14G and
S14H). Finally, we also show that P53RRA together with wild-type p53 significantly
attenuated the percentage of cells in S phase and increased apoptosis compared with
P53RRA in p53 mutant cells (Supplementary Fig. S141 and S14J).

In conclusion, we have characterized the INcCRNA P53RRA as a tumor suppressor. Based on
our findings, we propose a model for PS3RRA-mediated interaction with G3BP1 and its
inhibition of lung tumorigenesis (Supplementary Fig. S15).

Discussion

The number of known p53-regulated INcRNAs is growing rapidly, indicating the widespread
involvement of IncRNAs downstream of p53 activation (9, 10, 40, 43). Distant p53-bound
enhancer regions generate enhancer RNASs that are required for the regulation of multiple
genes by p53 (44). The p53-induced IncRNA LED binds to and activates enhancers, thus
supporting p53 induced cell-cycle arrest (41). Here, we demonstrate that the IncRNA
P53RRA induces cell-cycle arrest, apoptosis and ferroptosis and acts as a potential tumor
suppressor by displacing p53 from a cytosolic G3BP1 complex. Moreover, we demonstrate
that LSH is directly recruited to the P53RRA promoter region to silence P53RRA and that
DNA methylation is involved in the repression of PS3RRA, while recruitment of Cfp1, a
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modulator of H3K4Me3 (33, 34, 45), activate PS3RRA expression, indicating the delicate
balance in chromatin modification involved in the regulation of P53RRA.

The regulation of the p53 tumor-suppressor pathway by IncRNAs has been a topic of intense
interest. The InNcRNA LED is silenced in a subset of wild-type p53 leukemia cells,
suggesting its potential role as tumor suppressor (41). Here, we demonstrate that PS3RRA is
suppressed in a subset of wild-type p53 breast and lung cancers. The maternally imprinted
RNA MEGS3 binds to p53 and activates the p53-dependent transcription of a subset of genes
(13). We show that P53RRA inhibits ferroptosis-regulated genes in a p53-dependent manner
by interacting with G3BP1. G3BP1 sequesters p53 in the cytoplasm in response to IR (17).
We show that PS3RRA interacts with G3BP1 in the cytoplasm. Moreover, the same domain
of G3BP1 responsible for the interaction with p53 is critical for the interaction with
P53RRA p53 redistributes to the cytoplasm in response to IR and UVA (46), whereas
expression of P53RRA results in its binding to G3BP1, via the RRM motif, leading to
increased p53 retention in the nucleus. MDM2 can sometimes activate the p53 pathway (47),
and P53RRA increases the level of both MDMZ2 and p21, the latter being a target of p53
activity. Our data suggest that expression of P53RRA enhances p53-dependent regulation of
a subset of metabolic genes.

As a tumor suppressor, p53 regulates cellular biological process and various metabolic
pathways. For example, p53 can limit the production of ROS and induce apoptosis or
ferroptosis (48, 49). Sequestered cytoplasmic p53 may initiate apoptosis and inhibit
autophagy (46, 50, 51). We demonstrate that the INcRNA P53RRA leads to higher retention
of p53 in the nucleus, which in turn triggers apoptosis and ferroptosis.

The ferroptotic mode of programmed necrosis was recently discovered as an apoptosis-
independent form of cell death (52). Ferroptosis is characterized by the iron-dependent lethal
accumulation of lipid ROS (30, 35, 53). Here, we demonstrate that P5S3RRA increases lipid
ROS and iron concentrations, consistent with its role in ferroptosis. Moreover, the
expression of several metabolic genes, including SCL7A11, which is linked to ferroptosis
through its role in controlling iron concentration, decreased in the presence of P5S3RRA. The
ferroptosis-inducer erastin inhibits ferroptosis by inhibiting the cystine/glutamate antiporter
system (54). Here, we demonstrated that P5S3RRA promotes ferroptosis by retaining p53 in
the nucleus.

In summary, we have uncovered a previously unknown function of a specific IncRNA in the
p53 signaling pathway that promotes apoptosis and ferroptosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance:

A cytosolic IncRNA functions as a tumor suppressor by activating the p53 pathway.
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Figure 1.

P53RRA is a cytosolic InNcRNA that is downregulated in multiple cancers. A, A schematic
representation of P5S3RRA (annotated in RefSeq as LINC00472) with associated UCSC
Genome Browser tracks as well as H3K4Me! and H3K4me3 ChlIP-seq coverage. B and C,
gRT-PCR showed the decreased expression of P53RRA in 47 paired lung cancer and
corresponding normal lung tissue samples (B, ADC; C, SCC). D and E, /n situhybridization
(D) and the relative scores (E) used to analyze the decrease of P53RRA expression in lung
cancer. F, qQRT-PCR revealed that the expression of PS3RRA was decreased in hepatocellular
carcinoma (HCC). G-I, /n situhybridization showed that the relative expression of PS3RRA
was reduced in liver cancer (G), colon cancer (H), and nasopharyngeal carcinoma (NPC; ).
J, The P53RRA expression levels in the nuclear and cytosolic fractions derived from HBE,
Ab49, SPCAL, and H522 lung cancer cells. *, < 0.05; **, < 0.01; ***, £<0.001.
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Figure 2.
DNA methylation is involved in the epigenetic silencing of P53RRA. A—C, Genomic DNA

derived from human lung ADC (A) and SCC tissues (B), corresponding normal lung tissues,
and HBE, A549, SPCA1, and H522 cells (C) was examined by bisulfite sequencing of the
P53RRA promoter regions. D, Real-time RT-PCR analyses detecting the P53RRA levels in
lung cancer cells after the treatment with 5-azacytidine for 72 hours. E and F, The P53RRA
levels were detected in xenografts derived from H522 cells (E) and A549 cells either stably
expressing LSH or with LSH depleted (F). G, The correlation between LSH and P53RRA in
lung cancer tissues was analyzed. H, ChIP analysis was used to detect the presence of LSH
in the promoter region of P53RRA using two primer sites. 1 and J, ChIP analysis for the
detection of the presence H3K27Me?3 (1) and H3K4Me3 (J) at the transcription start site of
P53RRA using two separate primer sites. K, ChIP analysis for the detection of Cfp1 binding
to the promoter region of P53RRA using two primer sites. *, < 0.05; **, P< 0.01; ***, P<
0.001.
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Figure 3.

P53RRA functions as a tumor suppressor. A, gRT-PCR analysis was conducted to detect
P53RRA levels in A549, SPCA1, and H359 cells that were stably transfected with the
P53RRA expression plasmid. B, PS3RRA inhibited cell growth in A549, SPCAL, and H522
cells, as demonstrated by MTT assay. C, P53RRA inhibited colony formation in cells as
indicated. D-L, Nude mice are shown after injection of A549, SPCA1, and H522 cells
stably expressing the control vector or PS3RRA expression plasmids. Tumor formation (D,
G, and J) was monitored at the indicated time points, tumor formation (E, H, and K) was
shown, and tumor weight (F, I, and L) was recorded (1= 6). M, gRT-PCR analysis was
conducted to detect the PS3RRA levels in HBE cells that were stably transfected with two
distinct target gene ShRNA expression vectors or a control vector (ShCTRL). N and O,
Depletion of P53RRA in HBE cells promoted cell proliferation (N) and colony formation
(0). *, P<0.05; **, P<0.01; ***, P<0.001.
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P53RRA induces cell-cycle arrest, apoptosis, and ferroptosis. A, FACS showed that
P53RRA affected cell-cycle progression in A549, SPCAL, and H522 cells. B,
Overexpression of P53RRA inhibited cell-cycle regulators in A549, SPCA1, and H522 cells.
C, Depletion of P53RRA in HBE cells promoted regulators of cell-cycle progression. D,
P53RRA promoted apoptosis in A549, SPCA1, and H522 cells, as demonstrated using
FACS. E, P53RRA affected the activities of caspase-3, caspase-8, and caspase-9 in A549,
SPCAL, and H522 cells stably overexpressing P53RRA. F, Depletion of P53RRA in HBE
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cells affected the activities of caspase-3, caspase-8, and caspase-9 in HBE cells. G and H,
Ab49, SPCAL, and H522 (H) cells stably overexpressing PS3RRA and HBE cells with
depletion of P5S3RRA (1) in response to erastin (5 pmol/L) + ferrostatin (1 pmol/L). J and K,
Total iron levels were analyzed in the presence of P53RRA in A549, SPCAL, and H522
cells. The levels of total iron (1) and ferrous iron (J) were analyzed in the presence of
P53RRA. K, The level of lipid ROS in A549, SPCA1, and H522 cells was measured by
C11-BODIPY staining coupled with flow cytometry. L and M, The levels of total iron and
ferrous iron (L) and lipid ROS (M) were analyzed in HBE cells after the depletion of
P53RRA. *, P<0.05; **, P<0.01; ***, £<0.001.
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Figure 5.
P53RRA interacts with G3BP1. A, A schematic of the RNA pull-down experiment for the

identification of proteins associated with PS3RRA. B, Differentially expressed genes were
annotated with their average fold change in the H522-P53RRA and HBE-P53RRA groups.
C and D, The relative mRNA represents the RNA levels associated with G3BP1 relative to
an input control from three experiments. Immunoblot analysis of five proteins from the
proteomics screen after pull-down shows the specific association of G3BP1 but not LSH,
CDH4, H3, keratin 17/19, or p53 with P53RRA in A549 (C) and SPCAL (D) cells. E, RNA
pull-down assays using biotinylated P53RRA indicated that P53RRA interacts with G3BP1
in a dose-dependent manner in A549 and 293T cells. F—H, RIP assays show the association
of G3BP1, but not G3BP2 or p53, with P53RRA in A549 (F), SPCAL (G), and H522 (H)
cells. ***, < 0.001.
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Figure 6.
The cytoplasmic P53RRA-G3BPL1 interaction is critical for activation of p53 signaling. A,

ChIP assays indicate that p53 is recruited to the promoters of metabolic genes after the
overexpression of p53RRA in A549 cells. p21 was used as a positive control. B, ChlIP assays
indicate that p53 is recruited to the promoters of metabolic genes in P53RRA depleted in
HBE cells. C, Coimmunoprecipitation assays showed that G3BP1 interacted with p53 in the
cytoplasm in 293T and A549 cells. D, P5S3RRA does not affect p53 transcriptional activity,
as indicated by a luciferase assay. E, Western blot analysis indicated that PS3RRA promotes
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p53 signaling. F—H, The nuclear and cytoplasmic extracts from A549 (F), H522 (G), and
SPCAL1 (H) cells overexpressing PS3RRA showed that p53 was sequestered in the nucleus,
whereas UVA treatment induced greater accumulation of p53 in the cytoplasm. I, p53 was
increased in the cytoplasm after depletion of P5S3RRA, whereas UVA treatment induced
greater accumulation of p53 in the cytoplasm. J, Co-IP assays indicated that P5S3RRA
decreased the interaction of G3BP1 and p53 in a dose-dependent manner in 293T cells. K-
M, The effect of P5S3RRA on cell-cycle progression (K), apoptosis (L), and erastin-induced
ferroptosis (M) in A549 cells after the depletion of p53. N-P, The effect of P53RRA on the
cell-cycle progression (N), apoptosis (O), and erastin-induced ferroptosis (P) in HCT116
p53** and HCT116 p53~/~ cells after overexpression of PS3RRA. *, P< 0.05; **, P< 0.01;
*** P<0.001.
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Figure 7.
The 1-187 nt of P53RRA interacts with the G3BP1 RRM domain via residues critical to

RNA binding, inhibiting cell growth and affecting target gene expression, cell cycle, and
apoptosis. A, The predicted secondary structure of P53RRA. B, Deletion mapping of the
G3BP1-binding domain in P53RRA. Top, diagrams of full-length P53RRA and the deletion
fragments. Middle, the /in vitro-transcribed full-length P5S3RRA and deletion fragments with
the correct sizes are indicated. Bottom, immunoblot analysis for G3BP1 in the protein
samples pulled down by different PS3RRA constructs. C, The immunoblot analysis of
FLAG-tagged G3BP1 [wild-type (WT) vs. domain truncation mutants] retrieved by in vitro-
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transcribed biotinylated P53RRA. The domain structure of G3BP1 is shown below. D, RIP
assays show the association of the G3BP1 RRM domain with P53RRA. E, The isolated
G3BP1 RRM domain is sufficient for binding to P53RRA, as demonstrated using the RIP-
assay. F, RIP assays using biotinylated P53RRA indicated that P53RRA interacted with the
G3BP1 RRM domain via residues critical to RNA binding. G, Overexpression of truncated
in A549 cells did not change G3BP1 and p53 protein levels. H, p53 was sequestered in the
nucleus in the presence of 1-871 nt of P53RRA, whereas UVA treatment induced greater
accumulation of p53 in the cytoplasm. | and J, MTT assays (1) and plate colony formation
assays (J) were used to assess A549 cells that were stably transfected with 1-871 nt of
P53RRA and 872-2933 nt of P53RRA. K, The RNA expression of genes was measured by
gPCR in A549 cells overexpressing 1-187 nt of P53RRA. L, The effect of 1-187 nt
P53RRA on the regulators of cell-cycle progression in A549 cells. M, The truncation 1-187
nt of P53RRA in A549 cells affected the activities of caspase-3, caspase-8, and caspase-9 in
HBE cells. N, The truncation 1-187 nt of P53RRA in A549 cells in response to erastin (5
umol/L) + ferrostatin-1 (1 umol/L). *, < 0.05; **, P< 0.01; ***, < 0.001.

Cancer Res. Author manuscript; available in PMC 2021 April 26.



	Abstract
	Introduction
	Materials and Methods
	Cell culture, chemicals, plasmids, and siRNAs
	Bisulfite sequencing
	RNA pull-down and mass spectrometry analysis
	RNA immunoprecipitation assays
	IHC analysis and lung cancer biopsies
	Quantitative real-time PCR and chromatin immunoprecipitation
	Nude mice and study approval

	Results
	The lncRNA P53RRA is a cytosolic lncRNA that is silenced in multiple cancers
	Epigenetic silencing of P53RRA by DNA methylation is mediated by LSH, whereas Cfp1 is involved in the activation of P53RRA
	P53RRA functions as a tumor suppressor in vitro and in vivo
	P53RRA represses metabolic-related genes at the transcriptional level
	P53RRA promotes cell-cycle arrest, apoptosis, and ferroptosis
	P53RRA interacts with Ras GTPase-activating protein-binding protein 1
	The P53RRA–G3BP1 interaction in the cytoplasm is critical for activation of the p53 signaling pathway
	P53RRA interacts with the RRM domain of G3BP1 via residues critical to RNA binding

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

