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Polypeptides encoded by long noncoding RNAs (lncRNAs) are a novel class of functional molecules. However, whether

these hidden polypeptides participate in the TP53 pathway and play a significant biological role is still unclear. Here, we

discover that TP53-regulated lncRNAs can encode peptides, two of which are functional in various human cell lines.

Using ribosome profiling and RNA-seq approaches in HepG2 cells, we systematically identified more than 300 novel

TP53-regulated lncRNAs and further confirmed that 15 of these TP53-regulated lncRNAs encode peptides.

Furthermore, several peptides were validated by mass spectrometry. Ten of the novel translational lncRNAs are directly

inducible by TP53 in response to DNA damage. We show that the TP53-inducible peptides TP53LC02 and TP53LC04,

but not their lncRNAs, can suppress cell proliferation. TP53LC04 peptide also has a function associated with cell prolifer-

ation by regulating the cell cycle in response to DNA damage. This study shows that TP53-regulated lncRNAs can encode

new functional peptides, leading to the expansion of the TP53 tumor-suppressor network and providing novel potential

targets for cancer therapy.

[Supplemental material is available for this article.]

TP53 is the most prominent tumor suppressor that is essential
for cells to maintain genomic integrity (Levine et al. 1991;
Vogelstein et al. 2000). In response to DNA damage, the TP53 pro-
tein is activatedasa transcription factor to regulatemanygenes that
cause cell-cycle arrest, DNA repair, and cell apoptosis (Mirza 2003;
Riley et al. 2008). The modes of TP53 regulation include transcrip-
tional activation and repression (Riley et al. 2008). The vast major-
ity of TP53-inducible genes are transactivated by TP53 through
direct binding to the consensus TP53 response elements (REs) on
their promoters (Waldman et al. 1995; Rouault et al. 1996; Müller
et al. 1998; Nakano andVousden 2001; Riley et al. 2008). Earlier re-
search on TP53-inducible genes mainly focused on the protein-
coding genes, such as CDKN1A, FAS, and BTG2 (Waldman et al.
1995; Rouault et al. 1996; Müller et al. 1998), but the TP53 regula-
tory network has been enlarging with the involvement of noncod-
ing RNAs in recent years (He et al. 2007; Huarte et al. 2010; Barsotti
et al. 2012; Blume et al. 2015).

Long noncoding RNAs (lncRNAs) are a group of linear tran-
scripts >200 nucleotides (nt) (Eddy 2001, 2002), which have

been reported to play vital roles in various biological processes
(Zhao et al. 2008; Dimitrova et al. 2014; Fatica and Bozzoni
2014). Recent studies have shown that lncRNAs represent a new
layer of TP53 regulatory network (Huarte et al. 2010; Hu et al.
2018). For example,TP53COR1 (also known as lincRNA-p21) serves
as a tumor repressor in TP53-dependent transcriptional responses
by interacting with HNRNPK (Huarte et al. 2010). GUARDIN (also
known as LNCTAM34A), a TP53-responsive lncRNA, is important
for maintaining genomic integrity under steady-state conditions
and after exposure to exogenous genotoxic stress (Hu et al.
2018). Despite these intriguing studies of individual lncRNAs in
the TP53 regulatory network, the extent of the contributions of
numerous lncRNAs to the TP53 pathway in response to DNA dam-
age in human cells still remains largely unclear.

Although the definition of a lncRNA is an RNA transcript that
does not encode a protein (Eddy 2001, 2002), recent studies have
shown that a small subset of short open reading frames (sORFs) lo-
cated on lncRNAs are actually activated in human cells (Slavoff
et al. 2013; Ma et al. 2014). Especially, ribosome profiling, also
called Ribo-seq, which is a newly developed method for genome-
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wide measurement of the translation of RNAs by deep sequencing
of ribosome-protected RNA fragments (RPFs) (Ingolia et al. 2009;
Ingolia 2014), has revealed that a significant proportion of
lncRNAs are coupled with ribosomes (Ingolia et al. 2014; Ruiz-
Orera et al. 2014; Ji et al. 2015). Moreover, several functional pep-
tides encoded by annotated lncRNAs have been reported in hu-
man tissues or cells (Choi et al. 2019; Meng et al. 2020),
involving in the regulation of muscle performances and regenera-
tion (Anderson et al. 2015; Nelson et al. 2016; Matsumoto et al.
2017; Zhang et al. 2017). However, systematic identification of
novel peptides involved in cell signaling pathways is still lacking.
As mentioned in the above description, TP53-regulated lncRNAs
have been reported to play vital roles in the TP53 signaling path-
way (Huarte et al. 2010; Hu et al. 2018), but whether these known
or unknown TP53-regulated lncRNAs can encode peptides or even
functioning as peptides is still unclear.

In this study,we aimed to explore the possibility that lncRNA-
encoded peptides might constitute part of the TP53 network. For
this purpose, we combined CRISPR-Cas9 technology with the
DNA-damage responsive system to investigate the expression of
TP53-regulated lncRNAs, following by ribosome profiles and
mass spectrometry (MS) methods to explore the translational po-
tentials of lncRNAs in adriamycin (ADR)-treated HepG2 cells,
and confirmed the function of selected lncRNA-encoded peptides
in human cell lines.

Results

Genome-wide identification of TP53-regulated lncRNAs

in HepG2 cells

To identify TP53-regulated lncRNAs responsive to DNA damage in
human HepG2 cells, we conducted paired-end and strand-specific
RNA-seq using HepG2 wild-type (WT) and TP53-deleted
(HepG2TP53−/−) cells, which were devoid of the full-length TP53
protein using the CRISPR-Cas9 system (Fig. 1A; Supplemental Fig.
S1), treated with or without the DNA-damaging agent ADR (Fig.
1B). The RNA-seq reads were aligned to the GENCODE v30 refer-
ence, and the mapped genes were categorized into four groups:
mRNAs, lncRNAs, pseudogenes, and others. We compared the ex-
pression of the annotated genes in different samples to perform a
genome-wide analysis of the TP53 regulatory network. The com-
parison group of WT-ADR+ versus WT-ADR− (|log2FC|≥1; P<
0.05) contained 4572 (73.75%) annotated mRNAs, 1053
(16.99%) annotated lncRNAs, 422 (6.81%) annotated pseudo-
genes, and 152 (2.45%) other types of noncoding RNAs (Fig. 1C,
top; Supplemental Table S1). The other comparison group was be-
tween WT-ADR+ and TP53−/−-ADR+ (|log2FC|≥1; P<0.05), which
contained 3336 (71.47%) annotated mRNAs, 839 (17.97%) anno-
tated lncRNAs, 330 (7.07%) annotated pseudogenes, and 163
(3.49%) other types of noncoding RNAs (Fig. 1C, bottom; Supple-
mental Table S1). The well-known canonical TP53 targets such as
CDKN1A,BTG2, and FASwere significantly differentially expressed
in both the comparison groups of WT-ADR+ versus WT-ADR− and
WT-ADR+ versus TP53−/−-ADR+ (Supplemental Fig. S2A; Supple-
mental Table S1). The KEGG analysis also showed that the TP53
signaling pathway was well enriched in both the comparison
groups, especially in the comparison group of WT-ADR+ versus
TP53−/−-ADR+ (Supplemental Fig. S2B; Supplemental Table S1).
We further identified 2012 candidates as TP53-regulated protein
genes in response to DNA damage by overlapping the two compar-
ison groups (Supplemental Fig. S2C; Supplemental Table S1). In

addition, by performing an integrative analysis of all four RNA-seq
data sets (WT-ADR+, WT-ADR−, TP53−/−-ADR+, TP53−/−-ADR−)
through the modeling framework from DESeq2 suitable for two
conditions, two genotypes, and an interaction term, we found
2251 TP53-regulated protein genes in response to DNA damage
(Supplemental Fig. S2D; Supplemental Table S2). As expected,
there is a significant coverage (∼70%, P-value <2.2 ×10−16) be-
tween the above overlapped gene set and the integrative gene set
(Supplemental Fig. S2E). The overlap genes contained many well-
known TP53 targets, such as BTG2, GADD45A (Kastan et al.
1992), and BBC3 (also known as PUMA) (Nakano and Vousden
2001). All of these results indicate that our analysis for the RNA-
seq data provides a comprehensive and bona fide TP53 regulatory
network in response to DNA damage.

In addition to protein-coding genes, we also identified the
differentially expressed lncRNAs regulated by TP53 in response
to DNA damage (Supplemental Fig. S3A). By excluding lncRNAs
overlapped with protein-coding genes in the same sense strand,
we obtained 876 and 649 differently expressed lncRNAs in the
WT-ADR+ versus WT-ADR− and WT-ADR+ versus TP53−/−-ADR+

groups, respectively. Of note, lincRNAs and antisense lncRNAs
represented the major proportion of differentially expressed
lncRNAs in both groups (Fig. 1D; Supplemental Table S3). The
heatmaps revealed high quality and repeatability of our data,
and there were 715 lncRNAs up-regulated and 161 lncRNAs
down-regulated (|log2FC|≥1; P<0.05) in the group of WT-ADR+

versus WT-ADR−. In the other group (WT-ADR+ vs. TP53−/−-
ADR+), 388 lncRNAs were up-regulated and 261 lncRNAs were
down-regulated (|log2FC|≥1; P<0.05) (Fig. 1E; Supplemental Ta-
ble S3). By further intersecting the differentially expressed
lncRNAs in two comparison groups, we identified 380 overlapping
lncRNAs as TP53-regulated lncRNAs (Fig. 1F; Supplemental Table
S3), which included some well-known TP53 targets, such as
NEAT1 (Adriaens et al. 2016), TP53TG1 (Diaz-Lagares et al.
2016), PVT1 (Barsotti et al. 2012), GUARDIN (Hu et al. 2018),
PURPL (Matsumoto et al. 2017), TRINGS (also known as
AC097478.1) (Khan et al. 2017), and PINCR (Chaudhary et al.
2017), suggesting the high accuracy of our experimental and anal-
ysis methods for the identification of TP53-regulated genes. By the
integrative analysis described above,we obtained 322 TP53-depen-
dent lncRNAs in response to DNA damage (Supplemental Fig. S3B;
Supplemental Table S2). Expectedly, the identified TP53-depen-
dent lncRNAs in response to DNA damage also have a significant
coverage (∼60%, P-value<2.2 ×10−16) between the above over-
lapped gene set and the integrative gene set (Supplemental Fig.
S3C). Thus, we obtained an overview of the TP53 regulatory net-
work in response to DNA damage, and more than 300 lncRNAs
have been identified as TP53-regulated lncRNAs in HepG2 cells.

Ribo-seq analysis reveals hundreds of lncRNAs with coding

potential in ADR-treated HepG2 cells

To globally analyze the lncRNAs with potential coding ability
upon DNA damage, we performed Ribo-seq using ADR-treated
HepG2 cells. The HepG2 cells were treated with 500 ng/mL ADR
for 24 h, and cycloheximide (CHX) was added to inhibit the trans-
lational elongation of ribosomes. The 26- to 30-nt RPFs were isolat-
ed to generate ribosome profiling sequencing libraries (Fig. 2A).
The RiboCode (Xiao et al. 2018) analysis showed that the RPF reads
with∼29–30 nt from the ADR-treatedHepG2 cells showed a strong
3-nt periodicity from their 5′end to the start and stop codons, and
their P-site positions were mainly at +12 (Fig. 2B), which was
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consistentwith the general pattern fromprevious research (Ingolia
et al. 2009), suggesting the high quality of our Ribo-seq data.

Wenext identified the candidateORFs according to the select-
ed RPF reads using the RiboCode software (Xiao et al. 2018). The
types of predicted ORFs (P<0.05) were composed of seven parts:
(1) 37,031 (59.89%) annotated protein-coding ORFs, (2) 1335
(2.16%) upstream ORFs (uORFs), (3) 2598 (4.2%) overlapping

ORFs, (4) 3415 (5.52%) downstream ORFs (dORFs), (5) 16,739
(27.07%) novel ORFs in noncoding transcripts of protein-coding
genes, (6) 556 (0.9%) novel lncRNAORFs, and (7) 156 (0.25%)nov-
el other ORFs (Fig. 2C; Supplemental Table S4). Among them, the
556 ORFs in lncRNAs were derived from 338 lncRNA genes. We
then excluded the portion of these lncRNAs overlapping with pro-
tein-coding genes in the same sense strand and obtained 249
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Figure 1. Genome-wide analysis of the differential transcriptomes of HepG2 cells and HepG2TP53−/− cells upon DNA damage. (A) The TP53 protein level
in HepG2 and HepG2TP53−/− cells untreated or treated with ADR for 24 h. GAPDH is shown as the loading control for the samples. (B) Experimental model
showing the treatment to the samples for RNA-seq. (C) Biotype distribution of the differentially expressed transcripts in the RNA-seq analysis. (Top) The
comparison group between HepG2 cells treated or not treated with ADR for 24 h (WT-ADR+ vs. WT-ADR−). (Bottom) The comparison group between
HepG2 cells and HepG2TP53−/− cells treated with ADR for 24 h (WT-ADR+ vs. TP53−/−-ADR+). (D) Biotype distribution of the differentially expressed
lncRNAs in the two comparison groups above. (E) The heatmaps of the differentially expressed lncRNAs in the two comparison groups (left, WT-ADR+

vs. WT-ADR−; right, WT-ADR+ vs. TP53−/−-ADR+) across two replicates of HepG2 cells and HepG2TP53−/− cells with or without ADR treatment. (F) The
Venn diagram showing the overlap of lncRNAs between the two groups above. The overlap lncRNAs represented TP53-dependent lncRNAs in response
to DNA damage.
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candidates, whichwere predicted to encode a total of 404 peptides.
Among these lncRNA-encoded peptides, 80.44% (325 out of 404)
were sORF-encodedpolypeptides (SEPs, fewer than100aminoacids
[aa]) (Fig. 2D; Supplemental Table S5). Therewere up to 79 peptides
and 24 peptides longer than or equal to 100 aa and 150 aa, respec-
tively, indicating that lncRNAs can encode not only SEPs (fewer
than 100 aa) but also small proteins (100 aa ormore). Furthermore,
compared with the annotated protein-coding ORFs, the translat-

able ORFs in lncRNAs had similar ribo-
some relative densities but much weaker
conservation (Fig. 2E,F). To assess the 3-
nt periodicity distribution of the ORFs
in lncRNAs, we took the ORFs of MYMX
(also known as MINION) (Zhang et al.
2017) and MTLN (previously known as
LINC00116) (Chugunova et al. 2019) as
examples (Fig. 2G), which used to be an-
notated as lncRNAs but were proven to
encode peptides recently. The distribu-
tion of RPFs in these ORFs showed a
strong 3-nt periodicity (Supplemental
Fig. S4), indicating that our Ribo-seq
datawere of high enoughquality to iden-
tify the lncRNA-encoded peptides. Taken
together, via analyzing the Ribo-seq data
of ADR-treated HepG2 cells, we have
identified more than 200 lncRNAs with
coding potential followingDNAdamage.

Identification of translatable ORFs from

putative TP53-regulated lncRNAs

Given the findings that numerous
lncRNAs were predicted to encode pep-
tides in ADR-treated HepG2 cells, we
further systematically identified the
peptides encoded by TP53-regulated
lncRNAs. We obtained 58 lncRNA candi-
dates by overlapping the genes between
380 TP53-regulated lncRNAs and 249
lncRNAs with translated ORFs (P<0.05).
Next, 18 randomly selected candidates
and AC004264.1, which was a strong
putative TP53 target with a translated
ORF (P=0.057) in our RNA-seq data and
Ribo-seq data, were chosen for further val-
idation (Supplemental Table S6) and
named as TP53LC (TP53-regulated
lncRNAs with coding potential) plus
numbers (from TP53LC01 to TP53LC19)
(Supplemental Fig. S5A).

To validate the RNA-seq results, we
performed quantitative RT-PCR (qRT-
PCR) to detect the expression of TP53LC
genes in HepG2 and HepG2TP53−/− cells
with or without the ADR treatment.
The results showed that except for
TP53LC16, the other 18 TP53LC genes
were differentially expressed (17 up-regu-
lated and one down-regulated) in both
comparison groups (HepG2 ADR+ 24 h
vs. HepG2 0 h and HepG2 ADR+ 24 h vs.

HepG2TP53−/−ADR+ 24 h), which was consistent with the tendency
from RNA-seq (Fig. 3A).

To confirm whether the 19 TP53LC genes encode peptides,
we chose TINCR and MINION as positive controls. TINCR used to
be considered as a classic lncRNA (Kretz et al. 2013) but was anno-
tated as a protein-coding gene with a conserved ubiquitin domain
containing ORF in the recent GENCODE data sets, and MINION
was reported to encoded an 84-aa homologous mouse peptide
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Figure 2. Genome-wide analysis of translatedORFs with the Ribo-seq data of ADR-treated HepG2 cells.
(A) Schematic of the experimental procedures of ribosome profiling. (B) RiboCode analysis for 29-nt and
30-nt RPF reads. The P-site positions are color-coded according to the frame. (C) Biotype distribution of
all of the translated ORFs identified by the RiboCode method in ADR-treated HepG2 cells (left, ORF ratio;
right, ORF numbers). (D) The fraction of putative lncRNA-encoded peptides within different length rang-
es. (E) Density plots showing the translational efficiency (TE) of translated ORFs between two types of
transcripts: the lncRNAs and the annotated protein-coding genes. (F ) The conservation of the predicted
coding lncRNAs and the annotated protein-coding genes. (G) Distribution of reads for two lncRNAORFs
reported to encode peptides.
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required for muscle development (Zhang et al. 2017). Both TINCR
andMINIONwere first verified to be regulated by TP53 upon DNA
damage in our RNA-seq data and qRT-PCR assays (Fig. 3A). Then,
we constructed 21 transient overexpression vectors by inserting
the longest translatedORFs predicted by RiboCode into the univer-
sal C-terminal 3xFLAG-tagged vector, pCFH (Supplemental Fig.
S5B). In addition to the positive controls (TINCR and MINION),
16 TP53LC peptides were detected by the anti-FLAG antibody.

Except for the TP53LC14 and TP53LC18 peptides, which could
only be detected in HepG2 cells, the other 14 TP53LC peptides
were verified in both HepG2 and SK-HEP-1 cells (Fig. 3B).
However, no peptides were detected when the other three
TP53LC vectors (TP53LC15, TP53LC17, and TP53LC19)were over-
expressed in both cells. To further validate the coding ability of the
predicted ORFs, we constructed a set of frameshift (FS) mutation
vectors for the 16 encoded TP53LC ORFs (Supplemental Table

C

B

A

Figure 3. Validation of translation of the overlapping lncRNA ORFs between the RNA-seq and Ribo-seq analyses. (A) The relative expression of the se-
lected TP53LC genes and the positive control genes (TINCR and MINION) detected by qRT-PCR assays in HepG2 and HepG2TP53−/− cells with or without
ADR treatment for 24 h. (B) Western blot assays for validating the coding ability of the TP53LC-3xFLAG vectors using the FLAG antibody in HepG2 and SK-
HEP-1 cells. The TINCR and MINION vectors were used as positive controls. The pCFH vector was used as a negative control. (C) The protein levels of
TP53LC-3xFLAG in HepG2 and SK-HEP-1 cells transfected with the TP53LC-3xFLAG and TP53LC-FS-3xFLAG vectors. (FS) Frameshift mutant. Data are rep-
resented as mean± SEM. (∗) P<0.05, (∗∗) P<0.01, and (∗∗∗) P<0.001.
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S11). As expected, all these 16ORFs lost their coding ability after FS
mutations, suggesting that they could actually encode peptides
(Fig. 3C). We further separated the cytoplasm and nucleus of
HepG2 cells to detect the subcellular localization of these peptides.
As shown in Supplemental Figure S5C, the TP53LC01, TP53LC05,
TP53LC06, TP53LC13, TP53LC16, and TP53LC18 peptides were
detected in the cytoplasm only, whereas the TP53LC03,
TP53LC07, TP53LC10, TP53LC11, and TP53LC14 peptides entire-
ly localized in the nucleus. The TP53LC02, TP53LC04, TP53LC08,
TP53LC09, TP53LC12, and TINCR peptides were detected in both
the cytoplasm and nucleus, but the TP53LC04, TP53LC08, and
TP53LC12 peptidesmainly existed in the nucleus. Therefore, com-
bining the above results of qRT-PCR and western blot, we have
identified 15 translatable ORFs from putative TP53-regulated
lncRNAs among the 19 TP53LC candidates.

Peptides encoded by putative lncRNAs are endogenously

expressed in human cells

We next aimed at the direct observation of potential endogenous
new microproteins encoded by these TP53-regulated lncRNAs
with MS assays. In consideration of the shorter candidates com-
pared with the known proteins, we first performed shotgun MS
analysis on the low-molecular proteomics. With the classical stan-
dard of searchingnewproteins,we identified only one unique pep-
tide segment from TP53LC04 out of the 15 candidates above (Fig.
4A; Supplemental Table S7). However, shotgun MS is not a target-
ing method aimed at identifying specific proteins but is for the
whole proteome detection. For most polypeptides with low abun-
dance, signals obtained by shotgunMS are probably not so impres-
sive and convincing. Therefore, to improve the reliability of theMS
validation, we performed the targeting parallel reaction monitor-
ing (PRM) and multiple reaction monitoring (MRM) MS methods
to present more details about the new microproteins, and refer-
enced the HPP Guideline 3.0 criteria for database searches
(Deutsch et al. 2019). Through PRM MS data analysis, we could
successfully obtain two unique peptides (WPASPLGVR, GSGAGG-
GAGPGAAVSASPSGPR) from TP53LC02 and one unique peptide
(IYRPALPTSQHPAWQR) from TP53LC04 (Fig. 4B,C; Supplemental
Table S7). InMRM assays, the synthetic heavy peptides were intro-
duced as spike-in standards formore accurate quantification of the
potential peptides in HepG2-ADR+ samples. Taking the rules for
designing the heavy peptides for MRM into consideration, we se-
lected 11 TP53LCs out of the 15 candidates above for further inves-
tigation, which contained at least one unique peptide. Benefit
from the one-by-one optimization on the synthetic peptide–based
MRM analysis, we could further identify three different unique
peptide segments from TP53LC02 (one is also identified in
PRM), two from TP53LC03, and two from TP53LC04 (one is also
identified in PRM) in the cell lysates, respectively (Fig. 4D–F; Sup-
plemental Fig. S6A–C; Supplemental Table S8). Taking the results
of PRM and MRM together, only TP53LC02 and TP53LC04 per-
fectly met the HPP Guideline 3.0 criteria, which require at least
two distinct uniquely-mapping, nonnested peptide sequences of
a length of nine aa or more. Although there is only one unique
peptide segment longer than nine aa for TP53LC03, in consider-
ation that the design of the synthetic signature peptides in MRM
is largely limited by the length and sequence of new protein itself,
we also regarded TP53LC03 as a putative endogenous micropro-
tein confirmed by MS analysis.

To directly verify that the TP53LCpeptideswere endogenous-
ly produced in cells, we selected a TP53LC04 peptide identified by

MS for antibody design. TP53LC04 consists of 100 aa and is encod-
ed by a 300-ntORFof the annotated lncRNAAC022075.1, which is
currently under the accession of KLRK1-AS1 in GENCODE v39
(Supplemental Fig. S7A–C). By using two specific shRNA oligos
against TP53LC04 and detecting through qRT-PCR, we success-
fully obtained HepG2, HCT116, and U2OS, three TP53 WT cell
lines from various tumor types, with stable knockdown of
TP53LC04 in response to DNA damage (Supplemental Fig. S8A).
In addition, the overexpression and knock-down coupled with
Western blotting assays was applied to determine the specificity
of the anti-TP53LC04 antibody. As expected, the antibody could
detect the endogenous TP53LC04, as well as overexpressed tagged
or nontagged peptides (Fig. 4G; Supplemental Fig. S8B–D). More-
over, the TP53LC04 peptide level decreased when the TP53LC04
was stably silenced in the three cell lines treatedwith ADR, suggest-
ing that the anti-TP53LC04 antibody could specifically detect the
endogenously produced TP53LC04 peptide (Fig. 4G). Immunoflu-
orescence staining with the anti-TP53LC04 antibody also showed
that the subcellular location of TP53LC04 peptide is mainly local-
ized in the nucleus of HepG2 cells (Supplemental Fig. S8E). In con-
clusion, these results showed that peptides encoded by putative
TP53-regulated lncRNAs are endogenously expressed in human
cells.

The lncRNA-encoded peptides are directly induced

by TP53 upon DNA damage

Upon DNA damage, TP53 can be activated and induces a group of
genes through direct and indirect ways (Riley et al. 2008). To deter-
mine if the identified peptides are directly induced by TP53, we an-
alyzed the TP53 ChIP-seq peaks around the transcriptional start
site (TSS; from 5 kb upstream to 5 kb downstream) of all annotated
genes with the data downloaded from ChIPBase v2.0 (Zhou et al.
2017) and obtained a total of 9437 entries of lncRNAs with
TP53-binding peaks in the lncRNA annotation set. According to
our analysis, all of the 15 translated TP53LCs were included in
this group of lncRNAs (Fig. 5A). The results also showed that
among all the newly validated peptide genes, 10 TP53LC peptide
genes were supported by at least 10 TP53 ChIP-seq samples (n≥
10). Thus, these peptides were considered as candidates for TP53-
inducible peptides (Fig. 5B), three of which were encoded by
well-known TP53-activated lncRNAs (Barsotti et al. 2012; Diaz-
Lagares et al. 2016; Hu et al. 2018). Here, three representative
TP53LCs—(1) one classic TP53 target lncRNA, LNCTAM34A (refer-
ring to TP53LC18), and (2) two novel TP53-regulated genes,
TP53LC01 and TP53LC04—were selected to show their enrich-
ment in TP53 ChIP-seq (Fig. 5C; Supplemental Fig. S9A), indicat-
ing that these 10 TP53LC peptide genes might all be strong
candidates induced by TP53.

To confirm the binding of TP53 to the regions around the
TSSs of these 10 peptide genes in HepG2 cells upon DNA damage,
we first analyzed the TP53 consensus motifs RRRCWWGYYY(n)
RRRCWWGYYY (Jordan et al. 2008) in these regions according
to the TP53 binding peaks in ChIPBase v2.0 (Fig. 5D).We then per-
formed ChIP-qPCR assays to validate the binding of TP53 to these
predicted motifs in HepG2 cells treated with or without ADR. As
expected, the results showed that by taking BBC3 (Nakano and
Vousden 2001), one of the TP53 target genes, as the positive con-
trol, the binding of TP53 to the predicted motifs of all 10 peptide
genes was much stronger in ADR-treated HepG2 cells compared
with the binding in the normal condition (Fig. 5E). In line with
ChIP-qPCR results, we found that the activity of luciferase
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Figure 4. Identification of the natural, endogenous peptides encoded by lncRNA ORFs using mass spectrometry (MS). (A) The unique peptide of
TP53LC04 was identified using shotgun MS in HepG2-ADR+ cells. (B,C) The unique peptides of TP53LC02 (B) and TP53LC04 (C) were identified using
PRMMS in HepG2-ADR+ cells. (D–F ) The unique peptides of TP53LC02 (D), TP53LC03 (E), and TP53LC04 (F ) were identified usingmultiple reaction mon-
itoringMS (MRM-MS) in HepG2-ADR+ cells. Mass chromatograms of the corresponding endogenous peptides are showed on the left, and the correspond-
ing heavy-peptides are indicated on the right. (G) Immunoblotting validation of antibodies against TP53LC04. The indicated protein levels of cells
overexpressing TP53LC04, and stable sh-TP53LC04 cells treated with ADR are shown.
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Figure 5. Screening for TP53-inducible lncRNA candidates and verification of the binding of TP53 to these genes. (A) Venn plot showing the overlapping
genes between lncRNAs with TP53-binding peaks from the ChIPBase v2.0 and TP53-regulated lncRNAs with translated ORFs. (B) The list of the candidates
of TP53-inducible peptides. The number of supported samples for TP53 binding is shown in the list. (C) ChIP-seq tracks of normalized sequence tags show
enrichment for TP53 along the TP53LC04 (also known as AC010501.1) loci in relative treatment visualized on IGV software. The box under the track rep-
resents the TP53 enrichment peak; “Dox+” represents samples treated with doxorubicin (dox), also called adriamycin (ADR); and “DDP+” represents the
samples treated with cisplatin. (D) The putative TP53 binding motifs around the TSS of the candidates above. (E) ChIP-qPCR assays showing the binding of
TP53 to the putative motifs above upon DNA damage. The HepG2 cells were treated with or without ADR for 24 h. BBC3 (also known as PUMA) was used as
a positive control gene, and IgG was used as a negative control antibody. The values of ChIP efficiencies are given as the relative expression of TP53-IP
normalized by IgG-IP. (F ) Schematic diagram of the pGL4-minP vectors containing the wild-type or mutant putative TP53 binding motifs. The minimal
TATA-box promoter is indicated as minP. (G) The luciferase reporter assays measuring the promoter activity of the indicated vectors in HepG2 treated
or not treated with ADR for 24 h. The pGL4-minP vector was used as a negative control and a TP53 reporter vector as a positive control. (H) The indicated
protein levels in HepG2 and HepG2TP53−/− cells with or without ADR treatment for 48 h. Data are represented as mean± SEM. (∗) P<0.05, (∗∗) P<0.01, and
(∗∗∗) P<0.001.
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reporters containing the consensus TP53-binding sites (TP53-BSs)
from peptide genes were markedly stronger than those with TP53-
BS mutants, especially under the ADR treatment (Fig. 5F,G), indi-
cating the directly transcriptional activation by TP53 upon DNA
damage.Moreover, bymonitoring the peptide level with immuno-
blotting in various human cell lines, ADR treatment could signifi-
cantly activate the expression of TP53LC04, whereas deletion or
knockdown of TP53 diminished its peptide level in both the nor-
mal condition and ADR treatment (Fig. 5H; Supplemental Fig. S9B,
C). Taken together, these 10 peptides were determined all to be
TP53-inducible peptides, especially TP53LC04 (Supplemental
Fig. S9D).

Knockdown of TP53LC04 peptide promotes cell proliferation by

controlling cell cycle in response to DNA damage

To explore the function of endogenous TP53LC peptides encoded
by unreported lncRNAs, TP53LC02 andTP53LC04peptideswere se-
lected as the candidates, and TP53LC03 encoded by LINC00324was
excluded, which was reported to regulate cellular proliferation (Zou
et al. 2018). To further test whether these two TP53-inducible pep-
tides are functional, we performed CCK-8 assays and colony forma-
tion assays to investigate their effects on cell proliferation after
overexpressing TP53LC02 and TP53LC04 peptides and their FSmu-
tant vectors, or stably knocking-down TP53LC02 and TP53LC04
peptides in HepG2, HCT116, and U2OS cells. In both CCK-8 and
colony formation assays, the overexpression of TP53LC02 or
TP53LC04, but not its FS mutants, significantly inhibited prolifera-
tion rates (Fig. 6A–D; Supplemental Figs. S10A–E, S11A–E). In addi-
tion, we inspected the cell proliferation of ADR-treated cells with
stable depletion of TP53LC02 or TP53LC04. As expected, the
CCK-8 and colony formation assays showed a significant increase
of the ability for cell growth and colony formation when
TP53LC04 was stably depleted in the presence of ADR treatment
(Fig. 6E–G; Supplemental Fig. S10F). TP53LC02 stably silenced cell
lines (HepG2, HCT116 and U2OS) in response to DNA damage
also showed a consistent phenotype (Supplemental Fig. S11F–I).
Orthometric EdU assays further confirmed the function of
TP53LC02 and TP53LC04 in regulating cell proliferation (Supple-
mental Figs. S10F, S11J). We next monitored the cell cycle of
TP53LC04 above stably silenced cells under DNA-damage condi-
tions and found a significant decrease in the cell proportion at
G2/M phase and an increase at G0/G1 phase (Fig. 6H). Given the ar-
rest of cells at the G2/M phase upon ADR treatment (Giono et al.
2017), the decrease of G2/M-phase cells and an increase of G0/G1-
phase cells in TP53LC04-knockdown cells after ADR treatment re-
vealed that TP53LC04 promotes cell-cycle transition. Thus, the
function of TP53LC04 in regulating cell-cycle progression is consis-
tent with the effect observed in cell proliferation.

To further investigate whether the function of TP53LC04
peptide is interlinked to the function of TP53 in cell-cycle progres-
sion, we established TP53LC04 stably silenced in the TP53 nega-
tive cell line HepG2TP53−/− (HepG2TP53−/−-sh-TP53LC04) (Fig. 6I)
and monitored the cell-cycle distribution under various condi-
tions in response to DNA damage. By recovering WT TP53 in
HepG2TP53−/−-sh-TP53LC04, the cell-cycle distribution partially
restored with an increase at G2/M phase and a decrease at G0/G1

phase. Moreover, simultaneous overexpression of WT TP53 and
sh-resistant TP53LC04 could further enhance the effect of restora-
tion, indicating that the TP53LC04peptide plays a role in the TP53
functions of cell cycle controlling in response to DNAdamage (Fig.
6J; Supplemental Fig. S10G).

To illustrate the potential mechanisms for the TP53LC04, we
then turned to investigate how this TP53-inducible peptide could
affect the global transcriptome. As the RNA-seq analyses showed,
there were 1854 differentially expressed genes comparing the sh-
TP53LC04-1 samples to the control samples (sh-LacZ) in HepG2
cells under DNA-damage treatment conditions (819 up-regulated
and 1035 down-regulated) (Supplemental Fig. S12A; Supplemen-
tal Table S9). To explore how many differentially expressed genes
generated by knocking down TP53LC04 in response to DNA dam-
age are also regulated by TP53, we intersected two comparison
groups (sh-TP53LC04-1 vs. sh-LacZ in ADR+, WT vs. TP53−/− in
ADR+) and identified three subsets of genes, including 1211
only dependent on TP53LC04 and 643 regulated by both
TP53LC04 and TP53 (Supplemental Fig. S12B; Supplemental Table
S9), indicating that TP53LC04 could function alone on gene ex-
pression or participate in the transcriptional regulation mediated
by TP53. Next, we selected a set of genes that are associated with
cell proliferation (E2F7, CCNE1, CCNE2, etc.) for further verifica-
tion. In line with our RNA-seq analysis, the qRT-PCR assays
showed that most of the selected genes differentially express in
the sh-TP53LC04 cells treated with ADR (Supplemental Fig.
S12C). Moreover, GO and KEGG analyses showed that several
genes involved in G1 cell-cycle arrest and DNA-damage responses
were found to be altered after knocking down TP53LC04 in the
treatment of ADR (Supplemental Fig. S12D,E). Of the differentially
expressed genes we detected, some may be directly regulated
by TP53LC04; the others may be indirectly caused by the
TP53LC04-related cell phenotype, which remains for further
study. Recently, Lindsly et al. (2021) had reported 229 genes
with cell-cycle-biased expression (CBE) from the cell-cycle-sorted
cells for RNA-seq. By integrative analysis, we also identified five
differentially expressed genes in our data that could be found in
the CBE evidence at a transcriptional level. Together, all these re-
sults revealed that the TP53-inducible peptide TP53LC04, rather
than its original lncRNAs, inhibited proliferation and regulated
the cell cycle in human cancer cells, indicating that it might
play important roles in TP53-regulated tumor suppression, espe-
cially in the DNA-damage response.

Discussion

TP53 is an important tumor suppressor and transcription factor
that can be activated upon DNA damage to regulate a series of
genes involved in the cell cycle, apoptosis, and DNA repair
(Levine et al. 1991; Vogelstein et al. 2000;Mirza 2003). Previous re-
search showed that the TP53 regulatory network mainly includes
protein-coding and noncoding genes, such as lncRNAs and
miRNAs (Riley et al. 2008; Hermeking 2012; Zhang et al. 2014).
However, in our study, we first systematically identified a group
of novel regulators, peptides encoded by putative TP53-regulated
lncRNAs, among which the TP53-inducible peptide TP53LC04
could effectively repress cell proliferation and regulate the cell cy-
cle in human cancer cells, suggesting that their roles were in line
with that of TP53 (Fig. 7). Thus, our work added new types of
lncRNA-encoded microproteins to the TP53 pathway, leading to
a better understanding on the complexity of TP53 regulatory
network.

Although recent advances in bioinformatics andMSmethod-
ologies have shown that it is possible for lncRNAs to encode nu-
merous concealed peptides, only a few have been found and
validated by biochemical methods until now (Yeasmin et al.
2018; Choi et al. 2019). Here, we have identified 15 novel
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lncRNA-encoded peptides from 18 randomly selected TP53LC
genes through combining the analysis of Ribo-seq with experi-
mental validation in HepG2 cells. Among these newly identified
peptides, nine were longer than or equal to 100 aa, which broke
through the limitation of the past understanding on the lengths
of these novel molecules, leading to an enlarged scope of
lncRNA-encoded peptides. Furthermore, given the high verified
rate of >80% in this study, we infer that approximately 40 putative
TP53-regulated lncRNAs and 200 TP53-unrelated lncRNAs with

translated ORFs may encode novel peptides in ADR-treated
HepG2 cells. Considering that our study was only performed in
HepG2 cells and that themajority of lncRNAs are tissue/cell specif-
ic, the number of lncRNA-encoded peptides may remain highly
underrepresented in genome annotations, primarily owing to
the difficulty of discovering short ORFs in lncRNAs. Therefore, de-
tailed analysis of novel peptides from different cell lineages by
more powerful methods such as Ribo-seq may provide the most
comprehensive list of the microproteins regulated by TP53.

A B

D E

F H

G I J

C

Figure 6. The TP53-inducible TP53LC04 peptide suppresses cell proliferation and regulates cell cycle in human cells. (A) The immunofluorescence assays
showing the overexpression and subcellular location of the TP53LC04 peptide in HepG2 cells. HepG2 cells were transfected with the indicated vectors, and
then the TP53LC04 peptide was immunostained using the anti-FLAG antibody. Scale bar, 10 μm. (B) CCK-8 assays showing the cell viability in HepG2,
HCT116, and U2OS cells transfected with the indicated TP53LC04 vectors. (C,D) Colony formation assays showing the abilities of colony formation in
HepG2, HCT116, and U2OS cells transfected with the indicated TP53LC04 vectors. The representative pictures of colonies are shown in C, and the number
of colonies are counted in D. (E) CCK-8 assays showing the cell viability in HepG2, HCT116, and U2OS cells stably silenced TP53LC04 with the DNA-dam-
age drug ADR treatment for 24 h. (F,G) Colony formation assays showing the abilities of colony formation in HepG2, HCT116, and U2OS cells stably si-
lenced TP53LC04. The representative pictures of colonies are showed in F, and the number of colonies are counted in G. (H) The proportions of each cell-
cycle phase in the indicated cells above. (I) The qPCR assays showing the expression of TP53LC04 in HepG2TP53−/− stably knocked down TP53LC04 with
ADR treatment. (J) The proportions of each cell-cycle phase in sh-TP53LC04 HepG2TP53−/− recovering wild-type TP53 and sh-resistant TP53LC04. Data are
represented as mean± SEM. (∗) P<0.05, (∗∗) P<0.01, and (∗∗∗) P<0.001.
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A batch of TP53-induced lncRNAs have been reported to play
important roles in tumor suppression as RNA molecules (Grossi
et al. 2016). However, our study showed that several well-known
TP53-induced lncRNAs, such as PVT1 (herein referred to as
TP53LC09), TP53TG1 (herein referred to as TP53LC12), and
GUARDIN (herein referred to as TP53LC18), which were reported
to regulate cellular proliferation (Barsotti et al. 2012; Diaz-Lagares
et al. 2016;Hu et al. 2018), could encode peptides and be expressed
in HepG2 cells. Hence, whether these previously identified func-
tions are entirely dependent on the lncRNA, the lncRNA-encoded
peptide, or both needs to be thoroughly investigated in the future.

Thus far, in humans and mice, the known functional pep-
tides encoded by lncRNAs mainly participate in normal physio-
logical processes (Anderson et al. 2015; Nelson et al. 2016;
D’Lima et al. 2017; Matsumoto et al. 2017; Zhang et al. 2017;
Chu et al. 2019; Chugunova et al. 2019), and only a few were
functionally verified and characterized during tumorigenesis
(Huang et al. 2017; Polycarpou-Schwarz et al. 2018; Deng et al.
2019). In this study, we identified and uncovered the anticancer
functions of TP53-inducible peptides encoded by lncRNAs in hu-
man cancer cells for the first time. Our study highlights the func-
tions of “hidden peptides” encoded by TP53-regulated lncRNAs
in cancer cells and provides new insights for therapeutic target-
ing in cancer.

In summary, our study shows that TP53-regulated lncRNAs
encode peptides and that these peptides can regulate cell prolifer-
ation and cell cycle in human cancer cells. Our study not only in-
dicates that lncRNA-encoded peptides are a novel class of
components of the TP53 regulatory network but also represents
a new microproteome for future biological insights. Most impor-
tantly, our work explores a new research perspective for the TP53
pathway with the accession of a series of novel peptides.

Methods

Deletion of TP53

The HepG2TP53−/− cell line was generated as previously described
(Deng et al. 2019). For the deletion of TP53 in HepG2 cells, two
specific sgRNAs targeting exon 5 of the human TP53 gene were
cloned into PX462 (Addgene 62987) to generate the PX462-KO-
TP53 plasmid. The primers for detection of the TP53 gene muta-
tion and the sgRNAs designed for the TP53 gene in this study are
listed in Supplemental Table S10.

Cell culture and treatments

Human HEK293T, SK-HEP-1, HCT116, and U2OS cells were cul-
tured in DMEM medium (Gibco C11995500BT) supplemented
with 10% fetal bovine serum (Gibco 10270-106), penicillin, and
streptomycin. HepG2 and HepG2TP53−/− cells were cultured in
MEM medium (Gibco 41500034) supplemented with 1.5 g/L
NaHCO3 (Sigma-Aldrich S5761), 110 mg/L sodium pyruvate
(Sigma-Aldrich P5280), and 10% fetal bovine serum plus antibiot-
ics. Cells were maintained in a 5% CO2 atmosphere at 37°C. Cells
mentioned above were obtained from the Cell Bank, China
Academy of Sciences. HepG2 and HepG2TP53−/− cells were treated
with 500 ng/mL ADR (Sigma-Aldrich D1515) for 24 h for RNA-seq
and Ribo-seq. The cells were transfected with plasmids using
ViaFect reagent (Promega E4982) according to the manufacturer’s
instructions.

Construction of stable TP53, TP53LC02, and TP53LC04-silenced

cell lines

For target genes knockdown, the expression of TP53 protein and
TP53LC02 and TP53LC04 peptides was stably decreased by the
shRNA oligos against TP53, TP53LC02, and TP53LC04, respective-
ly. The shRNA oligos were annealed, ligated into pLKO.1-TRC vec-
tor (Addgene 10878), and then cotransfected into HEK293T cells
with psPAX2 (Addgene 12260) and pMD2.G (Addgene 12259)
packaging plasmids using ViaFect reagent. The supernatants
were harvested and used to infect HepG2, HepG2TP53−/−,
HCT116, and U2OS cells treated with 2 μg/mL polybrene (Sigma-
Aldrich TR-1003), and stable clones were screened with 2 mg/mL
puromycin (Sigma-Aldrich OGS269) for 2 wk. All sequences of
the shRNAs are listed in Supplemental Table S10.

RNA-seq library preparation and RNA-seq analysis

For RNA-seq profiling, the total RNAwas purified fromHepG2 and
HepG2TP53−/− cells untreated or treated with 500 ng/mL ADR for
24 h, with two independent samples, respectively. Paired-end
and strand-specific RNA-seq libraries were prepared according to
Illumina’s instructions and sequenced on HiSeq X Ten
(ANOROAD) with a sequence length of 150 bp. Raw RNA-seq
data reads were aligned to the UCSC (Casper et al. 2018) hg38 ref-
erence genome using HISAT2 (version 2.0.5) (Kim et al. 2015) with
default parameters. LncRNAs, protein-coding genes, and other
genes annotated byGENCODE v30were used in the present study.
Furthermore, we eliminated lncRNAs overlapping with protein-
coding genes in RefSeq, Ensembl, and GENCODE v30 using
BEDTools (version 2.18.0) (Quinlan and Hall 2010) to obtain a
more accurate lncRNA annotation set. The DESeq2 (version
1.18.1) (Love et al. 2014) package was used to detect the differen-
tially expressed genes (P<0.05 and |log2FC|≥1). KEGG enriched
items of the differentially expressed genes were analyzed by the
clusterProfiler (version 3.6.0) (Yu et al. 2012) package. The heat-
map of differentially expressed lncRNAs was drawn by the

Figure 7. The expanded TP53 network. Network of the main TP53-in-
ducible coding and noncoding RNAs in human cells as found in this
screen. LncRNAs are marked in black; protein-coding genes (PCGs) are
marked in green; and novel TP53-regulated-lncRNA-encoded peptides dis-
covered in human cells are highlighted in bold red.
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pheatmap (version 1.0.10) package using FPKM values, which are
calculated by the DESeq2 package (Love et al. 2014).

Next, an integrative analysis of all four RNA-seq data sets
(WT-ADR+, WT-ADR−, TP53−/−-ADR+, TP53−/−-ADR−) was per-
formed using the modeling framework from DESeq2 suitable for
two conditions, two genotypes, and an interaction term.
Differentially expressed lncRNAs and protein genes caused by
ADR-treating effect for WT genotype (|log2FC|≥1, P<0.05) were
the output, as well as lncRNAs and protein genes with no signifi-
cant difference on ADR-treating effect across WT and TP53−/− ge-
notype (P≥0.05). By excluding the latter gene set from the former
one, the TP53-dependent lncRNAs and protein genes in response
to DNA damage were obtained. In the integrative analysis, similar
methods were used to eliminate lncRNAs to obtain an accurate
lncRNA annotation set.

Ribosome profiling library preparation and Ribo-seq analysis

HepG2 cells were treated with 500 ng/mL ADR for 24 h. Then, to
prepare cell lysis, the cell medium was discarded, and the cells
were washed with ice-cold PBS containing 100 µg/mL CHX (MP
Biomedicals 0219452701). The ribosome profiling assay was per-
formed as previously described (Calviello et al. 2016). For the anal-
ysis of Ribo-seq data, sequenced reads trimmed for the adaptor
sequence were aligned to the UCSC hg38 reference genome by
STAR (version 2.4.2a) (Dobin et al. 2013)with parameters provided
by the RiboCode (version 1.2.10) manual (Xiao et al. 2018). RNA-
seq reads also used the same parameters to align to the genome by
STAR. Conservative analysis of the peptides was calculated by the
phyloP (Siepel et al. 2006) score downloaded from the UCSC
Genome Browser. The translation efficiency (Ingolia et al. 2009)
was calculated as the ratio of FPKM values of an ORF in Ribo-seq
data to the FPKM values of this ORF in RNA-seq data.

In-gel digestion of low-molecular-weight proteins for shotgun

MS analysis

HepG2 cells (1 × 107) were treated with 500 ng/mL ADR for 24
h. Then, the cells were extracted by RIPA buffer supplemented
with protease inhibitor cocktail, and the lysates were separated
in Novex 10%–20% tricine gels (Thermo Fisher Scientific
EC6625BOX). By silver staining, 5- to 25-kDa bands were excised
from the gel and subjected to in-gel trypsin digestion as previously
described (Wang et al. 2013; Lu et al. 2019). Peptide samples were
reconstituted in solvent A (0.1% formic acid and 2%ACN) and fur-
ther analyzed in an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific).

PRM MS analysis

PRMwas performed to validate the presence of candidate peptides
in HepG2-ADR+ samples as previously described (Lu et al. 2019).
Briefly, the cell lysates were digested with trypsin, and then the
peptides were separated with a C18 reverse-phase column (150-
μM diameter, 20-cm length, 1.9-μM particle size), followed by in-
jection into the Orbitrap Fusion Lumos mass spectrometer. The
peptide precursors were isolated via a quadrupole at the window
of 1.2 Th. Fragment ions were generated in the HCDmode and de-
tected at a resolution of 15 K.

Heavy-isotope-labeled peptide-referenced MRM

Heavy-labeled targeted peptides (heavy-peptides) were synthe-
sized from GuoPing Pharmaceutical (Anhui). Technical require-
ments follow the standard procedures as previously described
(Lu et al. 2019). The synthesized heavy-peptides were first mixed

and subjected to the data-dependent acquisition (DDA) MS analy-
sis with an Orbitrap Fusion Lumos mass spectrometer. Each target
heavy-peptide was imported into the Skyline software to generate
the transition list for 2+ and 3+ precursors, considering both the b-
ions and y-ions. Then400 fmol dilutedheavy-peptideswere recon-
stituted with 0.1% FA, mixed with unlabeled peptides, and
sequentially loaded into the trap column (150 μM×2 cm, C18,
1.9 μM) and the nano column (150 μM×20 cm, C18, 1.9 μM)
with an UltiMate 3000 RSLCnano HPLC System (Thermo Fisher
Scientific). Next, the peptides were eluted with the gradient buffer
(80% ACN, 0.1% FA) for 60 min at a flow rate of 600 nL/min. The
TSQ Quantiva system (Thermo Fisher Scientific) was used for the
collection, and Nanospray NG ion source was used in the positive
ion mode. MS conditions were set as follows: ion spray voltage,
2300 V; ion transfer tube temperature, 320°C; CID gas, 1.5 m
Torr; and cycle time, 3 sec.

MS analysis

Deep proteome data of HepG2 cells treated with ADR were ob-
tained by MS sequences. The shotgun and PRM raw MS files
were analyzed by the Thermo Scientific Proteome Discoverer soft-
ware package (version 2.4.1.15). As previously described (Lu et al.
2019), database searches were performed using the protein prod-
ucts from all translating genes in the human UniProt database
and predicted ORFs from the translating lncRNAs. We adopted
the criteria for confident identification with false-discovery rate
(FDR)< 0.01 at protein level for Proteome Discoverer searches
(Colaert et al. 2011; Al Shweiki et al. 2017). Other parameters
were left default. The MRM raw data were analyzed using Skyline
software, and endogenous peptides were considered to be validat-
ed when the following criteria were met: (1) the synthesized stan-
dard (heavy) peptide and transition generated from endogenous
peptide (light) shared the same elution profile on the liquid chro-
matograph; (2) at least three transitions from the same precursor
were detected with S/N>3; and (3) the calculated bias of light/
heavy peptides from each transition of the same precursors was
<20%. The three to six most intense transitions of each target
heavy-peptide and its relevant three to six transitions of light pep-
tide were output as a single transition list, using the CE value that
supported the highest intensity and the retention time.

RNA extraction and qRT-PCR

The total RNA was isolated from cells using the RNA isolation re-
agent TRIzol (Thermo Fisher Scientific 15596018). cDNAwas syn-
thesized using a PrimeScript RT reagent kit with a gDNA eraser kit
(TaKaRa RR047A) according to the manufacturer’s protocol. qPCR
assays were performed in triplicate with the SYBR Premix Ex Taq II
(TaKaRa RR820A). Normalization was performed to GAPDH. The
ΔΔCtmethod for the relative quantitation (RQ) of gene expression
was used to determine the expression of genes. The corresponding
primers used in this study according to the RiboCode analysis of
transcripts with potential coding capability are provided in
Supplemental Table S10.

Plasmid construction

To generate FLAG fusion peptide constructs with ORFs of the can-
didate TP53LC genes (ORF-FLAG), the corresponding ORF se-
quences were amplified with and without the endogenous 10-bp
Kozak or 5′ UTR region by PCR from HepG2 or HepG2-ADR+ cells
cDNA and cloned into the pCFH vector (built by our laboratory,
with the C-terminal 3xFLAG epitope tag into the pCH vector)
(Xu et al. 2020). A FS mutation construct (5′UTR-ORF-FS-FLAG),
in which the ORF start codon was FS-mutated to ATTG, was
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generated using a homologous reorganization kit (Vazyme C112-
01). When FLAG could still be expressed after the FS mutation of
the start codon ATG, two or three mutations would be undertaken
until the FLAG was no longer expressed at the protein level. An
identical TP53LC04 construct without a FLAG tag and two more
alternative vectors by mutating or deleting the start codon of in-
serted TP53LC04 ORF were generated in a same way. WT TP53
and sh-resistant TP53LC04 vectors were constructed using the
pcDNA3.0 vector backbone (Invitrogen). For construction of
TP53 promoter–reporter vectors, the promoters of TP53LCs pre-
dicted to contain consensus TP53-BSs were designed as oligos, an-
nealed, and ligated into the pGL4-minP vector modified using the
pGL4.11[luc2P] vector backbone (Promega E6661) to generate the
pGL4-wt-promoter vectors, as previously described (Sotelo et al.
2010). Similarly, the pGL4-mt-promoter vectors were obtained
by inserting a nonsynonymous mutation into the TP53-BS se-
quences of TP53LCs and using the pGL4.38 [luc2P/TP53
RE/Hygro] vector (Promega E365A) as the positive control vector.
The corresponding mutation sequences are shown in
Supplemental Table S11, and the primers and oligos used in this
study are listed in Supplemental Table S10.

Immunofluorescence staining

HepG2 cells (4 × 105) were plated on glass coverslips and transfect-
ed with the indicated plasmids for 48 h. Then, the cells were fixed
with 4% paraformaldehyde for 30 min at room temperature.
Cells were subsequently permeabilized with 0.5% Triton X-100
in PBS and then blocked with PBS-T containing 5% BSA for
1 h. Blocked cells were incubated with anti-FLAG antibody
(Sigma-Aldrich F1804) overnight at 4°C and subsequently incubat-
ed with the corresponding Alexa Fluor 594 antibody (Thermo
Fisher Scientific A21207). Cellular nuclei were stained with
Hoechst (Sigma-Aldrich 94403). Imaging was conducted using a
Zeiss 63 × plan apochromat oil immersion lens on the LSM880.

Anti-TP53LC04 antibody production

The polyclonal antibody against the TP53LC04 peptide was cus-
tomized from GL Biochem (Shanghai). Briefly, rabbits were im-
munized with a synthetic peptide containing the sequence of
the KLH-coupled peptide ILGPRGQERPGI-Cys. The antibodies
were collected from the serum and then purified using affinity
chromatography with columns containing the corresponding
peptides.

Western blotting

Cells were harvested and suspended in strong RIPA lysis buffer (50
mMTris-HCl at pH 7.4, 150mMNaCl, 0.1% SDS, 2mMEDTA, 1%
Triton X-100, 1% sodiumdeoxycholate, 1mMPMSF, and protease
inhibitor cocktail) for 30minon ice and thendenatured for 10min
at 99°C supplemented with 5× SDS loading buffer and β-mercap-
toethanol. For the detection of the TP53LC or TP53LC-3xFLAG
peptides, whole-cell lysates were separated on 12% tricine-SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and then electro-
blotted onto a 0.2-μM nitrocellulose (NC) membrane (Millipore).
Western blotting was performed using anti-FLAG (1:5000), anti-
TP53LC04 (1:200; GL Biochem N/A), anti-TP53 (1:2000; Santa
Cruz Biotechnology sc-126), anti-LaminB1 (1:5000; Proteintech
12987-1-AP), and anti-GAPDH (1:10000; Proteintech 60004-1-Ig)
antibodies.

Cell proliferation assays

For the cell proliferation assays, HepG2, HCT116, and U2OS cells
were seeded onto 96-well culture plates at 3 ×103, 1 × 103, and 2
×103 per well, respectively, after transfection with the indicated
plasmids for 24 h; 7.5 × 103 per well of TP53LC02 or TP53LC04 sta-
bly silenced cells were seeded onto 96-well plates after treating
with 500 ng/mL ADR for 24 h. Cell viability was counted at 0,
24, 48, 72, and 96 h using the CCK-8 kit (DOJinDOCK04) accord-
ing to the manufacturer’s instructions.

Colony formation assays

For colony formation assays, 5 × 103 per dish of HepG2, HCT116,
and U2OS cells were seeded onto 60-mm dishes after transfection
with the indicated plasmids for 24 h, and 7.5 ×104 per dish of
TP53LC02 or TP53LC04 stably silenced cells were seeded onto
60-mm dishes after treatment with 500 ng/mL ADR for 24 h.
After being cultured for 14 d, the cells were fixed with 4% parafor-
maldehyde for 30 min and stained with 0.1% crystal violet solu-
tion for 20 min. The number or relative area of cell colonies was
counted using the ImageJ software.

Cell cycle analysis

For cell-cycle analysis, 2.5 × 105 of the indicated stably silenced
cells per well were seeded onto 12-well plates. After 24 h, the sh-
TP53LC04-TP53-positive cell medium was replaced with serum-
free culture condition for 24 h, and the sh-TP53LC04-TP53-nega-
tive cells were transfected with the indicated plasmids. Then the
cells above were treated with 500 ng/mL ADR for another 24
h. These cells were labelled with propidium iodide (PI) according
to the cell cycle staining kit (MultiSciences CCS012) andmeasured
in the FACS Calibur flow cytometer (BD Biosciences). The data
were analyzed by FlowJo software.

EdU assays

For EdU assays, the indicated stably silenced cells were seeded onto
24-well plates that enveloped glass coverslips with PLL at 5 ×104

cells per well. After treated with 500 ng/mL ADR for 24 h, the cells
were cultured with fresh medium containing EdU in a final con-
centration of 10 μM for 2 h. Cell viability was then counted using
an EdU kit (BeyoClick EdU-488, C0071S) according to the manu-
facturer’s instructions.

Subcellular fractionation

The subcellular fractionation method was modified based on the
method published inNature Protocol (Gagnon et al. 2014). After be-
ing transfected with the indicated plasmids for 48 h, the HepG2
cells were trypsinized, washed once with cold PBS, and then col-
lected by centrifugation at 500g for 5 min at 4°C. The pellets
were resuspended in 200 μL of HLB lysis buffer (10 mM Tris-HCl
at pH 7.5, 3 mM MgCl2, 10 mM NaCl, 0.3% NP-40, 10% glycerol)
supplemented with protease inhibitor cocktail (Roche
4693132001), incubated for 10 min on ice, and then collected
by centrifugation at 10,000g for 3 min at 4°C. Approximately
120 μL of supernatant (cytoplasmic fraction) was collected, and
the rest was discarded, leaving the pellet (nuclear fraction). The to-
tal nuclear fraction was resuspended in 1 mL of HLB without the
protease inhibitor cocktail and collected by centrifugation at
200g for 2 min at 4°C. Then, the supernatant was discarded, and
the pellet was washed for two more times with the HLB buffer.
The nuclear fraction was resuspended in 120 μL of RIPA with the
protease inhibitor cocktail and incubated for 30 min on ice.
Finally, 30 μL of 5 × SDS loading buffer with β-mercaptoethanol
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was added to all of the tubes for subsequent protein denaturation
for 10 min at 99°C. The cytoplasmic fraction and nuclear fraction
samples were analyzed by western blotting.

ChIP-seq data analysis

For the TP53 ChIP-seq analysis, we manually collected high-
throughput data sets under accession numbers GSM1366697,
GSM1366696, GSM1366691, GSM1142696, and GSM1133486
from the Gene Expression Omnibus (GEO; https://www.ncbi
.nlm.nih.gov/geo/) database (Barrett et al. 2013). HISAT2 and
MACS2 (Zhang et al. 2008) were used for the mapping and peak
calling of the ChIP-seq data respectively. Subsequently, bigWig fi-
les were generated by BEDTools (v 2.27.1) (Quinlan and Hall
2010), and the reads coverage and peaks distribution were visual-
izedwith the IntegrativeGenomics Viewer (IGV) (v 2.8.12) (Robin-
son et al. 2011).

ChIP assays

A total of 1 ×107 HepG2 cells untreated or treated with 500 ng/mL
ADR for 24 h were cross-linked with 1% formaldehyde for 10 min
at room temperature. Glycine was gently added for 5 min at 25°C
to a final concentration of 0.125M, and then the cells were collect-
ed with a cell scraper. The cell pellet was resuspended in cell lysis
buffer, and the nuclear pellet was recovered by centrifugation
and resuspended in nuclear lysis buffer. Nuclear extracts were son-
icated using a Bioruptor U-200 and collected by centrifugation at
12,000g for 10 min at 4°C. The chromatin supernatant was pre-
cleared by adding 20 μL of Dynabeads Protein G (Thermo Fisher
Scientific 10007D) for 1 h at 4°C and then incubated overnight
with 2 μg of TP53 (1C12) mouse mAb antibody (CST 2524S).
After immunoprecipitation, 50 μL of Protein G magnetic beads
was added and incubated for another 2 h at 4°C. Then, the precip-
itates were washed one time with low-salt wash buffer, one time
with high-salt wash buffer, one time with LiCl wash buffer, and
two times with 1×TE, each for 5 min. The chromatin DNA was
eluted in elution buffer and supplemented with RNase A
(Thermo Fisher Scientific MAN0012003) for 30 min at 37°C.
Then, the Proteinase K (Thermo Fisher Scientific EO0492) was add-
ed and incubated for 2 h at 62°C. Finally, the eluted chromatin
DNA complex DNA was purified using a QIAquick PCR purifica-
tion kit (Qiagen 28104) for real-time PCR. The primers for ChIP-
qPCR used in this study are listed in Supplemental Table S10.

Luciferase assays

For promoter luciferase assays, 1.5 × 104 HepG2 cells was seeded
onto 96-well plates. After culture for 24 h, the above pGL4-minP,
pGL4-wt-promoter, and pGL4-mt-promoter vectors were trans-
fected into the indicated cells for luciferase activity. After 24 h of
incubation, the above cells were treated with 500 ng/mL ADR for
another 24 h. Cells were lysed using the passive lysis buffer, and
the luciferase activity was detected using the dual-luciferase assay
system (Promega).

Poly(A)-RNA-seq analysis

For gene differentially expression profiling after knockdown of
TP53LC04 peptide, the RNA-seq libraries were prepared from puri-
fied poly(A) RNA from ADR-treated HepG2 with stably silenced
TP53LC04 cells and the relative control cells (sh-LacZ) for 24 h, in-
cluding three independent samples, respectively. High-through-
put sequences were aligned to hg38 genome with HISAT2 (with
parameters “‐‐no-softclip ‐‐no-unal”) (Kim et al. 2015), and SAM
files were converted to BAM format with SAMtools (v 1.10) (Li

et al. 2009). In the search for differentially expressed genes, we
used featureCounts (v 1.6.0) (Liao et al. 2014) to count each gene
expressed in the knockdown and control samples (with parameters
“-g gene_id -p”) and further applied edgeR (Robinson et al. 2010) for
the retrieval of the dysregulated genes of sh-TP53LC04-1 (each
group contains three replicates). We considered that these genes
are up-regulatedwith “FC≥1 and P-value<0.05” anddown-regulat-
ed with “FC≤1/2 and P-value<0.05.” Then these dysregulated
genes in the sh-TP53LC04-1 samples were used for downstream
analysis. Finally, Metascape (Zhou et al. 2019) was applied for GO
and KEGG analysis.

Statistics and reproducibility

The results were expressed as the mean± SEM unless otherwise
noted. We used the paired Student t-test for comparisons between
the two experimental groups. All statistics were performed using
GraphPad Prism 8, and the significance P-values here are denoted
by asterisks as follows: (∗) P<0.05, (∗∗) P<0.01, and (∗∗∗) P<0.001.

Data access

All sequencing data generated in this studyhave been submitted to
the NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm
.nih.gov/geo/) under accession numbers GSE125756 (RNA–seq)
and GSE125757 (Ribo-seq).
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