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p53 plays a central role in tumor suppression. Emerging evidence
suggests long noncoding RNA (lncRNA) as an important class of
regulatory molecules that control the p53 signaling. Here, we
report that the oncogenic lncRNA E2F1 messenger RNA (mRNA)
stabilizing factor (EMS) and p53 mutually repress each other’s
expression. EMS is negatively regulated by p53. As a direct tran-
scriptional repression target of p53, EMS is surprisingly shown to
inhibit p53 expression. EMS associates with cytoplasmic polyade-
nylation element-binding protein 2 (CPEB2) and thus, disrupts the
CPEB2–p53 mRNA interaction. This disassociation attenuates
CPEB2-mediated p53 mRNA polyadenylation and suppresses p53
translation. Functionally, EMS is able to exert its oncogenic activi-
ties, at least partially, via the CPEB2–p53 axis. Together, these find-
ings reveal a double-negative feedback loop between p53 and
EMS, through which p53 is finely controlled. Our study also dem-
onstrates a critical role for EMS in promoting tumorigenesis via
the negative regulation of p53.
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The tumor suppressor p53 plays an important role in tumor
suppression (1, 2). p53 primarily functions as a transcrip-

tion factor to regulate expression of downstream target genes
that are involved in various cellular processes, including cell
cycle progression, cellular senescence, apoptosis, ferroptosis,
autophagy, and cell metabolism (3–8). In the majority of human
tumors, p53 is often inactivated through either direct mutation or
altered expression of regulatory proteins (9, 10). Moreover, p53-
deficient mice are highly susceptible to spontaneous tumorigene-
sis (11). Therefore, inhibition of p53 activity is considered a
crucial event during tumorigenesis.

It has been well recognized that p53 expression is primarily regu-
lated at the level of protein stability. In unstressed cells, p53 is
expressed at low levels due to the constant ubiquitination and pro-
teasomal degradation mediated by several ubiquitin E3 ligases,
including murine double minute 2 (Mdm2), Pirh2, and COP1
(12–15). Under stress conditions, such as DNA damage and onco-
genic insults, p53 becomes rapidly stabilized and activated (16).
Although it has been demonstrated that posttranslational modifica-
tions, including phosphorylation, acetylation, and ubiquitination,
play an important role in controlling p53 activity, accumulating evi-
dence indicates that p53 activity is also regulated by other mecha-
nisms, particularly translational regulation (17, 18). For instance,
p53 has been shown to be modulated by internal ribosome entry
site (IRES)-mediated translation (19, 20). In addition, several
RNA-binding proteins, including HuR, RPL26, nucleolin, RNPC1,
cytoplasmic polyadenylation element-binding protein 1 (CPEB1),
and cytoplasmic polyadenylation element-binding protein 2 (CPEB2),
are able to regulate p53 translation (21–26).

Long noncoding RNAs (lncRNAs) represent a class of
nonprotein-coding transcripts with a length of more than 200
nucleotides (27). Thus far, more than 17,000 human lncRNA

genes have been documented in GENCODE v38 (28). Increas-
ing evidence suggests that lncRNAs play a critical role in
the regulation of gene expression at different levels (29). Of
note, lncRNAs have been shown to translationally regulate
gene expression by base pairing with target messenger RNA
(mRNA), modulating the translational factors, or acting as
decoys of RNA-binding proteins or microRNAs (30). Recently,
it has been reported that lncRNAs participate in the control of
p53 signaling (31). For example, lncRNAs, including PURPL,
PARL, and MEG3, are able to posttranslationally regulate p53
expression and thus, exert their tumor-regulatory effects
(32–34). In addition, p53 is capable of transcriptionally activating
expression of a number of lncRNAs, such as lincRNA-p21,
PANDA, damage induced noncoding (DINO), and GUARDIN,
to regulate different cellular processes, including apoptosis, cell
cycle progression, and genomic stability maintenance (35–38).
Although well known as a transcriptional activator (39), p53 is
also shown to suppress expression of multiple protein-coding
genes (40). In addition to gene activation, gene repression is also
considered as an essential part of the p53 cellular response (41).
However, it remains poorly understood whether p53 could repress
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lncRNAs expression and whether these lncRNAs are functionally
involved in the regulation of p53 tumor-suppressive activity.

Our recent study identified an oncogenic lncRNA E2F1
mRNA stabilizing factor (EMS) (42). As a transcriptional tar-
get of c-Myc, EMS was shown to connect c-Myc to cell cycle
control and tumorigenesis via the stabilization of E2F1 mRNA.
We noticed that induction of E2F1 only partially rescued the
inhibitory effect of EMS knockdown on tumor cell growth, indi-
cating that EMS may promote tumorigenesis via additional
mechanism(s). In the present study, we show that EMS is tran-
scriptionally repressed by p53. On the other hand, EMS func-
tions as a negative regulator of p53. EMS associates with the
RNA-binding protein CPEB2 to suppress p53 expression at the
translational level. Furthermore, EMS is able to exert its onco-
genic effects through the regulation of the CPEB2–p53 axis.
These findings indicate the existence of a double-negative feed-
back loop between EMS and p53 and provide insights into the
mechanisms of how EMS promotes tumorigenesis.

Results
EMS Is Negatively Regulated by p53. In our recent study, we
noticed that p53-deficient H1299 lung adenocarcinoma (LUAD)
cells exhibited much higher copy numbers of EMS than p53 wild-

type A549 LUAD cells (42). This prompted us to investigate
whether p53 could regulate EMS expression. The results showed
that knockdown of p53 increased, whereas overexpression of p53
decreased EMS levels in both A549 and H460 cells harboring
wild-type p53 (Fig. 1 A and B). Treatment of A549 cells with p53-
inducing agent etoposide or doxorubicin resulted in decreased
expression of EMS (Fig. 1 C and D). However, when p53 was
knocked down in these cells, treatment with etoposide or doxoru-
bicin no longer inhibited the expression of EMS (Fig. 1 C and D),
indicating the involvement of p53 in the decreased expression of
EMS caused by etoposide or doxorubicin treatment. Moreover,
the p53 activator Nutlin-3 was shown to suppress EMS expression
in control A549 cells but not in p53 knockdown A549 cells (Fig.
1E). Collectively, these findings suggest that EMS is negatively
regulated by p53. In accordance, analysis of The Cancer Genome
Atlas (TCGA) database showed that EMS was expressed at rela-
tively higher levels in p53 mutated than in p53 wild-type LUAD
(Fig. 1F), although the difference between these two groups was
not dramatic.

To determine whether EMS is transcriptionally repressed by
p53, we first utilized pifithrin-α (PFT-α), an inhibitor of p53
transcriptional activity. EMS expression was indeed induced
upon PFT-α treatment in a time-dependent manner (Fig. 1G).
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Fig. 1. EMS is negatively regulated by p53. (A) Real-time RT-PCR analysis of EMS levels in A549 and H460 cells infected with lentiviruses expressing con-
trol shRNA or p53 shRNA. Data shown are mean ± SD (n = 3). LE and SE indicate long-time exposure and short-time exposure, respectively. *P < 0.05;
***P < 0.001. (B) Real-time RT-PCR analysis of EMS levels in A549 and H460 cells infected with lentiviruses expressing control (pCDH) or p53 (pCDH–p53).
pCDH is a lentiviral expression vector. Data shown are mean ± SD (n = 3). *P < 0.05. (C–E) A549 cells expressing control shRNA or p53 shRNA were treated
with (C) 10 μM Etoposide, (D) 0.5 μg/mL Doxorubicin, or (E) 10 μM Nutlin-3 for 24 h. Total RNA and cell lysates were then analyzed by real-time RT-PCR and
western blotting, respectively. Data shown are mean ± SD (n = 3). *P < 0.05; ***P < 0.001. (F) EMS was expressed at relatively lower levels in LUAD with wild-
type (WT) p53 (n = 259) than in those carrying mutated (MUT) p53 (n = 248). (G) A549 cells were treated with pifithrin-α (PFT-α) (20 μM) for the indicated
periods of time, followed by real-time RT-PCR and western blot analyses. Data shown are mean ± SD (n = 3). *P < 0.05; **P < 0.01. (H) H1299 cells were trans-
fected with plasmids encoding wild-type p53 or the indicated mutant forms of p53. Twenty-four hours after transfection, total RNA and cell lysates were ana-
lyzed by real-time RT-PCR and western blotting, respectively. Data shown are mean ± SD (n = 3). ns., no significance. *P < 0.05.
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Additionally, we examined whether the tumor-derived p53
mutants (R175H and G279E), which lack the transcriptional
activity of wild-type p53, could regulate EMS expression.
The results showed that these two p53 mutants failed to
down-regulate EMS expression in H1299 cells (Fig. 1H). Taken
together, these data suggest that EMS is negatively regulated
by p53 at the transcriptional level.

EMS Is a Transcriptional Target of p53. We next asked whether
EMS is a transcriptional target of p53. By analyzing the pro-
moter sequence of the EMS gene, we identified four putative
repressive p53 response elements (RE) (43) (RE1, RE2, RE3,
and RE4) within the promoter region spanning from �1,200 to
�1 bp (EMS promoter [EMS-P]) (Fig. 2A). We, therefore, exam-
ined whether p53 could repress the activity of this EMS promoter
region. The luciferase activity driven by EMS-P was indeed
reduced by p53 overexpression but induced by p53 knockdown
(Fig. 2 B and C). In addition, both Nutlin-3 and etoposide showed
the inhibitory effects on the luciferase activity from pGL3-EMS-P
in A549 cells, however, which was minimized by knockdown of
p53 (Fig. 2 D and E). These data indicate that EMS-P is func-
tional for the transcriptional repression of EMS by p53.

To further determine the region of EMS-P that is responsible
for p53-repressed EMS expression, a series of pGL3-based
EMS-P deletion mutants was generated. The luciferase activi-
ties from pGL3-EMS-P, pGL3-EMS-P1000, pGL3-EMS-P800,
pGL3-EMS-P600, and pGL3-EMS-P400 carrying the RE4 site

were strongly decreased by ectopically expressed p53 (Fig. 2F).
By contrast, the luciferase activity from pGL3-EMS-P400-
ΔRE4 with deletion of the RE4 site showed no response to p53
induction (Fig. 2F). In accordance with these results,
the chromatin immunoprecipitation (ChIP) assay revealed the
association of p53 with the chromatin fragment containing the
RE4 site but not the RE1, RE2, or RE3 site (Fig. 2G). Taken
together, these data implicate EMS as a direct transcriptional
repression target of p53.

EMS Suppresses p53 Expression at the Translational Level. To bet-
ter understand the relationship between EMS and p53, we
extended our analysis to investigate the effect of EMS on p53
expression. Intriguingly, knockdown of EMS strongly increased,
whereas ectopic expression of EMS markedly decreased the
protein levels of p53 and its downstream target gene p21 in
both A549 and H460 cells (Fig. 3 A and B and SI Appendix,
Fig. S1 A and B). Of note, neither knockdown nor overexpres-
sion of EMS showed an obvious impact on p53 mRNA levels
(Fig. 3 A and B and SI Appendix, Fig. S1 A and B). These data
suggest that EMS may inhibit p53 expression at the posttran-
scriptional level.

Considering that the ubiquitin proteasome pathway is crucial
in controlling the cellular levels of p53, we first examined
whether EMS affects p53 proteasomal degradation. A549 cells
with EMS knockdown or overexpression were treated with the
proteasome inhibitor MG132. It was evident that even in the
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presence of MG132, the protein levels of p53 were still induced
by knockdown of EMS and reduced by ectopic expression of
EMS (Fig. 3 C and D), implying that it is unlikely that EMS
influences the proteasomal degradation of p53. In support of
this notion, EMS knockdown or overexpression exhibited no
effect on the half-life of p53 protein (Fig. 3 E and F and SI
Appendix, Fig. S1 C and D). We next evaluated whether EMS
could regulate p53 translation by tracing newly synthesized p53
(35S labeled). The results showed that knockdown of EMS
clearly increased, whereas enforced expression of EMS dramat-
ically decreased the levels of newly synthesized p53 (Fig. 3 G
and H). Together, these data suggest that EMS represses p53
expression at the translational level.

EMS Exerts Its Oncogenic Function through the Negative Regulation
of p53. Given the ability of EMS to suppress p53 expression, we
sought to determine whether EMS could exert its oncogenic
function via the regulation of p53. EMS and p53 were knocked
down individually or combined in A549 and H460 cells. Knock-
down of EMS in these cells increased cellular senescence,
reduced cell proliferation, and decreased the number of colo-
nies, which could be greatly reversed by the simultaneous
knockdown of p53 (Fig. 4 A–D and SI Appendix, Fig. S2 A–D).
In addition, ectopic expression of EMS in A549 cells and H460
cells was shown to inhibit cellular senescence, accelerate cell
proliferation, and increase the number of colonies (Fig. 4 E–H
and SI Appendix, Fig. S2 E–H). However, EMS failed to show
any of these effects when p53 was overexpressed (Fig. 4 E–H
and SI Appendix, Fig. S2 E–H). By using a xenograft mouse
model, we showed that EMS knockdown-inhibited in vivo

xenograft tumor growth was able to be greatly recovered when
p53 was concurrently knocked down (Fig. 4 I–L).

In general, inactivation of the p53 pathway, inactivation of
the retinoblastoma protein (Rb) pathway, and induction of
oncogenic RAS are required for the in vitro transformation of
human cells (44). To further investigate whether EMS could
confer tumorigenic potential on human cells, human telome-
rase reverse transcriptase (hTERT)-immortalized human fore-
skin fibroblasts (BJ cells) were utilized. Lentiviruses expressing
EMS; the E7 protein of human papilloma virus type 16, which
inactivates Rb; and the kirsten rat sarcoma viral oncogene
homolog (KRAS) mutant G12V were sequentially introduced
into hTERT-immortalized BJ cells, followed by the soft agar
colony formation assay. Cells expressing EMS, E7, and KRAS
G12V formed large colonies in soft agar, accompanied by the
decreased levels of p53 (Fig. 4 M and N). The number and size
of colonies were significantly higher and larger than those of
cells expressing KRAS G12V plus either EMS or E7 (Fig. 4 M
and N). Taken together, these data suggest that EMS exerts its
oncogenic role through the negative regulation of p53. In sup-
port, analysis of TCGA database revealed that the high expres-
sion of EMS was associated with poor prognosis in patients
with p53 wild-type LUAD but not those with p53-mutated
LUAD (Fig. 4 O and P).

We have previously shown that EMS is able to promote
tumorigenesis through increasing E2F1 expression (42). Consis-
tent with our previous findings, induction of E2F1 in A549 cells
could partially rescue the reduced cell proliferation and the
decreased number of colonies caused by EMS knockdown (SI
Appendix, Fig. S2 I–K). Importantly, the inhibitory effects of
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EMS knockdown on cell proliferation and colony formation
were almost completely reversed by the simultaneous E2F1
overexpression and p53 knockdown (SI Appendix, Fig. S2 I–K).
These data indicate that EMS promotes tumorigenesis through
the regulation of both E2F1 and p53 expression.

EMS Coordinates with CPEB2 to Inhibit p53 Expression. To explore
the molecular mechanisms of EMS-mediated repression of p53,
we sought to identify EMS-interacting proteins. Proteins pulled
down by antisense DNA oligomers against EMS were analyzed by
mass spectrometry. Of those potential EMS-interacting candidates
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Fig. 4. EMS exerts its oncogenic function through the negative regulation of p53. (A) Senescence-associated (SA) β-galactosidase staining in A549 cells
expressing control shRNA, EMS shRNA#1, EMS shRNA#2, p53 shRNA, EMS shRNA#1 plus p53 shRNA, or EMS shRNA#2 plus p53 shRNA. The images are rep-
resentative of three independent experiments. Data shown are mean ± SD (n = 3). **P < 0.01; ***P < 0.001. (B) The growth curves of A549 cells express-
ing control shRNA, EMS shRNA#1, EMS shRNA#2, p53 shRNA, EMS shRNA#1 plus p53 shRNA, or EMS shRNA#2 plus p53 shRNA. Data shown are mean ± SD
(n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. (C) Colonies of A549 cells expressing control shRNA, EMS shRNA#1, EMS shRNA#2, p53 shRNA, EMS shRNA#1
plus p53 shRNA, or EMS shRNA#2 plus p53 shRNA were stained with crystal violet after 10 d of incubation. The shown images are representative of three
independent experiments. Data shown are mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. (D) Western blot analysis of lysates from A549 cells
expressing control shRNA, EMS shRNA#1, EMS shRNA#2, p53 shRNA, EMS shRNA#1 plus p53 shRNA, or EMS shRNA#2 plus p53 shRNA. (E) SA
β-galactosidase staining in A549 cells expressing control, EMS, p53, or both EMS and p53. The images are representative of three independent experi-
ments. Data shown are mean ± SD (n = 3). **P < 0.01; ***P < 0.001. (F) The growth curves of A549 cells expressing control, EMS, p53, or both EMS and
p53. Data shown are mean ± SD (n = 3). ***P < 0.001. (G) Colonies of A549 cells expressing control, EMS, p53, or both EMS and p53 were stained with
crystal violet after 10 d of incubation. The shown images are representative of three independent experiments. Data shown are mean ± SD (n = 3). *P <
0.05; **P < 0.01. (H) Western blot analysis of lysates from A549 cells expressing control, EMS, p53, or both EMS and p53. (I–L) In total, 2 × 106 A549 cells
transduced with lentiviruses expressing control, EMS shRNA, p53 shRNA, or both EMS shRNA and p53 shRNA were individually injected into nude mice (n = 6
for each group). (I) Xenograft tumors were taken 5 wk after injection. (J) Excised tumors were weighed. *P < 0.05; **P < 0.01. (K) Tumor sizes were measured
at the indicated time points. (L) RNA and protein extracts from the excised xenografts were also analyzed by RT-PCR (RT) and western blotting (WB). (M and
N) hTERT-immortalized BJ cells were sequentially infected with lentiviruses expressing EMS, E7, and KRAS G12V in the indicated combination. (M) Forty-eight
hours later, cell lysates were analyzed by western blotting. (N) These cells were also subjected to soft agar colony formation assay; 20 d after seeding, colonies
were stained with crystal violet, and images were acquired. Numbers of colonies in six randomly selected areas (40× magnification) were counted and aver-
aged. Data shown are mean ± SD (n = 3). **P < 0.01; ***P < 0.001. (O and P) Kaplan–Meier analysis of the impact of EMS expression on overall survival of
patients (O) with p53 wild-type LUAD or (P) with p53-mutated LUAD. The data were obtained from the TCGA database. ctrl, control; ns., no significance.
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(SI Appendix, Fig. S3A), CPEB2 attracted our particular attention
because as an RNA-binding protein, CPEB2 has recently been
implicated in the regulation of p53 translation (26). To validate
the interaction between EMS and CPEB2, we first carried out an
RNA immunoprecipitation experiment. EMS was indeed signifi-
cantly enriched in the Flag–CPEB2 immunoprecipitates com-
pared with control immunoprecipitates (Fig. 5A and SI Appendix,
Fig. S3B). The CPEB2–EMS interaction was also verified by a

biotin pull-down assay using a biotin-labeled antisense DNA olig-
omer against EMS, while EMS exhibited no binding to p53
mRNA (Fig. 5B and SI Appendix, Fig. S3C). Moreover, an in vitro
binding assay revealed that CPEB2 directly interacted with EMS
but not its antisense RNA (Fig. 5C). These combined data dem-
onstrate CPEB2 as a binding partner for EMS.

We next performed the rescue experiments to examine
whether EMS inhibits p53 expression via CPEB2. Knockdown
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Fig. 5. EMS coordinates with CPEB2 to inhibit p53 expression. (A) Lysates from A549 cells expressing control or Flag–CPEB2 were immunoprecipitated
with anti-Flag antibody. RNAs in immunoprecipitates were then analyzed by real-time RT-PCR to examine EMS and p53 RNA levels. Data shown are
mean ± SD (n = 3). The input and immunoprecipitates were also analyzed by western blotting with anti-Flag antibody (SI Appendix, Fig. S3B). *P < 0.05.
(B) Lysates from A549 cells were incubated with either sense or antisense biotin-labeled DNA oligomers corresponding to EMS, followed by the pull-down
experiments using streptavidin-coated beads. The pulled-down complexes were analyzed by western blotting. The same complexes were also subjected to
real-time RT-PCR analysis to examine EMS and p53 RNA levels (SI Appendix, Fig. S3C). (C) In vitro–synthesized EMS or its antisense RNA was incubated
with purified recombinant Flag–CPEB2 bound with M2 beads. The inputs and beads-bound RNAs were analyzed by RT-PCR. The primers used for EMS
antisense/sense detection do not discern between sense and antisense EMS. (D) A549 cells were infected with lentiviruses expressing EMS shRNA#1, EMS
shRNA#2, or CPEB2 shRNA in the indicated combination. Forty-eight hours after infection, cell lysates were analyzed by western blotting. (E) A549 cells
were infected with lentiviruses expressing control, EMS, Flag–CPEB2, or EMS plus Flag–CPEB2. Forty-eight hours later, cell lysates were analyzed by west-
ern blotting. (F) A549 cells were infected with lentiviruses expressing EMS shRNA#1, EMS shRNA#2, or CPEB2 shRNA in the indicated combination. (G)
A549 cells were infected with lentiviruses expressing control, EMS, Flag–CPEB2, or EMS plus Flag–CPEB2. Forty-eight hours after infection, the poly(A) tail
length of p53 mRNA was examined using the LM-PAT assay. (H) A549 cells were infected with lentiviruses expressing EMS shRNA#1, EMS shRNA#2, or
CPEB2 shRNA in the indicated combination. (I) A549 cells were infected with lentiviruses expressing control, EMS, Flag–CPEB2, or EMS plus Flag–CPEB2.
Forty-eight hours after infection, cells were pulse labeled with [35S]cysteine/methionine for 90 min. Cell lysates were then immunoprecipitated with anti-
p53 antibody and analyzed by SDS-PAGE, followed by autoradiography. The band intensities of immunoprecipitated p53 in H and I were quantified using
ImageJ software and are presented in SI Appendix, Fig. S3 F and I, respectively. (J) A549 cells were infected with lentiviruses expressing control,
Flag–CPEB2, Flag–CPEB2 plus EMS shRNA#1, or Flag–CPEB2 plus EMS shRNA#2. Forty-eight hours later, cell lysates were immunoprecipitated with anti-
Flag antibody. RNAs present in immunoprecipitates were analyzed by real-time RT-PCR. Data shown are mean ± SD (n = 3). The input and immunoprecipi-
tates were also analyzed by western blotting. *P < 0.05; **P < 0.01; ***P < 0.001. (K) A549 cells were infected with lentiviruses expressing control,
Flag–CPEB2, or Flag–CPEB2 plus EMS. Forty-eight hours later, cell lysates were immunoprecipitated with anti-Flag antibody. RNAs present in immunopreci-
pitates were analyzed by real-time RT-PCR. Data shown are mean ± SD (n = 3). The input and immunoprecipitates were also analyzed by western blot-
ting. *P < 0.05; **P < 0.01. (L) Purified recombinant Flag–CPEB2 bound with M2 beads was incubated with in vitro–synthesized p53 30-UTR, EMS, and its
antisense RNA in the indicated combination. The inputs and beads-bound RNAs were analyzed by RT-PCR. The primers used for EMS antisense/sense
detection do not discern between sense and antisense EMS. ctrl, control; IP, immunoprecipitation.
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of EMS consistently led to an increase in p53 expression
(Fig. 5D). However, this increased expression of p53 was
greatly reversed by CPEB2 knockdown (Fig. 5D). Moreover,
EMS-decreased p53 expression was shown to be restored by
CPEB2 overexpression (Fig. 5E), supporting that CPEB2 indeed
mediates the inhibitory effect of EMS on p53 expression. CPEB2
belongs to the CPEB family of proteins, which are able to medi-
ate cytoplasmic polyadenylation of target mRNAs and modulate
their translational efficiency (45, 46). We, therefore, hypothe-
sized that EMS may affect the poly(A) tail length of p53
mRNA via CPEB2. To test this, we performed a ligation-
mediated poly(A) test (LM-PAT) assay. Knockdown of EMS
dramatically increased the poly(A) tail length of p53 mRNA
(Fig. 5F and SI Appendix, Fig. S3D); however, this promoting
effect on p53 mRNA poly(A) tail length was not observed in
CPEB2 knockdown cells (Fig. 5F). In addition, ectopic expres-
sion of EMS clearly reduced the poly(A) tail length of p53
mRNA in control cells (Fig. 5G and SI Appendix, Fig. S3E) but
not in CPEB2 overexpressing cells (Fig. 5G). These data suggest
that EMS decreases p53 mRNA poly(A) tail length via CPEB2.
Correlated with these findings, knockdown of EMS was able to
increase the levels of newly synthesized p53 and induce lucifer-
ase expression from the p53 30-untranslated region (UTR)
reporter construct in control cells but not in CPEB2 knockdown
cells (Fig. 5H and SI Appendix, Fig. S3 F–H). Moreover, the
reduced levels of newly synthesized p53 and decreased lucifer-
ase expression from the p53 30-UTR reporter construct caused
by EMS overexpression could be recovered by ectopic expres-
sion of CPEB2 (Fig. 5I and SI Appendix, Fig. S3 I and J). These
data suggest that EMS impairs CPEB2-mediated p53 transla-
tional control. To further support this, lysates from A549 cells
expressing different EMS and CPEB2 levels were fractionated
through sucrose gradients, followed by real-time RT-PCR analy-
sis. Knockdown of either EMS or CPEB2 did not obviously
change the polysome distribution profiles (SI Appendix, Fig.
S3K), indicating that EMS and CPEB2 may not affect global
translation. Interestingly, knockdown of EMS caused a shift in
the distribution of p53 mRNA from low–molecular weight to
high–molecular weight polysome fractions, which could be
greatly reversed by the simultaneous knockdown of CPEB2 (SI
Appendix, Fig. S3L). As a control, the distribution of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) mRNA remained
unchanged under these conditions (SI Appendix, Fig. S3M).
These data indicate that EMS specifically inhibits translational
efficiency of p53 mRNA via CPEB2.

Our previous study has shown that EMS contains a poly-U
stretch with 22 uridines that is required for the interaction with
RNA-binding protein associated with lethal yellow mutation
(RALY) (42). Reanalysis of the EMS sequence revealed that
EMS also includes two UAUUUU sequences, which are
inverted from the most common sequence of the cytoplasmic
polyadenylation element (CPE; UUUUAU) (SI Appendix, Fig.
S3N). An in vitro binding assay showed that compared with the
wild-type EMS, mutant EMS depleted of either poly-U or CPE
exhibited decreased binding to CPEB2 (SI Appendix, Fig. S3O).
Strikingly, mutant EMS with deletion of both poly-U and CPE
almost completely lost the CPEB2-binding ability (SI Appendix,
Fig. S3O), implying that both poly-U and CPE of EMS are
important for the CPEB2 interaction. Correlated with the
decreased binding to CPEB2, mutant EMS depleted of either
poly-U or CPE showed a weaker ability to reduce expression of
p53 and its target gene p21 than wild-type EMS (SI Appendix,
Fig. S3 P and Q). Moreover, mutant EMS with deletion of both
poly-U and CPE, lacking the CPEB2-binding ability, exhibited
no obvious effect on p53 and p21 expression (SI Appendix,
Fig. S3 P and Q). These data indicate that the interaction with
CPEB2 is required for EMS to inhibit p53 expression.

We finally extended our investigation to understand how
EMS inhibits p53 expression via CPEB2. The RNA immuno-
precipitation experiments showed that knockdown of EMS sig-
nificantly increased the interaction of CPEB2 with p53 mRNA
(Fig. 5J), while enforced expression of EMS strongly decreased
the binding of CPEB2 to p53 mRNA (Fig. 5K), indicating that
EMS competes with p53 mRNA for CPEB2 binding. In support
of this, an in vitro binding assay revealed that EMS, but not its
antisense RNA, was capable of inhibiting the interaction
between CPEB2 and p53 30-UTR (Fig. 5L). Taken together,
these data suggest that EMS suppresses p53 translation by
competing with p53 mRNA for CPEB2 binding.

EMS Regulates Cellular Senescence, Cell Proliferation, and Tumor
Growth via CPEB2. Given the above findings that the inhibitory
effect of EMS on p53 expression is mediated by CPEB2, we
sought to evaluate whether EMS regulates cellular senescence,
cell proliferation, and tumor growth via CPEB2 by performing
the rescue experiments. Ectopic expression of EMS consistently
inhibited cellular senescence, accelerated cell proliferation, and
increased the number of colonies (Fig. 6 A–C). However, EMS
failed to show any of these effects when CPEB2 was overex-
pressed (Fig. 6 A–C). In addition, the increased cellular senes-
cence, the reduced cell proliferation, and the decreased number
of colonies caused by EMS knockdown could be markedly
reversed by knockdown of CPEB2 (Fig. 6 D–F). These findings
indicate the importance of CPEB2 in mediating EMS function.
To further support this idea, the CPEB2 binding-defective
mutant of EMS (ΔCPE-ΔpolyU) was used (SI Appendix, Fig.
S3O). Correlating with the above finding that unlike wild-type
EMS, EMS (ΔCPE-ΔpolyU) was not able to inhibit p53 expres-
sion (SI Appendix, Fig. S3P), this mutant EMS failed to show
any promoting effects on cell proliferation, colony number, and
cellular transformation in vitro (SI Appendix, Fig. S4 A–D). In
addition, the enhancing effect of EMS on in vitro cellular trans-
formation was greatly minimized by overexpression of CPEB2,
correlating with the findings that ectopic expression of EMS
decreased p53 levels in control hTERT-BJ cells but not in
CPEB2 overexpressing hTERT-BJ cells (SI Appendix, Fig. S4 E
and F). These data imply that EMS could exert its cellular func-
tion via the CPEB2–p53 axis. By using a xenograft mouse
model, we showed that the ectopic expression of EMS pro-
moted in vivo xenograft tumor growth of control A549 cells but
not CPEB2 overexpressing A549 cells (Fig. 6 G–J). Moreover,
the inhibitory effect of EMS knockdown on in vivo xenograft
tumor growth was greatly rescued by CPEB2 knockdown
(Fig. 6 K–N). Together, these data suggest that the effects of
EMS on cellular senescence, cell proliferation, and tumor
growth are mediated by CPEB2.

Discussion
p53 is one of the most important tumor suppressor genes, and
inactivation of p53 has been linked to a variety of human can-
cers (47, 48). Accumulating evidence suggests that lncRNAs
are involved in the regulation of the p53 signaling pathway
(49–57). In this study, we present evidence showing that as a
transcriptional target of p53, EMS is able to repress p53 expres-
sion by suppressing CPEB2-mediated translational control of
p53 mRNA. EMS is functionally shown to promote tumorigen-
esis via the CPEB2–p53 axis. Therefore, EMS is an important
player in the regulation of p53 function.

We previously reported EMS as an oncogenic lncRNA that
is transactivated by the oncogene c-Myc (42). Here, we further
demonstrate that EMS is negatively regulated by the tumor
suppressor gene p53. The importance of p53-repressed EMS
expression is also supported by the observation that LUAD har-
boring mutant p53 exhibits relatively high expression of EMS
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compared with those harboring wild-type p53, although the
difference between these two groups is not great. We think that
the reason behind this is that the expression of EMS is also influ-
enced by other cellular factors, such as c-Myc. By performing
luciferase reporter and ChIP assays, we show that the promoter
of EMS contains a functional repressive p53 response element. It
has been reported that by binding to the repressive p53 response

element(s), p53 is able to repress expression of multiple protein-
coding genes (43). The proposed mechanisms underlying this
direct transcriptional repression of protein-coding genes by p53
include the competition with other transcriptional activators and
the recruitment of chromatin repressor factors (41, 58). There-
fore, it would be interesting to investigate whether p53 suppresses
the lncRNA EMS expression via these similar mechanisms in the
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Fig. 6. EMS regulates cellular senescence, cell proliferation, and tumor growth via CPEB2. (A) Senescence-associated (SA) β-galactosidase staining in A549
cells expressing control, EMS, CPEB2, or both EMS and CPEB2. The shown images are representative of three independent experiments. Data shown are
mean ± SD (n = 3). **P < 0.01. (B) Colonies of A549 cells expressing control, EMS, CPEB2, or both EMS and CPEB2 were stained with crystal violet after
10 d of incubation. The images are representative of three independent experiments. Data shown are mean ± SD (n = 3). *P < 0.05; ***P < 0.001. (C) The
growth curves of A549 cells expressing control, EMS, CPEB2, or both EMS and CPEB2. Data shown are mean ± SD (n = 3). *P < 0.05; ***P < 0.001. (D) The
growth curves of A549 cells expressing control shRNA, EMS shRNA#1, EMS shRNA#2, CPEB2 shRNA, EMS shRNA#1 plus CPEB2 shRNA, or EMS shRNA#2
plus CPEB2 shRNA. Data shown are mean ± SD (n = 3). *P < 0.05; ***P < 0.001. (E) SA β-galactosidase staining in A549 cells expressing control shRNA,
EMS shRNA#1, EMS shRNA#2, CPEB2 shRNA, EMS shRNA#1 plus CPEB2 shRNA, or EMS shRNA#2 plus CPEB2 shRNA. The images are representative of three
independent experiments. Data shown are mean ± SD (n = 3). **P < 0.01; ***P < 0.001. (F) Colonies of A549 cells expressing control shRNA, EMS
shRNA#1, EMS shRNA#2, CPEB2 shRNA, EMS shRNA#1 plus CPEB2 shRNA, or EMS shRNA#2 plus CPEB2 shRNA were stained with crystal violet after 10 d of
incubation. The images are representative of three independent experiments. Data shown are mean ± SD (n = 3). **P < 0.01; ***P < 0.001. (G–J) In total,
2 × 106 A549 cells transduced with lentiviruses expressing control, EMS, CPEB2, or both EMS and CPEB2 were individually injected into nude mice (n = 6
for each group). (G) Xenograft tumors were taken 5 wk after injection. (H) Excised tumors were weighed. *P < 0.05; **P < 0.01. (I) Tumor sizes were mea-
sured at the indicated time points. (J) RNA and protein extracts from the excised xenografts were also analyzed by RT-PCR (RT) and western blotting
(WB), respectively. (K–N) In total, 2 × 106 A549 cells transduced with lentiviruses expressing control, EMS shRNA, CPEB2 shRNA, or both EMS shRNA and
CPEB2 shRNA were individually injected into nude mice (n = 6 for each group). (K) Xenograft tumors were taken 5 wk after injection. (L) Excised tumors
were weighed. *P < 0.05; **P < 0.01. (M) Tumor sizes were measured at the indicated time points. (N) RNA and protein extracts from the excised xeno-
grafts were also analyzed by RT-PCR and western blotting, respectively. ctrl, control; ns., no significance.
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future. Together with the recent finding of pluripotency-specific
lncRNA (lncPRESS)1 as a p53-repressed lncRNA that safe-
guards pluripotency (59), our data imply that lncRNA gene
repression may be an important part of the p53 cellular response.

Due to the strong antiproliferative effect of p53, the cellular
levels of p53 are under strict control. In unstressed cells, the
basal protein levels of p53 are low, which is mainly achieved by
the E3 ubiquitin ligase Mdm2. Interestingly, Mdm2 itself is
under transcriptional control by p53, establishing a p53–mdm2
negative feedback loop (60). In addition to protein factors, sev-
eral p53-activated lncRNAs also play a role in the p53 auto-
regulatory network. For instance, PURPL associates with
MYBBP1A and suppresses basal p53 levels (32). In addition,
PiHL decreases p53 stability via the GRWD1–RPL11–Mdm2
axis (61). Unlike PURPL and PiHL, another p53-responsive
lncRNA DINO is able to interact with p53 and promote its sta-
bilization (37). In this study, we show that p53 and EMS can
form a double-negative feedback loop. These findings suggest
the importance and complexity of lncRNA in fine-tuning p53
function.

Although the posttranslational regulation is well recognized
as a critical mechanism that controls p53 activity, increasing evi-
dence suggests that p53 is also subjected to the translational
modulation, particularly via RNA-binding proteins including
HuR, RPL26, nucleolin, RNPC1, CPEB1, and CPEB2 (21–26).
Of note, CPEB1 and CPEB2 belong to the CPEB family of
proteins, which recognizes the CPE in the 30-UTR of target
mRNA (62). By binding to the CPE, CPEB nucleates a com-
plex of factors that regulate target mRNA polyadenylation,
thereby leading to translational repression or activation (46,
63). Among the CPEB family proteins, CPEB1 has been shown
to promote p53 translation by increasing its mRNA polyadeny-
lation (25). CPEB2 also exhibits the promoting effect on p53
translation (26), yet the underlying mechanism remains unclear.
Here, we show that CPEB2 induction increases, whereas
CPEB2 knockdown reduces the poly(A) length of p53 mRNA,
implying that similar to CPEB1, CPEB2 also controls p53
mRNA polyadenylation-induced translation. In addition, we
identify EMS as a CPEB2-binding partner. By binding to
CPEB2, EMS decreases the interaction between CPEB2 and
p53 30-UTR, indicating that EMS competes with p53 mRNA
for CPEB2 binding. Functionally, EMS indeed suppresses p53
translation and promotes tumorigenesis via CPEB2. As a trans-
lation regulatory factor, CPEB2 has been shown to modulate
the translation of multiple target mRNAs, including HIF1α,
Twist1, and UCP1 (64–66). Therefore, in the future, it would be
interesting to investigate whether EMS also exerts its oncogenic
function by regulating CPEB2-mediated translational control of
other target mRNAs in addition to p53.

We have previously reported that EMS is able to promote
tumorigenesis partially through increasing E2F1 expression
(42). Here, we show that EMS also exerts its oncogenic effects
through the negative regulation of p53. Importantly, the simul-
taneous E2F1 overexpression and p53 knockdown almost
completely reverse the inhibitory effect of EMS knockdown on
cell proliferation in p53 wild-type A549 cells, indicating that
EMS promotes tumorigenesis through the regulation of both
E2F1 and p53 expression. Because EMS is shown to regulate
expression of E2F1 and p53 via the different mechanisms,
hypothetically EMS may promote tumorigenesis in both p53
wild-type and p53-mutated LAUD. Interestingly, high expres-
sion of EMS is associated with poor prognosis in patients with
p53 wild-type LUAD but not those with p53-mutated LUAD,
although the reason behind this is not clear. By analyzing
TCGA database, we show that p53 wild-type LUAD expresses
relatively higher levels of CPEB2 than p53-mutated LUAD (SI
Appendix, Fig. S4G). Correlated with this, it has been recently
reported that as a transcriptional target of p53, CPEB2 is

up-regulated by p53 (67). Together, these findings imply that
the posttranscriptional regulation of p53 by the EMS–CPEB2
axis could be a common feature in p53 wild-type LUAD. Sev-
eral p53-activating compounds are currently in clinical trials for
the treatment of human cancer with wild-type p53 (68). There-
fore, our finding of the association of EMS high expression
with poor prognosis in patients with p53 wild-type LUAD sug-
gests that therapeutic targeting of EMS could be beneficial to
LUAD patients with wild-type p53.

Materials and Methods
Reagents and Antibodies. The following reagents and antibodies used in this
study were purchased from the indicated sources: lipofectamine 2000 (Invitro-
gen), streptavidin-coated agarose beads (Thermo Fisher Scientific), MG132
(Calbiochem; 20 μM), cycloheximide (Sigma; 20 μg/mL), doxorubicin (Sigma;
0.5 μg/mL), Nutlin-3 (Sigma; 10 μM), Etoposide (Sigma; 10 μM), complete ethyl-
enediaminetetraacetic acid (EDTA)-free protease inhibitor mixture (Roche
Applied Science), antibodies against GAPDH (Santa Cruz; sc-166545; 1:5,000),
Flag (Sigma; #F3165; 1:4,000), CPEB2 (Invitrogen; #PA5-30938; 1:1,000), p53
(Santa Cruz; sc-126; 1:1,000), p21 (Sigma; #P1484; 1:5,000), and horseradish
peroxidase (HRP)-conjugated secondary antibodies against mouse (115-035-
062) and rabbit (111-035-144; Jackson ImmunoResearch; 1:10,000).

Cell Culture. The A549 cells were cultured in Nutrient Mixture F-12 Ham
medium (Sigma) supplemented with 10% fetal bovine serum (FBS) and antibi-
otics. H460, hTERT-BJ, and HEK293T cell lines were cultured in Dulbecco's
modified Eagle's medium (GIBCO) supplemented with 10% FBS and antibiot-
ics. All cell lines were routinely tested for mycoplasma contamination before
they were used for experiments.

Real-Time RT-PCR. Real-time RT-PCR was performed as we previously
described (42). The primer sequences are listed in SI Appendix, Table S1.

ChIP Assay. The ChIP assay was performed as we previously described (69).
The primer sequences are shown in SI Appendix, Table S1.

Generation of the Lentiviral Expression System. To generate lentiviruses over-
expressing EMS or the indicated proteins, HEK293T cells were transfected with
pSin-EF1A–based construct, pmd2.g, and pspax2. To generate lentiviruses
expressing the indicated short hairpin RNAs (shRNAs), HEK293T cells were
transfected with shRNA (cloned in PLKO.1), pREV, pGag/Pol/PRE, and pVSVG.
For generation of the control virus, pSin empty vector or PLKO.1 containing
control shRNA was used. Six hours after transfection, cells were cultured in
fresh medium for an additional 24 h. After filtering through a 0.45-μm polyvi-
nylidene fluoride (PVDF) filter (Millipore), the culture medium containing
lentivirus particles was used for infection. The successful knockdown and over-
expression were confirmed by western blot or real-time RT-PCR analysis in
each experiment. In this study, two EMS-targeting shRNAs (sh-EMS#1 and
sh-EMS#2) were used. Unless specified otherwise, sh-EMS#1 was used because
sh-EMS#1 consistently achieved better knockdown efficiency. The shRNA
target sequences were listed in SI Appendix, Table S1.

RNA Immunoprecipitation. The A549 cells expressing control or Flag–CPEB2
were lysed in lysis buffer (50 mM trisaminomethane (Tris)�HCl, pH 7.4, 150 mM
NaCl, 1.5 mM MgCl2, 1 mM EDTA, 0.5% Nonidet P-40) supplemented with 1×
protease inhibitor mixture, ribonuclease (RNase) A inhibitor, and DNase I. Cell
lysates were incubated withM2 beads at 4 °C for 6 h. The beads-bound immu-
nocomplexes were eluted using elution buffer (50 mM Tris�HCl, pH 8.0, 1%
sodium dodecyl sulfate (SDS), 10 mM EDTA) at 65 °C for 10 min. RNAs and pro-
teins in the eluents were then analyzed by real-time RT-PCR and western blot-
ting, respectively.

In Vitro Transcription of EMS and Its Antisense RNA. The DNA template used
in the transcription system was generated by RT-PCR using forward and
reverse primers containing the T7 RNA polymerase promoter sequence (SI
Appendix, Table S1). In vitro transcription was performed using the MaxiScript
T7 kit (Ambion) according to the instructions provided by the manufacturer.
To verify the interaction of EMS with CPEB2, in vitro–synthesized EMS or its
antisense RNA was incubated with purified recombinant Flag–CPEB2 bound
with M2 beads. After incubation and extensive washing, the beads-bound
RNAs were eluted as templates for RT-PCR analysis.

Biotin Pull-Down Assay. All of the process was performed in the RNase-free
condition. Sense or antisense biotin-labeled DNA oligomers corresponding to
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EMS (1 μg) were incubated with lysates from 5 × 106 A549 cells. One hour after
incubation, streptavidin-coated beads (Thermo Fisher Scientific) was added to
isolate the RNA–protein complex, followed by western blot and real-time
RT-PCR analyses.

Luciferase Reporter Assay. To investigate whether EMS is transcriptionally
repressed by p53, A549 cells expressing control shRNA or p53 shRNA or A549
cells expressing control or p53 proteins were transfected with the indicated
pGL3-based constructs plus Renilla luciferase reporter plasmid. To examine
the effect of EMS on p53 30-UTR, A549 cells transduced with the indicated len-
tiviruses were transfected with psiCHECK2–p53 30-UTR. Twenty-four hours
after transfection, firefly and Renilla luciferase activities were measured by
the Dual-Luciferase Reporter Assay System (Promega), and Renilla activity was
used to normalize firefly activity.

p53 Labeling and Immunoprecipitation. In total, 1 × 107 A549 cells were cul-
tured for 60 min in cysteine/methionine-free media (Gibco) before 50 μCi
[35S]cysteine/methionine (EasyTag; NEG772) was added. After 90 min of incu-
bation, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS) supplemented with 1× protease inhibitor mixture.
Cell lysates were incubated with protein A/G beads (Pierce) coated with anti-
p53 antibody at 4 °C for 6 h. The immunoprecipitates were subjected to
sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE),
followed by autoradiography.

LM-PAT Assay. The LM-PAT assay was performed as previously described (70).
Briefly, 200 ng of total RNA was annealed to phosphorylated oligo (dT)12–18
(40 ng), and the oligo (dT) anchor (200 ng) was targeted to the 30 end of the
poly(A) tail in the presence of T4 DNA Ligase. Then, reverse transcription was
performed with SuperScript II reverse transcriptase (Invitrogen) according to
the manufacturer’s instructions, followed by PCR amplification using p53-
specific oligomers and oligo (dT) anchor (SI Appendix, Table S1). The PCR prod-
ucts were analyzed on agarose gels.

Polysome Profiling Assay. Forty-eight hours after infection with lentiviruses
expressing the indicated shRNAs, 1 × 107 A549 cells were incubated with
100 μg/mL cycloheximide for 15min and lysed in polysome lysis buffer (50 mM
N-2-hydroxyethylpiperazine-N0-2-ethanesulfonic acid (Hepes), 0.1%Triton
X-100, 100 mM KCl, 2 mM MgCl2, 10% glycerol, 100 mg/mL cycloheximide, 1
mM dithiothreitol (DTT), 20 units/mL RNase inhibitor, 1× EDTA-free protease
inhibitor mixture). Cell lysates were then loaded onto 20 to 50% (wt/vol)
sucrose density gradients (10 mM Tris�HCl, pH 7.5, 5 mMMgCl2, 100 mM NaCl,
1mM DTT, 20 to 50% RNase-free sucrose) and centrifuged at 38,000 rpm for
3 h at 4 °C in a Beckman SW41 Ti rotor. Fractions were acquired using the

Gradient Fractionator (BioComp) with continuous recording of the absor-
bance at 254 nm. One-milliliter fractions were collected throughout, and total
RNA extracted from each fractionwas subjected to real-time RT-PCR analysis.

Cell Senescence Assay. Senescence assay was performed using the senescence
detection kit (Beyotime). Briefly, A549 or H460 cells were infected with the
indicated lentiviruses. Ninety-six hours after infection, cells were fixed by fixa-
tive solution for 20 min at room temperature. After washing twice with PBS,
cells were stained with 0.1% 5-bromo-4-chloro-3-indolyl-β-D-galactopyrano-
side (X-gal) solution for 48 h at 37 °C. The X-gal–stained cells were counted
under microscope.

Xenograft Mouse Model. Studies on mice were approved by the Animal
Research Ethics Committee of the University of Science and Technology of
China and were performed in accordancewith relevant guidelines and regula-
tions. For xenograft experiments, 2 × 106 A549 cells were injected into the left
flank or right flank of 4-wk-old male athymic nudemice (Shanghai SLAC Labo-
ratory Animal Co. Ltd.; n = 6 for each group). Mice were used in the experi-
ment at random. Severn days after injection, tumor volumes were measured
every 7 d with calipers and calculated using the equation: volume = length ×
width2 × 0.52. Five weeks after injection, mice were euthanized, and tumors
were excised. During testing of the tumors' weights, the experimentalists
were blinded to the information of tumor tissues. The excised tumors were
homogenized for RNA and protein extraction. The extracted RNAs and pro-
teins were subjected to RT-PCR andwestern blot analyses, respectively.

Reproducibility. All the data were repeated at least three times with similar
results. The western blot images are representative of three independent
experiments.

Statistical Analysis. Statistical analysis was carried out using Microsoft Excel
software and GraphPad Prism to assess differences between experimental
groups. Statistical significance was analyzed by the Student's t test and
expressed as a P value. P values lower than 0.05 were considered to be statisti-
cally significant.

Data Availability. All study data are included in the article and/or SI Appendix.
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