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Lung cancer is the leading cause of cancer death worldwide, and
the overall survival rate of advanced lung cancer patients is unsat-
isfactory. Ribosomal proteins (RPs)play important roles in carci-
nogenesis. However, the role of RPL32 in lung cancer has not
been demonstrated. Here, we report that RPL32 is aberrantly,
highly expressed in lung cancer tissues and that the overexpres-
sion of RPL32 is correlated with the poor prognosis of these pa-
tients.RPL32 silencing significantly inhibited theproliferationof
lung cancer cells, with an observed p53 accumulation and cell-cy-
cle arrest.Mechanistically, knockdownofRPL32 resulted in ribo-
somal stress and affected rRNA maturation. RPL5 and RPL11
sensed stress and translocated from the nucleus to the nucleo-
plasm, where they bound to murine double minute 2 (MDM2),
an important p53E3ubiquitin ligase, which resulted inp53 accu-
mulation and inhibition of cancer cell proliferation. As lung can-
cer cells usually express high levels of Toll-like receptor 9 (TLR9),
we conjugated RPL32 small interfering RNA (siRNA) to the
TLR9 ligand CpG to generate CpG-RPL32 siRNA, which could
stabilize and guide RPL32 siRNA to lung cancer cells. Excitingly,
CpG-RPL32 siRNA displayed strong anticancer abilities in lung
cancer xenografts. Therefore, RPL32 is expected to be a potential
target for lung cancer treatment.

INTRODUCTION
Lung cancer is themost common type of cancer and the leading cause of
cancerdeath inmenandwomenworldwide.1Although the treatment of
lung cancer has improved with the shift from using cytotoxic drugs to
using precise individualized treatments, such as smallmolecule tyrosine
kinase inhibitors and immune checkpoint blockades, in the past two de-
cades, the 5-year survival rate is still very low (only approximately 15%).
Most patients with advanced lung cancer continue to progress under
anticancer treatment and eventually die due to treatment failure.2,3

Therefore, a comprehensive understanding of the molecular mecha-
nism is of great significance for developing novel molecular targets
for the treatment and prevention of lung cancer.

Rapidly proliferating cancer cells require higher rates of biological en-
ergy consumption and biosynthesis, which are partly achieved by an
increase in the rate of ribosome production. As a major component of
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ribosomes, ribosomal proteins (RPs) play important roles in the
tightly regulated protein synthesis process. In addition to their basic
protein synthesis function, ribosomal proteins have important extra-
ribosomal moonlighting functions in many cell physiological pro-
cesses, such as the regulation of DNA damage repair, apoptosis, cell
proliferation and differentiation, drug resistance, cell migration,
and invasion.4,5 The dysregulation of ribosomal proteins has been re-
ported to be closely related to the initiation and development of hu-
man cancer via tumor-promoting or -suppressing activities.6 The
oncogenic activities include promoting cell-cycle progression and
cell proliferation,7,8 participating in the regulation of genes essential
for tumorigenesis,9–11 inhibiting cell death through reactive
oxygen species (ROS) regulation12 and cell death regulatory gene al-
terations,13 and upregulating the expression of sirt1 post-transcrip-
tionally14. The tumor-suppressive activities include induction of
p53 family transcription factors;15,16 inactivation of non-p53 tran-
scription factors, such as c-Myc17 and nuclear factor kB (NF-kB);18

control of gene expression at the post-transcriptional and transla-
tional levels;19 activation of a caspase-related apoptotic signaling
pathway;20 promotion of cell-cycle arrest;21 and enhancement of
DNA repair and genomic stability.22

Some ribosomal proteins are associated with the tumorigenesis and
development of lung cancer. Chen et al.23 found that RPS6 and phos-
phorylated (phospho)-RPS6 are significantly overexpressed in non-
small cell lung cancer (NSCLC) and that knockdown of RPS6 inhibits
lung cancer cell growth by inducing cell-cycle arrest. RPL3 was re-
ported to promote the apoptosis of p53-mutated lung cancer cells by
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Figure 1. High Expression of RPL32 Is Associated with Adverse Clinical Outcomes in Patients with Lung Cancer

(A) Kaplan Meier (KM) Plotter analysis indicates that increased expression of RPL32 correlates with progression and poor survival in patients with lung cancer. (B) Repre-

sentative IHC staining of RPL32 in lung cancer and paracancerous tissues. A total of 160 patient samples were stained and analyzed. (C) Quantitative analysis of RPL32 IHC

staining intensity in 87 paired tumor/paratumor samples. **p < 0.01. (D) Kaplan-Meier survival curves of lung cancer patients based on the scores of RPL32 IHC staining. An

IHC score in tumor tissue lower than or equal to that in its paired nontumor tissue was defined as “RPL32 Expression Low,” and the IHC score in tumor higher than its paired

nontumor tissue was defined as “RPL32 Expression High.” A higher intensity of RPL32 immunostaining in tumors than in paired nontumor samples was strongly associated

with poor patient survival, p = 0.0247. (E) Multivariate overall survival analysis of patients obtained by using a Cox proportion hazards model.
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downregulating cystathionine-b-synthase (CBS) and NF-kB upon
fluorouracil (5-FU) treatment.24 Phosphorylated (phospho)-RPS3
was found to bind with the p65 subunit of NF-kB and confer radiore-
sistance in lung cancer cells.25 However, the role of ribosomal proteins
in lung cancer and their clinical significance deserve further study.

In a retrospective study of mutant genes in chronic B-lymphocytic
leukemia (CLL) patients, it was found that RPL32 had high predictive
accuracy toward SF3B1, one of the main recurrent mutated genes in
CLL.26 In a lymph node carcinoma of the prostate (LNCaP) cell
model, RPL32 was demonstrated to be upregulated in late-passage
androgen-independent (LNCaP-C81) cells compared to early-pas-
sage androgen-sensitive (LNCaP-C33) cells, which suggests that
RPL32 may positively correlate with the progression of human pros-
tate cancer.27 In breast cancer patients, it has been reported that the
expression of RPL32 in circulating tumor cell (CTC) clusters is higher
than that in single CTC, which have greater metastatic potential.28

The above results suggest that RPL32 may be closely related to cancer
proliferation andmetastasis, but the function of RPL32 in lung cancer
and its mechanism is still unclear.

In this study, we found that the expression of RPL32 in cancer tissues
was significantly higher than that in adjacent tissues, and overexpres-
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sion of RPL32 was associated with poor prognosis in lung cancer pa-
tients. RPL32 silencing significantly inhibited the proliferation of lung
cancer cells. Mechanistically, RPL32 knockdown caused the release of
RPL5 and RPL11 from the nucleus to the nucleoplasm, where they
bound to murine double minute 2 (MDM2), resulting in accumula-
tion of p53 and inhibition of cell proliferation. We also conjugated
RPL32 small interfering RNA (siRNA) to CpG to guide RPL32 siRNA
to the lung tumor tissue more efficiently and showed a strong anti-
tumor effect in lung cancer xenografts. This study demonstrates
that RPL32 may be a potential therapeutic target for lung cancer
treatment.

RESULTS
Upregulation of RPL32 in Lung Cancer and Its Correlation with

Poor Clinical Outcomes

Through the analysis of a publicly available clinical database of lung
cancer (http://kmplot.com/analysis/), we observed that the RPL32
expression level was associated with poor prognosis in patients with
lung cancer (Figure 1A). To further confirm the protein levels of
RPL32, we performed immunohistochemistry (IHC) to detect
RPL32 in a large cohort of primary lung cancer patients (Table S1).
For the 93 patients, 87 specimens contained both tumors and
matched adjacent paracancerous tissues, whereas the remaining 6
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Figure 2. RPL32 Silencing Inhibits the Growth of Lung Cancer Cells in a p53-Dependent Manner

(A) Cell numbers were counted after transfection with scramble siRNA or RPL32 siRNA for 96 h (n = 3; mean ± SD). **p < 0.01. (B) Immunoblot analysis of RPL32, p53, and

p21 in A549 and NCI-H460 cells transfected with scramble siRNA or RPL32 siRNA. (C) Cell-cycle analysis of A549 and NCI-H460 cells transfected with scrambled siRNA or

RPL32 siRNA. (D) Colony formation assay of A549 and NCI-H460 cells transfected with scramble siRNA or RPL32 siRNA. (E) Quantitative real-time PCR analysis of p53

mRNA levels in A549 and NCI-H460 cells transfected with RPL32 siRNA and p53 siRNA alone or together (n = 3; mean ± SD). **p < 0.01. (F) Cells were counted 96 h after

transfection with RPL32 siRNA and p53 siRNA alone or together (n = 3; mean ± SD). **p < 0.01. (G) Immunoblot analysis of RPL32, p53, and p21 in cells transfected with

RPL32 siRNA and p53 siRNA alone or together. (H) Representative histograms of cell-cycle analysis of cells transfected with RPL32 siRNA and p53 siRNA alone or together.
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specimens contained only tumors. In the 87 matched samples, we
found that the RPL32 immunostaining intensity of tumors was signif-
icantly higher than that of adjacent normal tissues (Figures 1B and
1C). Clinically, higher RPL32 expression in tumors compared with
paired tumor-adjacent normal tissues was significantly associated
with shorter lung cancer patient survival (p = 0.0247) (Figure 1D).
To confirm that RPL32 is an independent factor linked to clinical out-
comes, we performed multivariate overall survival analysis by using a
Cox proportional hazard model based on available clinical informa-
tion. The results confirmed that RPL32 expression was an indepen-
dent prognostic factor (Figure 1E). Together, our results confirm
that the increased expression of RPL32 is positively correlated with
the progression and survival rate of lung cancer patients.
RPL32 Silencing Inhibits the Proliferation of Lung Cancer Cells

with Significant p53 Accumulation and Cell-Cycle Arrest

To determine the potential biological function of RPL32, we em-
ployed a siRNA-based silencing strategy to transiently knock down
RPL32 in several lung cancer cell lines. With the use of a cell prolifer-
ation colorimetric assay, we found that RPL32 silencing significantly
suppressed the proliferation of lung cancer cell lines, except for p53-
deficient H1299 cells (Figure 2A), indicating that the function of
RPL32 might be p53 related. Subsequently, we found that RPL32
silencing resulted in significant accumulation of p53, accompanied
by an increase in the p53 transcriptional target p21 (Figure 2B).
Cell-cycle analysis by flow cytometry showed that RPL32 silencing re-
sulted in G2/M arrest in A549 and NCI-H460 cells (Figure 2C).
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Figure 3. RPL32 Silencing Inhibits MDM2-Mediated p53 Ubiquitination and Degradation

(A and B) (A) A549 and (B) NCI-H460 cells were transfected with scramble siRNA or RPL32 siRNA and the RPL32 and p53 mRNA levels were determined with quantitative

real-time PCR analysis. ***p < 0.001. (C) Immunoblot analysis of p53 and RPL32 protein levels in cells treated with cycloheximide (25 mg/mL) at the indicated time points.

Densitometric analysis is also shown (n = 3; mean ± SD). (D) Immunoblot analysis of p53 protein levels in cells after treatment with MG132 (10 mM, 4 h). (E) Cell lysates of A549

and NCI-H460 cells were immunoprecipitated with anti-p53 antibody, followed by immunoblot with anti-p53, anti-MDM2, and anti-ubiquitin antibodies. The cells were

treated with MG132 (10 mM) for 10 h before harvesting.
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Accordingly, RPL32 silencing also dramatically reduced colony for-
mation (Figure 2D).

The Biological Function of RPL32 in Lung Cancer Cells Is p53

Dependent

As mentioned above, siRNA-mediated silencing of RPL32 resulted in
a decrease in the number of viable cells and an increase in the accu-
mulation of p53 in both A549 and NCI-H460 cells. To investigate the
relationship between RPL32 and p53, siRNA against p53 was trans-
fected alone or together with RPL32 siRNA, and the knockdown effi-
ciency was validated (Figure 2E). When RPL32 siRNA was cotrans-
fected with p53 siRNA, the growth inhibitory effect of RPL32
silencing was significantly reduced (Figure 2F). In addition, the upre-
gulation of p21 and G2/M cell-cycle arrest after knockdown of RPL32
was obviously reversed after cotransfection with p53 siRNA (Figures
2G and 2H). These results suggest that the effect of RPL32 knockdown
on cell viability is p53 dependent.

RPL32 Silencing Inhibits MDM2-Mediated p53 Ubiquitination

and Degradation

Next, we investigated how RPL32 silencing leads to the accumulation
of p53. Quantitative real-time PCR results showed that there was no
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obvious change in the mRNA levels of p53 after RPL32 knockdown
(Figures 3A and 3B), indicating that RPL32 silencing stabilized p53
at the protein level. To address this hypothesis, we used cyclohexi-
mide to block protein synthesis and found that the half-life of p53
increased in RPL32-knockdown A549 and NCI-H460 cells (Fig-
ure 3C). After treatment with the proteasome inhibitor MG132, the
difference in p53 protein levels between RPL32-silenced and negative
control cells was greatly reduced (Figure 3D), further indicating that
the p53 accumulation caused by RPL32 knockdown is due to the
reduction in p53 degradation.

As MDM2 is an important ubiquitin E3 ligase that can interact with
p53 to promote its ubiquitination and degradation, we wondered
whether MDM2 is involved in the accumulation of p53 induced by
RPL32 knockdown. We examined the interaction between MDM2
and p53 and p53 ubiquitination in A549 and NCI-H460 cells trans-
fected with RPL32 siRNA. Before immunoprecipitation, MG132
was used to induce accumulation of ubiquitinated proteins. As shown
in Figure 3E, the binding of MDM2 to p53 and the ubiquitination of
p53 decreased after RPL32 knockdown, indicating that RPL32
silencing prevented MDM2-mediated ubiquitination and degrada-
tion of p53.



Figure 4. RPL32 Silencing Inhibits rRNA Maturation and Results in RPL5 and RPL11 Translocation, Preventing MDM2 from Binding to p53

(A) Modular representation of the primary transcript of mammalian rRNA. Top: relative positions of regions absent (thin lines) and present (bold lines) in mature rRNAs. Bottom:

relative positions of primer pairs used for analyzing rRNA processing. ETS, external transcribed spacer; ITS, internal transcribed spacer. (B) Quantitative real-time PCR

analysis of rRNAs using primer pairs in cells transfected with scramble siRNA or RPL32 siRNA. The values represent the averages of primer pairs 4/3 (unprocessed) over 2/1

(total) for 18S rRNA and primer pairs d/c (unprocessed) over b/a (total) for 28S rRNA. (n = 3; mean ± SD). (C) Immunoblot analysis of p53, RPL32, RPL5, and RPL11 in cells

after transfection with RPL32 siRNA, RPL5 siRNA, and RPL11 siRNA, alone or together. (D) Immunoblot analysis of MDM2, p53, RPL5, and RPL11 in cytoplasmic, nucleolar,

and nucleoplasmic fractions after transfection with scramble siRNA or RPL32 siRNA. Actin, nucleophosmin (NPM), and histone H4 are the localization markers of the

cytoplasm, nucleolus, and nucleoplasm, respectively. (E) Fluorescence microscopy of NCI-H460 cells after transfection with scramble siRNA or RPL32 siRNA and costained

with anti-NPM (green) and anti-RPL5 (red) or anti-RPL11 (red) antibodies. Scale bars, 10 mm. (F) Cell lysates of A549 and NCI-H460 cells (+/� RPL32 siRNA) were

immunoprecipitated with anti-RPL5 and anti-RPL11 antibodies, followed by immunoblot with anti-MDM2 antibody. **p < 0.01.
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RPL32 Silencing Inhibits rRNA Maturation, Leads to RPL5 and

RPL11 Translocation, and Prevents MDM2 from Binding to p53

Next, we investigated how RPL32 silencing inhibits MDM2-mediated
p53 ubiquitination and degradation. Because RPL32 is a member of
the ribosomal protein family, we first explored its effect on rRNA
maturation. Primers that could distinguish between the precursor
and mature human rRNAs were used to quantify the mature rRNAs
(Figure 4A). We found that the levels of mature 18S and 28S rRNAs
were significantly lower in RPL32-knockdown A549 and NCI-H460
cells than in their respective negative controls (Figure 4B), indicating
that RPL32 silencing could result in ribosome biogenesis stress.
Under ribosome biogenesis stress, several well-studied RPs, including
RPL529 and RPL11,30 are released from the nucleolus and then bind
with MDM2 to inhibit its ubiquitin ligase activity on p53, resulting
in the accumulation of p53. Whether these RPs also participate in
the RPL32-mediated p53 response remains unclear. Therefore, we
examined whether knockdown of RPL5 or RPL11 could affect the
accumulation of p53 induced by RPL32 knockdown. As shown in Fig-
ure 4C, RPL5 or RPL11 siRNA transfection alone did not result in p53
accumulation, whereas cotransfection of RPL5 or RPL11 siRNA with
RPL32 siRNA reduced the accumulation of p53, indicating that RPL5
and RPL11 may be involved in the RPL32-mediated p53
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 79
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Figure 5. RPL32 Silencing Inhibits the Growth of Lung Cancer In Vivo

(A) Sequence of the CpG-linked human RPL32 siRNA conjugate (CpG-RPL32 siRNA). CpG sequence (deoxyribonucleotides shown in black) were phosphorothioated and

connected through a carbon linker (6 of C3 units) to the antisense strand ofRPL32 siRNA (ribonucleotides shown in red). (B) Body weight of NSGmice inoculated with 5� 106

A549 cells and randomly assigned to be injected peritumorally with PBS, CpG-scrambled RNA, or CpG-RPL32 siRNA. (C and D) Tumor volume (C) and weight (D) in each

group. **p < 0.01. (E) Xenograft tumors in each group. (F) Tumor lysates from each group (n = 3) were subjected to immunoblot analysis to validate the RPL32 knockdown

efficiency and p53 accumulation.
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accumulation. Next, we investigated whether RPL32 knockdown in-
terferes with the localization of RPL5 and RPL11 in cancer cells.
When RPL32 was knocked down in A549 and NCI-H460 cells, we
found that RPL5 and RPL11 levels decreased in the nucleolus but
increased in the nucleoplasm, indicating their translocation from
the nucleolus to the nucleoplasm (Figure 4D). This result was also
confirmed by the immunostaining experiment in NCI-H460 cells
(Figure 4E). Furthermore, the binding of endogenous MDM2 to
RPL5 or RPL11 was significantly enhanced after knockdown of
RPL32 in A549 and NCI-H460 cells (Figure 4F). Based on the above
results, we speculate that RPL5 and RPL11 sense ribosomal biogenesis
stress after RPL32 silencing and translocate from the nucleolus to the
nucleoplasm, where they bind to MDM2 and prevent its binding to
p53, leading to the accumulation of p53.

CpG-RPL32 siRNA Inhibits the Proliferation of LungCancerCells

In Vivo

Toll-like receptor 9 (TLR9)-positive cells can recognize unmethylated
CpG oligodeoxynucleotides (ODNs).31 It has been demonstrated that
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the conjugates of CpG ODNs to siRNAs (CpG-siRNAs) can be
actively internalized by TLR9-positive cells without any transfection
reagents, achieving efficient gene silencing in vivo.32 We chemically
linked RPL32 siRNAwith CpGODNs to produce CpG-RPL32 siRNA
(Figure 5A), which was shown to be efficiently internalized by TLR9-
positive A549 cells33 in vitro (Figure S1). To rule out the possible in-
fluence of TLR9-positive dendritic cells (DCs) and B cells,34 non-
obese diabetic (NOD)-severe combined immunodeficiency (scid)
gamma (NSG) mice were used in our xenograft experiments.

We inoculated 5 � 106 A549 cells into the right flanks of NSG mice.
When the xenografted tumors were measurable, the mice were
randomly divided into two groups that underwent peritumoral injec-
tion with 50 mL (80 mM)CpG-scrambled RNA or CpG-RPL32 siRNA,
every 2 days for 5 consecutive times. As shown in Figures 5B–5D,
CpG-RPL32 siRNA could significantly inhibit tumor growth
compared with CpG-scrambled RNA. We also extracted protein ly-
sates from xenografted tumors and confirmed the RPL32 silencing ef-
ficiency and p53 accumulation (Figure 5E).



Figure 6. Proposed Model of the Process after RPL32 Silencing in Lung Cancer Cells

RPL32 silencing results in ribosome biogenesis stress, inducing RPL5 and RPL11 translocation from the nucleus to the nucleoplasm, where they competitively bind to

MDM2, which results in p53 accumulation and inhibition of lung cancer cell proliferation.
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DISCUSSION
There are approximately 80 ribosomal proteins in eukaryotes, and
recent studies have revealed that ribosomal proteins have additional
extraribosomal functions.35 In this study, we found that high expres-
sion of RPL32 in lung cancer patients was associated with adverse
clinical outcomes, and knockdown of RPL32 could significantly
inhibit the proliferation of lung cancer cells. Furthermore, we found
that knockdown of RPL32 resulted in significant accumulation of
p53 and had less effect on the proliferation of p53 null H1299 lung
cancer cells. In other words, the biological function of RPL32 in
lung cancer cells is p53 dependent. To the best of our knowledge,
the role of RPL32 in tumorigenesis and its relationship with p53 in
lung cancer have not been reported elsewhere.

As p53 is related to drug sensitivity, we tested the cisplatin sensitivity,
with or without the RPL32 knockdown in A549, NCI-H460, and
H1299 lung cancer cell lines. We found knockdown of RPL32 could
significantly increase the cisplatin sensitivity in p53 wild-type A549
and NCI-H460 cell lines but not in p53 null H1299 cells (data not
shown). To accurately evaluate the relationship between RPL32 expres-
sion and the prognosis of lung cancer patients, the p53 status should
also be also considered. Since there were no data on the p53 status in
the tissue microarray analyzed in this study, we analyzed the relation-
ship between the expression of the RPL32 gene and the prognosis of pa-
tients from The Cancer Genome Atlas (TCGA) lung adenocarcinoma
dataset. Based on the p53 status, the patients were separated into two
groups. It was found that in the mutant p53 group, the expression of
RPL32 had no obvious relationship with the prognosis of patients (Fig-
ure S2A), whereas in the wild-type p53 group, patients with low expres-
sion of RPL32 had a longer survival, although the difference was not
significant (p = 0.0524) (Figure S2B). These results further validate
the relationship between RPL32 and p53 in lung cancer.

We also examined the effects of RPL32 silencing on the proliferation of
the normal lung epithelial cell line BEAS-2B. As shown in Figure S3, the
proliferation of BEAS-2B cells was slightly inhibited afterRPL32 knock-
down, with relatively little p53 accumulation and cell-cycle arrest. We
have not yet fully clarified why RPL32 knockdown has different func-
tions in normal cells and cancer cells. Besides, RPL32 overexpression
was found to have a slight inhibition effect of the proliferation of
A549 and NCI-H460 cells unexpectedly. We speculate that cancer cells
have a high demand of biosynthesis, and they have stronger ribosomal
function than normal cells, which makes them more susceptible to
RPL32 silencing. Only overexpression of RPL32 may not increase the
ribosomal biogenesis; conversely, it may also result in ribosomal stress.
Although the mechanism is unclear, the above finding clearly suggests
that RPL32 may be a specific therapeutic target for lung cancer.

Mechanically, we found that RPL32 silencing resulted in inhibition of
rRNAmaturation and ribosome biogenesis stress, which were further
evidenced because themonosome and polysome levels were decreased
after knockdown of RPL32 in A549 cells (data not shown). The nucle-
olus is the main component of the nucleus and the site of ribosome
biosynthesis. It is considered a sensor of various stress conditions,
which ultimately lead to the concept of “nucleolar stress.” It is note-
worthy that many nucleolar proteins, such as NPM136 and
GLTSCR2,37 translocate to the nucleoplasm during cellular stress re-
sponses. Ribosomal proteins, such as RPL5 andRPL11,38 have recently
emerged as important factors in the activation of p53 in response to
nucleolar stress. In our study, we found that both RPL5 and RPL11
also participated in the reduction of RPL32-induced nucleolar stress.
These proteins sense and transmit the stress signal to p53, leading to
the arrest of cancer cell proliferation. When we cut the “signaling
bridge” through knockdown of RPL5 or RPL11, the RPL32 knock-
down-induced p53 accumulation obviously decreased (Figure 4C).

We used mass spectrometry and a yeast two-hybrid system to detect
the RPL32-interacting proteins. Nucleosome assembly protein 1-like
1 (NAP1L1) overlapped in both screening systems, and we further
validated its interaction with RPL32 by immunoprecipitation
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 81
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experiments (Figures S4A–4C). NAP1L1 was recently reported as an
oncogene that could activate the phosphatidylinositol 3-kinase/pro-
tein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR)
signaling pathway in hepatocellular carcinoma (HCC).39 NAP1L1
does not interact with p53 directly (Figure S4D), and knockdown of
RPL32 had no influence on the expression of NAP1L1 (Figure S4E).
However, knockdown of NAP1L1 affected the accumulation of p53
induced by RPL32 knockdown (Figure S4E). Interestingly, the expres-
sion of RPL5 and RPL11 increased after knockdown ofNAP1L1 alone
or together with RPL32, which implies that NAP1L1 participates in
this process (Figure S4E). However, we have not yet fully elucidated
the mechanism by which NAP1L1 is involved in the signaling trans-
mitted from RPL32 to p53.

In summary, as illustrated in Figure 6, we discovered that RPL32
silencing resulted in ribosome biogenesis stress, leading to the transloca-
tionofRPL5andRPL11 fromthenucleus to thenucleoplasm,where they
competitively bound toMDM2, resulting in the accumulationof p53 and
inhibition of lung cancer proliferation. Our findings demonstrate that
RPL32 might be a promising therapeutic target for lung cancer.
MATERIALS AND METHODS
Patient Samples and IHC Assay

To assess the correlation between RPL32 IHC scores and clinical
stages of lung cancer patients, a 160-spot, paraffin-embedded tissue
array chip (HBre-Duc170Sur-01), which included 87 paired lung tu-
mor and normal tissues and 6 tumor tissues with 10 years of follow-
up information, was purchased from Shanghai Outdo Biotech
(Shanghai, China). RPL32 IHC scores were calculated from
RPL32 IHC staining intensity multiplied by the positive staining
rate. Staining intensity is generally divided into four levels: 0 indi-
cates negative staining, 0.5 indicates weakly positive staining, 1 in-
dicates light-yellow or light-brown staining, and 2 indicates yellow
or brown staining. The ratio of the number of positive cells to the
total number of cells in the tissue was defined as the positive stain-
ing rate. Detailed clinical features of the lung cancer patients are
summarized in Table S1.

For survival analysis of patients with p53 information, primary data
were obtained from TCGA lung adenocarcinoma dataset. A total of
473 samples with mutant p53 (n = 256) and wild-type p53 (n = 217)
were included. In each group, the patientswere divided into two groups,
according to the relative expression level of the RPL32 gene.
Reagents and Antibodies

Cycloheximide andMG132 were purchased from Sigma-Aldrich. Pri-
mary antibodies against p53, p21, and Myc-tag were purchased from
Cell Signaling Technology. Antibodies against RPL32, MDM2, and
NAP1L1 were obtained from Abcam. Antibodies against RPL11
and NPM1 were from Proteintech. Anti-RPL5 antibody was obtained
from GeneTex. The secondary antibodies were horseradish peroxi-
dase (HRP)-conjugated anti-rabbit immunoglobulin G (IgG) and
anti-mouse IgG (Jackson ImmunoResearch).
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Cell-Cycle Assay

The cell cycle was determined by flow cytometric (FCM) analysis with
the Cell Cycle Staining Kit (MultiSciences Biotech, China). Briefly,
cells were collected, washed, and resuspended in 500 mL DNA stain-
ing solutionmixed with 5 mL permeabilization solution and incubated
for 30min. The samples were then analyzed by FCM. The results were
analyzed with the BD FACSCalibur system.

Cell Lines and Animals

HEK293 cell and the lung cancer cell lines A549, NCI-H460, PC-9,
H1792, and H1299 were purchased from the Cell Bank of the Chinese
Academy of Science and were cultured in DMEM (Gibco), supple-
mented with 10% fetal bovine serum (Gibco) at 37�C under a 5%
CO2 and 90% humidified atmosphere.

Female NSG mice (Shanghai Slac Laboratory Animal) were main-
tained in a specific pathogen-free facility and were treated with hu-
mane care after approval from the Animal Care and Use Committee
of Zhejiang University.

Colony Formation Assay

To conduct a colony formation assay, 1� 103 A549 or NCI-H460 cells
that were in the logarithmic phase were seeded into a 6-well plate and
cultured at 37�C under a 5% CO2 and 90% humidified atmosphere un-
til visible clones appeared (approximately 2 weeks). Cell clones were
washed twice with PBS, fixed with methanol for 10 min, stained with
0.1% crystal violet for 30 min, and washed with PBS.

RNA Interference, Plasmids, and Transfections

Cells were transfected with scrambled or siRNAs using RNAiMAX
(Thermo Fisher Scientific), according to the manufacturer’s protocol.
siRNA oligonucleotides were purchased from RiboBio (Guangzhou,
China). A nonspecific oligo that is not complementary to any human
gene was used as a negative control. siRNA sequences against RPL32
were as follows: 50-UGGCCAUCAGAGUCACCAA deoxythymidine
dinucleotide (dTdT)-30 and 50-CGAGAUCGCUCACAAUGUU dT
dT-30. siRNA sequences against p53 were as follows: 50-GUACCAC
CAUCCACUACAA dTdT-30 and 50-AGAGAAUCUCCGCAAGA
AA dTdT-30. siRNA sequence against NAP1L1 was as follows: 50-
GGCAGACAUUGACAACAAA dTdT-30.

cDNA encoding human RPL32 was cloned from a human lung tis-
sue sample and inserted into the pcDNA3.1-Flag backbone plasmid
that was purchased from Addgene to generate pcDNA3.1-Flag-
RPL32. Cells were transfected with plasmids by Lipofectamine
3000 (Thermo Fisher Scientific), according to the manufacturer’s
protocol.

Quantitative Real-Time PCR Analysis

Total RNA was isolated from cells or tissues, and first-strand cDNA
was generated from total RNA using oligo-dT primers and Reverse
Transcriptase II (Life Technologies). Quantitative real-time PCR
was performed using specific primers and the LightCycler 480 II
analyzer (Roche) with the SYBR GreenER qPCR SuperMix Universal
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Kit (Life Technologies). Target gene expression values were
normalized to human glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) values. Sequences of the primers used for quantitative
real-time PCR were as follows: human RPL32: forward primer
50-TCTCCTTCTCGGCATCATGG-30, reverse primer 50-CGAACC
CTGTTGTCAATGCC-30; human GAPDH: forward primer 50-ACA
GCCTCAAGATCATCAGCAA-30, reverse primer 50-ACCACTGA
CACGTTGGCAGT-30; and human p53: forward primer 50-GGACG
GAACAGCTTTGAGGT-30, reverse primer 50-CCCACGGATCT
GAAGGGTGA-30.

Oligonucleotide Design and Synthesis

CpG-conjugated siRNA was synthesized as previously described.40,41

D19 phosphorothioate ODNs were linked to the antisense strand
(AS) of RPL32 siRNA, using 6 units of the C3 carbon chain linker
(CH2)3. The resulting construct was hybridized to the complementary
sense strand (SS) of siRNAs to generate the chimeric ODN-siRNA
constructs used in the study (deoxynucleotides are shown under-
lined). Sequences of single-stranded constructs are listed below, and
the target RPL32 sequence is from bases 261 to 283 of the coding
sequence (CDS) of the human RPL32 gene (GenBank:
NM_000994): RPL32 siRNA (SS): 50-GCUGCUGAUGUGCAAC
AAAUCUUAC-30; CpG-RPL32 siRNA (AS): 50-GGTGCATCGA
TGCAGGGGGG-linker-GUAAGAUUUGUUGCACAUCAGCAG
CAC-30; scrambled RNA (SS): 50-UCCAAGUAGAUUCGACGGC
GAAGTG-30; and CpG-scrambled RNA (AS): 50-GGTGCATC
GATGCAGGGGGG-linker-CACUUCGCCGUCGAAUCUA-
CUUGGAUU-30.

Human Lung Cancer Xenograft Model

Human lung cancer xenograft models were established according to
our previous study.42 6- to 8-week-old female NSGmice were utilized.
Briefly, 5� 106 A549 cells were injected subcutaneously into the flank
regions of the mice. When the diameter of the tumors reached
approximately 0.4 cm, the mice were randomly assigned to three
groups: PBS, CpG-scrambled RNA, and CpG-RPL32 siRNA. The
CpG-siRNA doses were given peritumorally every 2 days for 5
consecutive times. The tumor volume was determined using the for-
mula V = LW2/2, where L is the largest diameter andW is the smallest
diameter.

Immunofluorescence

Cells were fixed in 4% paraformaldehyde for 10 min and permeabi-
lized with 0.5% Triton X-100 for 10 min. After blocking with 5%
BSA, cells were incubated overnight with antibody in PBS containing
5% BSA at 37�C. Staining was detected using DyLight 488- or DyLight
549-labeled secondary antibodies (MultiScience). Nuclei were cos-
tained with 40,6-diamidino-2-phenylindole (DAPI; Roche). Stained
cells were imaged using a fluorescence microscope.

Immunoprecipitation Analysis

Cells were lysed in NP-40 lysis buffer containing 50 mM Tris (pH
7.4), 150 mM NaCl, 0.5% NP-40, 10 mM PMSF, 20 mM NaF,
1 mM Na3VO4, and protease inhibitor cocktail. Lysates were immu-
noprecipitated with the appropriate antibodies overnight at 4�C. Pro-
tein A/G Sepharose beads (GEHealthcare) were then added and incu-
bated for 4 h at 4�C. Alternatively, lysates were immunoprecipitated
with anti-Flag M2 Magnetic Beads (Sigma) overnight at 4�C. After
five washes with lysis buffer, samples were resolved on SDS-PAGE
gels and blotted.

Cell Fractionation

Cytoplasmic, nuclear, and nucleolar fractions were obtained, as pre-
viously described, with minor modifications.43 Briefly, 5 � 106 cells
were transfected with negative control or RPL32 siRNA. After 48 h,
cells were collected and resuspended in 500 mL hypotonic buffer
(10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 0.5 mM
DTT). After centrifugation (500 � g) for 10 min, the supernatant
was recovered to serve as the cytoplasmic fraction. The pellet was
resuspended in 300 mL S1 buffer (0.25 M sucrose, 10 mM
MgCl2), overlaid onto 300 mL S2 buffer (0.35 M sucrose, 0.5 mM
MgCl2), and centrifuged (1,500 � g) for 5 min. The pellet was resus-
pended in 300 mL S2 buffer to serve as the nuclear fraction. Then,
the nuclear fraction was sonicated (30 s sonication, 60 s intervals
for 5 cycles), overlaid onto 300 mL S3 buffer (0.88 M sucrose,
0.05 mM MgCl2), and centrifuged (3,000 � g) for 10 min. The su-
pernatant was collected as the nucleoplasmic fraction. The pellet
was resuspended in radioimmunoprecipitation assay (RIPA) buffer
to serve as the nucleolar fraction. Protease inhibitor cocktail was
added to all fraction samples. The fractions were resolved on
SDS-PAGE gels and blotted.

Statistical Analysis

Unless otherwise noted, quantitative data are expressed as the mean ±
standard error. Statistical significance was determined with paired
Student’s t test; *p < 0.05, **p < 0.01, and ***p < 0.001, when
compared with control.
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Figure S1. Internalization of CpG-siRNA conjugates by A549 lung cancer cells in vitro. A549 

cells were incubated with fluorescently labeled CpG-RPL32 siRNAFITC or unconjugated RPL32 

siRNAFITC (500 nM) for 1 hour, and the level of uptake was analyzed using flow cytometry. 

 

  



 

Figure S2. Survival analysis of the relationship between the expression of the RPL32 gene and 

prognosis of patients from the TCGA lung adenocarcinoma dataset. (A) Kaplan-Meier survival 

curves of lung cancer patients with mutant p53 based on RPL32 expression. (B) Kaplan-Meier 

survival curves of lung cancer patients with wild-type p53 based on RPL32 expression. 

 

  



 

Figure S3. RPL32 silencing has little effect on the proliferation of the normal lung epithelial cell 

line BEAS-2B. (A) BEAS-2B cells were counted 96 hours after transfection with scramble siRNA 

or RPL32 siRNA (n=3; means.d.) (B) Immunoblot analysis of RPL32, p53 and p21 in BEAS-2B 

cells transfected with scramble siRNA or RPL32 siRNA. (C) Representative histograms of cell 

cycle analysis of BEAS-2B cells transfected with scramble siRNA or RPL32 siRNA. 

 

  



 

Figure S4. NAP1L1 was screened and validated to interact with RPL32. (A) List of positive 

cDNA clones screened in the A549 cDNA library using the yeast two-hybrid system and RPL32 as 

bait. (B) After transfection of pcDNA3.1-Flag or pcDNA3.1-Flag-RPL32, HEK293 cells were 

lysated and then immunoprecipitated with anti-Flag antibody, resolved on SDS-PAGE gel and 

silver-stained. Differential strips are indicated with arrows. (C) Validation of the interaction 

between RPL32 and NAP1L1 by immunoprecipitation. (D) Detection of the interaction between 

p53 and NAP1L1 by immunoprecipitation. (E) Immunoblot analysis of RPL32, NAP1L1, p53, 

RPL5 and RPL11 in A549 cells transfected with RPL32 siRNA and NAP1L1 siRNA alone or 

together. 

 

 

Table S1. Clinical features of lung cancer patients 
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