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Ribosomal protein L5 (RPL5)/ E2F transcription factor 1 (E2F1) signaling 
suppresses breast cancer progression via regulating endoplasmic reticulum 
stress and autophagy
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ABSTRACT
Endoplasmic reticulum stress (ERS) is associated with breast cancer progression. However, the 
potential role of ribosomal protein L5 (RPL5) on ERS in breast cancer remains unclear. This study 
aimed to determine the role of RPL5/E2F transcription factor 1 (E2F1) in breast cancer. It was 
found that RPL5 was downregulated in breast cancer cells and tissues. Additionally, overexpres
sion of RPL5 inhibited cell proliferation. Moreover, the levels of ERS and autophagy markers were 
estimated using western blotting. Overexpression of RPL5 induced ERS and suppressed autop
hagy. Additionally, RPL5 downregulated E2F1, which was overexpressed in breast cancer cells. 
However, E2F1 knockdown promoted the transcriptional activation of glucose regulated protein 
78 (GRP78), suppressed ERS response, and promoted autophagy. Rescue assays indicated that the 
effects of RPL5 on ERS and autophagy were abolished by E2F1. Taken together, RPL5 inhibited the 
growth of breast cancer cells by modulating ERS and autophagy via the regulation of E2F1. These 
findings suggest that RPL5 has a tumor-suppressive effect in breast cancer.
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Introduction

Breast cancer is the most malignancy among 
women worldwide. The mortality rate of breast  

cancer has decreased since the 1990s [1]. Recently, 
screening, diagnosis, and treatment of breast 
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cancer have improved, with an overall survival rate 
of 90% [2,3]. However, owing to tumor metastasis 
and drug resistance, the overall survival rate of 
patients at advanced stages remains poor [3–5].

The endoplasmic reticulum (ER) is a crucial 
organelle for the synthesis and folding of new 
transmembrane and secreted proteins. ER home
ostasis is vital for natural cellular activity [6]. ER 
stress (ERS) induces the accumulation of large 
amounts of misfolded proteins in the ER, 
thereby activating the unfolded protein response 
(UPR) to clear misfolded proteins [7]. When 
ERS continues to exist, the damaged ER can be 
engulfed and degraded by autophagy vesicles. 
Degraded fragments of the ER can be reas
sembled into new ones [8]. Chronic ERS and 
UPR deficiency are the main causes of diseases, 
including malignancy [9]. Tumor cells are 
exposed to an environment that alters protein 
homeostasis in the ER, resulting in ERS [10]. 
Abnormal activation of ERS regulates tumor 
growth, metastasis, and drug resistance [11]. 
Therefore, the induction of ERS may be 
a potential anticancer treatment strategy.

Ribosomal protein L5 (RPL5), a member of the 
ribosomal protein (RP) family, belongs to the 60s 
ribosomal subunit and acts as a sensor of riboso
mal stress [12]. Because the interaction between 
RPL5 and Hdm2 is promoted by UPR induction, 
ribosomal stress is associated with ERS [13]. It has 
been indicated that RP may trigger the develop
ment of cancers, including endometrial cancer, 
acute leukemia, colorectal cancer, and glioma 
[14]. Downregulation of RPL5 may contribute to 
poor prognosis, suggesting that RPL5 may be 
a diagnostic biomarker for human cancers 
[15,16]. In breast cancer, downregulation of RPL5 
accelerates the development of tumors and leads to 
poor prognosis [17]; however, the effects of RPL5 
on ERS in breast cancer remain unknown.

In this study, we aimed to explore the potential 
role of RPL5 in breast cancer and its underlying 
mechanisms. We hypothesized that RPL5 regu
lated the progression of breast cancer via regulat
ing ERS and autophagy. Mechanistically, the 
regulatory function of RPL5 was exerted by mod
ulating E2F transcription factor 1 (E2F1). The 
study will pvovide a novel insight for breast cancer 
therapy.

Materials and methods

Tissue collection

Clinical specimens (n = 30) were collected from 
patients with breast cancer at The Third Affiliated 
Teaching Hospital of XinJiang Medical University 
(Affiliated Tumor Hospital). Patients received 
anticancer therapy were excluded in this study. 
After surgery, the tissues were immediately stored 
at −80°C. The study protocol was approved by the 
Ethics Committee of The Third Affiliated 
Teaching Hospital of XinJiang Medical University 
(Affiliated Tumor Hospital) prior to the study 
(Ethical Application ID: [2019]04–293-01). All 
the participants provided informed consent. 
Correlation between RPL5 and clinical character
istics is shown in Table 1.

Immunohistochemical (IHC) analysis

IHC assay was performed according to the pre
viously described [18]. Paraffin sections were 
dewaxed and rehydrated. Endogenous peroxidase 
activity was eliminated using 0.3% H2O2 for 
15 min. The blocking was performed using normal 
goat serum. Then, the slides were incubated with 
anti-RPL5 or anti-E2F1 at 4°C overnight and incu
bated with goat anti-rabbit IgG at 37°C for 30 min. 
After washing with PBS, the sliders were stained 
with DAB solution and counterstained with 
hematoxylin.

Cell culture

The breast cancer cell line MCF-7 and normal 
breast epithelial cell line MCF-10A were obtained 

Table 1. Correlation between RPL5 expression and clinical 
characteristics.

Factors

RPL5 expression

P-valueLow High

Ages (years) ≤50 22 10 12 0.1514
>50 8 6 2

TNM stage I 4 1 3 0.0322
II 18 7 10
III 9 8 1
IV 0 0 0

Tumor size (cm) <3 13 6 7 0.0371
≥3 17 14 3

Lymph node metastasis Negative 13 6 7 0.0303
Positive 17 9 8
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from the American Type Culture Collection 
(ATCC). The cells were incubated in DuIbecco’s 
modified eagIe’s medium (DMEM) containing 
10% fetal bovine serum (FBS) and 1% penicillin/ 
streptomycin at 37°C with 5% CO2. Autophagy 
inhibitor 3-MA (10 mmol/L; Sigma-Aldrich) was 
used as the positive control.

Cell transfection

RPL5 overexpressing vector, E2F1 overexpressing 
vector, E2F1-specific siRNAs, empty vector, and 
siRNA were purchased from GenePharm, 
Shanghai. MCF-7 cells were seeded into 6-well 
plates and transfection was conducted with 
Lipofectamine 3000 (Invitrogen) following the 
manufacturer’s protocol for 48 h.

Cell counting kit-8 (CCK-8) assay

Transfected cells were seeded into 96-well plates at 
the concentration of 1х 103 cells/well and cultured 
at 37°C for 0, 12, 24, and 48 h, respectively. The 
cells were then treated with 10 µL CCK-8 reagent 
and cultured at 37°C for 2 h. The absorbance at 
450 nm was measured using a microplate reader.

5-ethynyl-20-deoxyuridine (EdU) assay

Click-iT EdU Imaging Kit (Invitrogen) was used 
to analyze tumor cell growth according to manu
facturer’s instrument [19]. The cells were fixed 
with 4% paraformaldehyde for 30 min, permeated 
with Triton X-100, and stained with EdU dye. 
DAPI was used to bind the DNA. The cells were 
photographed using a fluorescence microscope 
(Olympus).

Real-time quantitative PCR (qPCR)

Total RNA was extracted from tissues and cells 
using TRizol reagent (Invitrogen). Reverse tran
scription was performed using the PrimeCcript 
RT Master Mix (Takara). qPCR was then per
formed using FastStart™ PCR Master (Roche). 
The relative expression of RPL5 and E2F1 (fold- 
change) was calculated using the 2−ΔΔCt method, 
with GAPDH as the housekeeping control.

Western blotting

Protein was extracted from the MCF-7 cells, and 
the total protein concentration was estimated 
using a BCA kit. Next, the protein was separated 
using 12% SDS-PAGE and transferred onto PVDF 
membranes. After blocking with 5% skim milk for 
1 h, the membranes were incubated with primary 
antibodies at 4°C overnight. The next day, the 
membranes were incubated with secondary anti
bodies. The bands were captured using ECL 
Western Blotting Substrate (Solarbio).

Bioinformatics

The expression of RPL5 and E2F1 was analyzed 
using StarBase database. The survival rate related 
to RPL5 was acquired from Kaplan online data
base. The DNA motif of E2F1 and potential bind
ing sites between E2F1 and GRP78 were predicted 
using the JASPAR online tool.

Dual-luciferase reporter assay

The GRP78 promoter sequence was cloned into 
the pGL3 vector. Mutant sequences of the GRP78 
promoter were also cloned into the pGL3 vector. 
Cells were co-transfected with WT or MUT 
GRP78 and siRNA or si-E2F1 by using 
Lipofectamine 3000 for 48 h. The luciferase activ
ity was measured using a luciferase kit (Promega). 
Renilla luciferase activity was used as the internal 
control.

Chromatin Immunoprecipitation (ChIP) assay

CHIP analysis was performed according to 
a previous study [20]. The cells were lysed in 
SDS lysis buffer. The lysates were incubated with 
anti-IgG and anti-E2F1 antibodies at 4°C over
night and with 20 µL Magna ChIP Protein A/G 
Magnetic Beads (Millipore). Reverse crosslinking 
was conducted overnight using NaCl at 65°C. The 
level of GRP78 was determined by qPCR.

Statistical analysis

All experiments were repeated at least 3 times. 
Data were analyzed using GraphPad Prism 6.0 
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and are presented as the mean ± SD. Differences 
were evaluated using Student’s t-test and ANOVA. 
Correlation coefficients between RPL5 and E2F1 
were analyzed using the Pearson method. 
Statistical significance was set at p < 0.05.

Results

In this study, we investigated the potential role of 
RPL5 in breast cancer and underlying mechan
isms. Western blotting was used to analyze ERS- 
related factors and autophagy-related factors. We 
found that RPL5 regulated ERS and autophagy of 
breast cancer cells via regulating E2F1. The study 
will pvovide a novel insight for the treatment of 
breast cancer.

RPL5 was downregulated in breast cancer

According to the data of StarBase database, RPL5 
was downregulated in breast invasive cancer 
(Figure 1(a)). In this study, the expression of 

RPL5 was significantly decreased in breast cancer 
tissues (Figure 1(b)). Similarly, the results of IHC 
analysis also showed that RPL5 was downregulated 
in tumor tissues (Figure 1(c)). High RPL5 induced 
higher survival rate (Figure 1(d)). RPL5 expression 
was significantly lower in MCF-7, BT-549, and 
MDA-MB-231 cells than that in MCF-10A cells 
(Figure 1(e)). MCF-7 cell line was used for subse
quent experiments. Moreover, we found RPL5 
expression was closely linked to TNM stage, 
tumor size, and lymph node metastasis, but had 
little relationship with age (Table 1).

Overexpression of RPL5 suppressed cell 
proliferation of breast cancer

After transfection, RPL5 expression was signifi
cantly upregulated in the ove-RPL5 group, com
pared with the control and vector groups (Figure 2 
(a,b)). Furthermore, we found that RPL5 overex
pression inhibited the proliferation of breast can
cer cells (Figure 2(c,d)).

Figure 1. RPL5 was downregulated in breast cancer. (a) RPL5 expression data were acquired from StarBase database. (b) RPL5 mRNA 
expression was detected in 30 paired tumor tissues and para-carcinoma normal tissues using qPCR. (c) RPL5 expression was detected 
in tissues using IHC assay. (d) The survival of patients with breast cancer related to RPL5 was acquired from Kaplan online database. 
(e) RPL5 mRNA expression was evaluated in MCF-7, BT-549, MDA-MB-231 and MCF-10A cells by qPCR. ***P < 0.001. **P < 0.01.
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RPL5 suppressed ERS-induced autophagy of 
breast cancer cells

After transfection with RPL5 overexpression plas
mids, the protein expression levels of ERS mar
kers, including GRP78, p-PERK, p-EIF2α, ATF4, 
and CHOP, were all remarkably increased 
(Figure 3(a)). In addition, 3-MA induced the 
decrease of LC3-II/LC3-I ratio and the increase 
of P62. Meantime, LC3-II/LC3-I ratio was 
decreased, and P62 was increased by RPL5 
(Figure 3(b)).

RPL5 downregulated E2F1

The data from Starbase illustrated that E2F1 was 
highly expressed in breast invasive cancer 
(Figure 4(a)). The results of qPCR and ICH assay 
showed that E2F1 was overexpressed in the tumor 
tissues (Figure 4(b,c)). E2F1 expression was nega
tively correlated with RPL5 expression (Figure 4 
(d)). Additionally, E2F1 was highly expressed in 
MCF-7, BT-549, and MDA-MB-231 cells, com
pared with MCF-10A cells (Figure 4(e)). MCF-7 
cells were used in the subsequent study. The RPL5 
overexpression led to a significant reduction in the 
expression of E2F1 at both mRNA and protein 
levels (Figure 4(f,g)).

Transcriptional activation of ERS marker GRP78 
was promoted by E2F1 knockdown

E2F1 was significantly downregulated by si-E2F1-1 
and si-E2F1-2 (Figure 5(a,b)). si-E2F1-2 was used 
in subsequent experiments. E2F1 knockdown 
induced the upregulation of GRP78 at mRNA 
and protein levels (Figure 5(c,d)). As illustrated 
in Figure 5(e), the DNA-binding motif of E2F1 
was predicted. Figure 5(f) shows the DNA- 
binding motif of E2F1 on the GRP78 promoter, 
which was further verified by luciferase and ChIP 
assays (Figure 5(g,h)).

Knockdown of E2F1 regulated ERS and 
autophagy in breast cancer

In TM-treated cells, E2F1 knockdown enhanced the 
protein levels of GRP78, p-PERK, p-EIF2α, ATF4, 
and CHOP (Figure 6(a)). Moreover, 3-MA or E2F1 
knockdown upregulated P62 expression but down
regulated the ratio of LC3-II to LC3-I (Figure 6(b)).

Overexpression of RPL5 modulated ERS and 
autophagy by regulating E2F1

After transfection, E2F1 expression was signifi
cantly reduced by RPL5 overexpression, which 

Figure 2. Overexpression of RPL5 suppressed the proliferation of breast cancer cells. (a) Transfection efficiency was estimated for 
MCF-7 cells transfected with the empty vector and RPL5 overexpressing vector, non-transfected cells were used as the blank control. 
(b) Transfection efficiency was measured using western blotting. (c) Cell proliferation was determined using CCK-8 assay post- 
transfection. (d) Cell proliferation was determined after transfection by EdU assay. **P < 0.01. ***P < 0.001.
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was rescued by E2F1 overexpression (Figure 7(a, 
b)). Furthermore, the protein expression levels of 
GRP78, p-PERK, p-EIF2α, ATF4, and CHOP were 
significantly increased by RPL5 overexpression, 
whereas E2F1 reversed this increase (Figure 7(c)). 
3-MA or RPL5 significantly reduced LC3-II/LC3-I 
ratio and elevated P62 expression, whereas E2F1 
overexpression reversed the effects induced by 
RPL5 (Figure 7(d)).

Discussion

In the present study, we explored the role of RPL5 
in breast cancer. We found that RPL5 inhibited 
tumor cell growth and autophagy. Moreover, RPL5 
promoted ERS and suppressed autophagy by reg
ulating E2F1.

Mutations in RPs have been found to play a role 
in cancer development [14]. The role of RPL5 has 

been identified in several cancers. RPL5 acts as 
a tumor suppressor in glioblastoma, melanoma, 
and breast cancer [17]. In breast cancer, MeCP2 
knockdown suppresses cell proliferation and 
induces apoptosis by regulating RPL5 transcrip
tion [21]. A high RPL5 predicts a good prognosis 
for patients with breast cancer [22]. The present 
study showed that RPL5 is downregulated in 
breast cancer, whereas its overexpression inhibits 
tumor cell growth. These results suggest that RPL5 
functions as an antitumor gene in breast cancer, 
which is consistent with previous studies [17,21].

Under homeostatic conditions, PERK binds 
GRP78 in an inactive state. Upregulation of 
GRP78 is involved in cancer progression [9,23]. 
Misfolded proteins accumulate in the ER, leading 
to ERS, which activates UPR. The activation of 
UPR regulates tumor cellular processes such as 
cell growth, autophagy, metastases, and 

Figure 3. Overexpression of RPL5 regulated ERS and autophagy. (a) The protein expression levels of ERS markers were measured by 
western blotting. (b) The protein expression levels of autophagy markers were estimated using western blotting. *P < 0.05. 
**P < 0.01. ***P < 0.001.
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Figure 4. Upregulation of E2F1 was observed in breast cancer. (a) RPL5 expression data were acquired from StarBase database. (b) E2F1 
mRNA expression levels were determined in paired tumor tissues and para-carcinoma tissues (n = 30) by qPCR. (c) E2F1 expression was 
detected in normal and tumor tissues using IHC assay. (d) The correlation between E2F1 and RPL5. (e) E2F1 mRNA expression levels were 
determined using qPCR in MCF-10A, MCF-7, BT-549, and MDA-MB-231 cells. (f) The mRNA expression levels of E2F1 after overexpressing 
RPL5 were estimated by qPCR. (g) The protein levels of E2F1 were measured by western blotting. **P < 0.01. ***P < 0.001.

Figure 5. E2F1 transcriptionally inactivates GRP78. (a) The mRNA expression of E2F1 was evaluated in cells transfected with si-E2F1 
and siRNA. (b) The protein expression of E2F1 was also evaluated. (c) The mRNA expression of GRP78 was evaluated after E2F1 
knockdown. (d) The protein expression of GRP78 was evaluated after E2F1 knockdown. (e) JASPAR online tool was used to predict 
DNA-binding motifs. (f) The binding sites between E2F1 and the GRP78 promoter. (g) The interaction between E2F1 and the GRP78 
promoter was confirmed using a dual-luciferase reporter assay. (h) The reliability of E2F1 binding to the GRP78 promoter was 
confirmed by CHIP assay. **P < 0.01. ***P < 0.001.
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angiogenesis [24]. PERK is a target of the UPR 
pathway. When ERS is activated, PERK can trans- 
autophosphorylate and then induce phosphoryla
tion of eIF2α, which reduces protein translation 
and folding [25]. Furthermore, PERK activates 
ATF4, which is involved in protein folding, autop
hagy, and metabolism, to inhibit protein transla
tion [26]. PERK hyperactivation increases the 
expression of the transcription factor CHOP, inhi
biting the anti-apoptotic factor BCL2, which accel
erates cell death [27]. Thus, targeting the UPR may 
be an effective strategy to treat cancer. 
Accumulating evidence has demonstrated that 
ERS is associated with autophagy. Autophagy is 
a part of the ERS response [28]. Induction of 
autophagy reduces ERS by removing misfolded 
and aggregated proteins, whereas blocking autop
hagy increases ERS. Increased ERS and inhibition 
of autophagy prioritize killing breast cancer cells 
[29]. During autophagy, a cytosolic form of LC3 

(LC3-I) is conjugated to phosphatidylethanola
mine to form LC3-phosphatidylethanolamine con
jugate (LC3-II), LC3-II/LC3-I ratio increases [30]. 
In this study, the overexpression of RPL5 induced 
ERS in breast cancer cells. Moreover, overexpres
sion of RPL5 enhanced the P62 level and reduced 
the LC3-II/LC3-I ratio, suggesting that RPL5 pro
motes ERS and suppresses autophagy in breast 
cancer cells.

E2F1, which belongs to the E2F family, is 
a transcription factor that transcriptionally induces 
adenoviral E2. It is the most important protein for 
cells to enter the S phase and is involved in cell 
apoptosis, DNA damage response, metabolism, 
and chemotherapeutic resistance [31–33]. High 
E2F1 expression is found in breast cancer tissues 
and is associated with a poor prognosis [34]. E2F1 
promotes tumor cell viability, metastasis, and cell 
cycle in breast cancer cells [35,36]. Moreover, 
E2F1 is associated with autophagy. A previous 

Figure 6. E2F1 knockdown modulated ERS and autophagy. (a) Protein levels of ERS markers were measured by western blotting. (b) 
The expression levels of autophagy markers were measured using western blotting. **P < 0.01. ***P < 0.001.
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study reported that the activation of E2F1 
enhances autophagy by increasing LC3, ATG1, 
ATG5, and DRAM expression, but the inhibition 
of E2F1 suppresses DNA damage-induced autop
hagy [37]. Additionally, E2F1 plays a crucial role 
in ERS. E2F1 decline is a late event during the ER 
response, which inhibits GRP78 at the transcrip
tional level, and its deficiency promotes eIF2α 
phosphorylation [38,39]. Inhibition of E2F1 
increases the sensitivity of cells to ERS-induced 
apoptosis [40]. However, the effects of E2F1 on 
ERS-induced autophagy remain unclear. This 
study revealed that E2F1 is weakly expressed in 
breast cancer tissues. E2F1 knockdown promotes 
ERS and suppresses autophagy. These results sug
gest that E2F1 serves as a tumor promoter. 
Furthermore, E2F1 reversed the effects of RPL5 
on ERS and autophagy, suggesting that RPL5/ 
E2F1 modulates ERS and autophagy in breast 
cancer.

Conclusion

RPL5 was downregulated and E2F1 was upregu
lated in breast cancer. Overexpression of RPL5 
inhibited tumor cell growth and knockdown of 
E2F1 transcriptionally activated GRP78. 
Moreover, RPL5 modulated ERS and autophagy 
by regulating E2F1 expression. This study sug
gests that RPL5 might be a potential target for 
breast cancer therapy.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Autonomous Region Youth 
Science and Technology Innovation Talents Training Project 
(QN2016YX0274).

Figure 7. RPL7/E2F1 axis regulated ERS and autophagy in breast cancer cells. (a) The expression of E2F1 was evaluated by qPCR. (b) 
The expression of E2F1 was evaluated by western blotting. (c) Protein levels of ERS markers were measured by western blotting. (d) 
Protein levels of autophagy markers were measured using western blotting. **P < 0.01. ***P < 0.001.

8084 X. MA ET AL.



Authors’ contributions

All authors participated in the design, interpretation of the 
studies and analysis of the data and review of the manuscript. 
XP M drafted the work and revised it critically for important 
intellectual content; Y L was responsible for the acquisition, 
analysis, and interpretation of data for the work; B Z made 
substantial contributions to the conception or design of the 
work.

Data availability statement

The datasets used and analyzed during the current study are 
available from the corresponding author on reasonable request.

References

[1] Li X, Deng S, Pang X, et al. LncRNA NEAT1 
silenced miR-133b promotes migration and invasion 
of breast cancer cells. Int J Mol Sci. 2019;20 
(15):3616.

[2] Fahad Ullah M. Breast cancer: current perspectives on 
the disease status. Adv Exp Med Biol. 2019;1152:51–64.

[3] Peart O. Metastatic breast cancer. Radiol Technol. 
2017;88(5):519M–539M.

[4] Karaman S, Detmar M. Mechanisms of lymphatic 
metastasis. J Clin Invest. 2014 Mar;124(3):922–928.

[5] Gottesman MM. Mechanisms of cancer drug 
resistance. Annu Rev Med. 2002;53(1):615–627.

[6] Smith M, Wilkinson S, Lane JD. ER homeostasis and 
autophagy. Essays Biochem. 2017;61(6):625–635.

[7] Wang M, Kaufman RJ. Protein misfolding in the endo
plasmic reticulum as a conduit to human disease. 
Nature. 2016;529(7586):326–335.

[8] Qi Z, Chen L. Endoplasmic reticulum stress and 
autophagy. Adv Exp Med Biol. 2019;1206:167–177.

[9] Oakes SA, Papa FR. The role of endoplasmic reticulum 
stress in human pathology. Annu Rev Pathol. 2015;10 
(1):173–194.

[10] Urra H, Dufey E, Avril T, et al. Endoplasmic reticulum 
stress and the hallmarks of cancer. Trends Cancer. 
2016;2(5):252–262.

[11] Cubillos-Ruiz JR, Bettigole SE, Glimcher LH. 
Tumorigenic and immunosuppressive effects of endo
plasmic reticulum stress in cancer. Cell. 2017;168 
(4):692–706.

[12] Zhang Q, Zhou X, Wu R, et al. The role of IMP 
dehydrogenase 2 in Inauhzin-induced ribosomal 
stress. Elife. 2014;3:e03077.

[13] Zhang F, Hamanaka RB, Bobrovnikova-Marjon E, et al. 
Ribosomal stress couples the unfolded protein response 
to p53-dependent cell cycle arrest. J Biol Chem. 
2006;281(40):30036–30045.

[14] Goudarzi KM, Lindström MS. Role of ribosomal pro
tein mutations in tumor development (Review). 
Int J Oncol. 2016;48(4):1313–1324.

[15] Hofman IJF, van Duin M, De Bruyne E, et al. RPL5 on 
1p22.1 is recurrently deleted in multiple myeloma and 
its expression is linked to bortezomib response. 
Leukemia. 2017;31(8):1706–1714.

[16] Ren Y, Tao C, Wang X, et al. Identification of RPL5 
and RPL10 as novel diagnostic biomarkers of Atypical 
teratoid/rhabdoid tumors. Cancer Cell Int. 2018;18 
(1):190.

[17] Fancello L, Kampen KR, Hofman IJ, et al. The riboso
mal protein gene RPL5 is a haploinsufficient tumor 
suppressor in multiple cancer types. Oncotarget. 
2017;8(9):14462–14478.

[18] Chen J, Yu Y, Li H, et al. Long non-coding RNA PVT1 
promotes tumor progression by regulating the 
miR-143/HK2 axis in gallbladder cancer. Mol Cancer. 
2019;18(1):33.

[19] Xue F, Liu Y, Zhang H, et al. Let-7a enhances the 
sensitivity of hepatocellular carcinoma cells to cetux
imab by regulating STAT3 expression. Onco Targets 
Ther. 2016;9:7253–7261.

[20] Yang B, Wang F, Zheng G. Transmembrane protein 
TMEM119 facilitates the stemness of breast cancer cells 
by activating Wnt/beta-catenin pathway. 
Bioengineered. 2021;12(1):4856–4867.

[21] Tong D, Zhang J, Wang X, et al. MeCP2 facilitates 
breast cancer growth via promoting 
ubiquitination-mediated P53 degradation by inhibiting 
RPL5/RPL11 transcription. Oncogenesis. 2020;9(5):56.

[22] Hellwig B, Madjar K, Edlund K, et al. Epsin family 
member 3 and ribosome-related genes are associated 
with late metastasis in estrogen receptor-positive breast 
cancer and long-term survival in non-small cell lung 
cancer using a genome-wide identification and valida
tion strategy. PLoS One. 2016;11(12):e0167585.

[23] Luo B, Lee AS. The critical roles of endoplasmic reti
culum chaperones and unfolded protein response in 
tumorigenesis and anticancer therapies. Oncogene. 
2013;32(7):805–818.

[24] Oakes SA. Endoplasmic reticulum stress signaling in 
cancer cells. Am J Pathol. 2020;190(5):934–946.

[25] Harding HP, Zhang Y, Ron D. Protein translation and 
folding are coupled by an endoplasmic-reticulum- 
resident kinase. Nature. 1999;397(6716):271–274.

[26] Harding HP, Novoa I, Zhang Y, et al. Regulated trans
lation initiation controls stress-induced gene expres
sion in mammalian cells. Mol Cell. 2000;6 
(5):1099–1108.

[27] Marciniak SJ, Yun CY, Oyadomari S, et al. CHOP 
induces death by promoting protein synthesis and oxi
dation in the stressed endoplasmic reticulum. Genes 
Dev. 2004;18(24):3066–3077.

[28] Senft D, Ronai ZA. UPR, autophagy, and mitochondria 
crosstalk underlies the ER stress response. Trends 
Biochem Sci. 2015;40(3):141–148.

[29] Thomas S, Sharma N, Golden EB, et al. Preferential 
killing of triple-negative breast cancer cells in vitro and 
in vivo when pharmacological aggravators of 

BIOENGINEERED 8085



endoplasmic reticulum stress are combined with 
autophagy inhibitors. Cancer Lett. 2012;325(1):63–71.

[30] Tanida I, Ueno T, Kominami E. LC3 and autophagy. 
Methods Mol Biol. 2008;445:77–88.

[31] Ertosun MG, Hapil FZ, Osman Nidai O. E2F1 tran
scription factor and its impact on growth factor and 
cytokine signaling. Cytokine Growth Factor Rev. 
2016;31:17–25.

[32] Denechaud PD, Fajas L, Giralt A. E2F1, a novel regulator 
of metabolism. Front Endocrinol (Lausanne). 2017;8:311.

[33] Fang Z, Lin M, Li C, et al. A comprehensive review of the 
roles of E2F1 in colon cancer. Am J Cancer Res. 2020;10 
(3):757–768.

[34] Sun CC, Li SJ, Hu W, et al. Comprehensive analysis of 
the expression and prognosis for E2Fs in human breast 
cancer. Mol Ther. 2019;27(6):1153–1165.

[35] Han R, Zhao J, Lu L. MicroRNA-34a expression affects 
breast cancer invasion in vitro and patient survival via 

downregulation of E2F1 and E2F3 expression. Oncol 
Rep. 2020;43(6):2062–2072.

[36] Xiong Z, Ye L, Zhenyu H, et al. ANP32E induces 
tumorigenesis of triple-negative breast cancer cells by 
upregulating E2F1. Mol Oncol. 2018;12(6):896–912.

[37] Polager S, Ofir M, Ginsberg D. E2F1 regulates autop
hagy and the transcription of autophagy genes. 
Oncogene. 2008;27(35):4860–4864.

[38] Racek T, Buhlmann S, Rüst F, et al. Transcriptional 
repression of the prosurvival endoplasmic reticulum 
chaperone GRP78/BIP by E2F1. J Biol Chem. 
2008;283(49):34305–34314.

[39] Park KM, Kim DJ, Paik SG, et al. Role of E2F1 in 
endoplasmic reticulum stress signaling. Mol Cells. 
2006;21(3):356–359.

[40] Pagliarini V, Giglio P, Bernardoni P, et al. 
Downregulation of E2F1 during ER stress is required 
to induce apoptosis. J Cell Sci. 2015;128(6):1166–1179.

8086 X. MA ET AL.


	Abstract
	Introduction
	Materials and methods
	Tissue collection
	Immunohistochemical (IHC) analysis
	Cell culture
	Cell transfection
	Cell counting kit-8 (CCK-8) assay
	5-ethynyl-20-deoxyuridine (EdU) assay
	Real-time quantitative PCR (qPCR)
	Western blotting
	Bioinformatics
	Dual-luciferase reporter assay
	Chromatin Immunoprecipitation (ChIP) assay
	Statistical analysis

	Results
	RPL5 was downregulated in breast cancer
	Overexpression of RPL5 suppressed cell proliferation of breast cancer
	RPL5 suppressed ERS-induced autophagy of breast cancer cells
	RPL5 downregulated E2F1
	Transcriptional activation of ERS marker GRP78 was promoted by E2F1 knockdown
	Knockdown of E2F1 regulated ERS and autophagy in breast cancer
	Overexpression of RPL5 modulated ERS and autophagy by regulating E2F1

	Discussion
	Conclusion
	Disclosure statement
	Funding
	Authors’ contributions
	Data availability statement
	References

