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Abstract
Background  The E3 ubiquitin ligase constitutive photomorphogenic 1 (COP1) mediates cell survival, growth, and devel-
opment, and interacts with the tumor suppressor protein p53 to induce its ubiquitination and degradation. Recent studies 
reported that COP1 overexpression is associated with increased cell proliferation, transformation, and disease progression in 
a variety of cancer types. In this study, we investigated whether COP1 regulates p53-mediated cell cycle arrest and apoptosis 
in human breast cancer cell lines.
Methods  We downregulated COP1 expression using lentiviral particles expressing short hairpin RNA (shRNA) targeting 
COP1 and measured the effects of the knockdown in three different breast cancer cell lines.
Results  COP1 silencing resulted in p53 activation, which induced the expression of p21 and p53-upregulated modulator of 
apoptosis (PUMA) expression, and reduced the levels of cyclin-dependent kinase 2 (CDK2). Notably, knockdown of COP1 
was associated with cell cycle arrest during the G0/G1 phase.
Conclusions  The COP1-mediated degradation of p53 regulates cancer cell growth and apoptosis. Our results indicate that 
COP1 regulates human breast cancer cell proliferation and apoptosis in a p53-dependent manner. These findings suggest 
that COP1 might be a promising potential target for breast cancer-related gene therapy.
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Introduction

Breast cancer (BC) is the second leading cause of cancer-
related death in women worldwide. Conventional chemo-
therapy induces significant side effects, because it targets all 
proliferating cells. To identify new and effective therapeutic 

strategies, it is necessary to fully elucidate the cancer-spe-
cific signaling mechanisms. Inactivation of the tumor sup-
pressor p53 is a major factor that contributes to BC develop-
ment [1–5].

p53 mutation, which is mutated/lost in many human 
cancers [6], promotes both growth arrest and apoptosis-
related gene expression in response to various signals, 
thereby mediating the downstream pathways that regulate 
these processes [7–9]. Specifically, p53 mediates a variety 
of stress signals by activating the transcription of genes 
involved in angiogenesis, cell cycle arrest, apoptosis, and 
DNA repair. The physiological consequences of p53 acti-
vation include growth arrest and apoptosis, which prevent 
cells from replicating genetically damaged genomes [8]. The 
cyclin-dependent kinase (CDK) inhibitor p21 is the primary 
mediator of p53 function; studies have demonstrated that 
p21 blocks cell cycle progression at the G1/S stage [9] and 
plays a critical role in modulating CDK2 activity [10, 11]. 
The proliferation of mammalian cells is controlled by the 
combined action of CDK4 and CDK2 during the G1 phase of 
the cell cycle. Additionally, in case of severe DNA damage, 
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p53 induces the expression of several apoptotic regulators, 
including p53-upregulated modulator of apoptosis (PUMA), 
Bcl-2-associated X protein, and phorbol-12-myristate-13-ac-
etate-induced protein 1, and causes programmed cell death 
[8]. The p53 pathway is inactivated by somatic mutations 
in ~ 50% of human cancers, indicating its importance in 
maintaining genomic stability [3]. The overall frequency of 
p53 mutations in BC is ~ 20%, suggesting that various other 
mechanisms are involved in inactivating p53-related func-
tions [4, 5].

In non-cancerous cells, the activity of p53 is modulated 
by constitutive photomorphogenic 1 (COP1), an E3 ubiq-
uitin ligase that contains RING-finger, coiled-coil, and 
WD40-repeat domains [12, 13]. COP1 was first identified 
in Arabidopsis thaliana, where it mediates light-response 
functions that are essential for photomorphogenesis in plants 
[14]; however, its role in mammalian cells is less estab-
lished. Previous studies have characterized COP1 as both 
a tumor suppressor and an oncogene [15, 16], and revealed 
it is involved in important processes related to cancer cell 
survival, development, and growth. COP1 is also frequently 
overexpressed in several human cancers [13, 17, 18], includ-
ing 44% of ovarian adenocarcinomas, 70% of pancreatic 
cancers, and ~ 81% of breast adenocarcinomas, as well as 
hepatocellular carcinomas. Previous immunohistochemical 
staining of gastric cancer tissues have shown elevated COP1 
expression and low p53 expression in the same patients [15, 
17, 18]. Due to its ubiquitous expression and correlation 
with reduced levels of p53 and p21, COP1 is a promising 
potential diagnostic marker for a variety of BCs.

COP1 interacts with several cancer-related proteins, 
including E26 transformation-specific (ETS) family [16, 19, 
20], c-JUN [21, 22], metastasis-associated protein 1 [21], 
and forkhead box O1 [22]. Additionally, COP1 and other E3 
ubiquitin ligases, including the E3 ubiquitin protein ligase 
murine double minute 2 (MDM2) and p53-induced RING-
h2 protein, mediate the proteasomal degradation of p53 [23, 
24]. Although COP1 has been associated with p53 modula-
tion [19, 25], the mechanisms underlying this function in 
human BC are unclear.

In this study, we investigated the COP1-mediated p53 
stabilization and activation in three BC cell lines upon COP1 
knockdown. Our results indicated that COP1 silencing in 
p53-wild-type (WT) cell lines stimulated p53 activation, 
resulting in p53-induced G0/G1 cell cycle arrest, increased 
expression of pro-apoptotic genes such as p21 and PUMA, 
lowered cycle arrest or apoptosis in p53-null cell lines. These 
results reveal a novel COP1-mediated p53-dependent path-
way associated with the regulation of BC cell proliferation.

Materials and methods

Cell lines and reagents

We used three BC cell lines, including MCF7 (p53-WT 
and MDM2-overexpressing), ZR-75-1 (p53-WT), and 
MDA-MB-157 (p53-null), and the non-cancerous human 
mammary epithelial cells (HMEC; product number PCS-
600-010). All cell lines were obtained from the American 
Type Culture Collection (ATCC, Rockville, MD, USA). 
MCF7, ZR-75-1, and MDA-MB-157 cells were cultured 
at 37 °C in a 5% CO2 incubator in Dulbecco’s modified 
Eagle medium (DMEM), Roswell Park Memorial Insti-
tute medium, and Leibovitz’s L-15 medium (Thermo 
Fisher Scientific, Waltham, MA, USA), respectively, sup-
plemented with 10% fetal bovine serum (FBS) (Thermo 
Fisher Scientific, Waltham, MA, USA) and 1% penicillin/
streptomycin (Thermo Fisher Scientific, Waltham, MA, 
USA). HMEC cells were maintained in mammary epi-
thelial cell basal medium (PCS-600-030; American Type 
Culture Collection) containing rH-insulin, l-glutamine, 
epinephrine, apo-transferrin, rH-TGF-a, extractP, and 
hydrocortisone hemisuccinate (PCS-600-030; American 
Type Culture Collection). HEK293T cells (Thermo Fisher 
Scientific, Waltham, MA, USA), used for the production 
of viral particles, were maintained at 37 °C and 5% CO2 
in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin (Thermo Fisher Scientific, Waltham, MA, 
USA).

Lentiviral packaging and transduction

Lentiviral vectors expressing non-silencing short hairpin 
RNA (shRNA)-control sequences (RHS4743; Open Biosys-
tems, Huntsville, AL, USA) were used to generate control 
lentiviral particles. Lentiviral vectors expressing shRNAs 
targeting COP1 (shCOP1, TRIPZ RFWD2 shRNA; Open 
Biosystems) were as follows: shCOP1 #1 (V3THS_354972; 
mature antisense: TCA​TTT​GTA​TCA​TCT​TCT​T); shCOP1 
#2 (V3THS_354971; mature antisense: AGA​TTG​GTA​
GAC​CAC​AGC​T); shCOP1 #3 (V3THS_354970; mature 
antisense: AGA​CTT​TAA​TCT​TCT​TTG​T); shCOP1 #4 
(V3THS_354968; mature antisense: TCT​TTT​CGG​TCT​
TTG​TCG​A); and shCOP1 #5 (V2THS_260407; mature 
antisense: TAT​AAT​CTC​CAT​TGG​AAG​C). Only one of the 
lentiviral shRNA (shCOP1 #3) was used in this study, based 
on the efficiency and specificity of the knockdown. We trans-
fected 5 shRNAs into cells at the same concentration and 
analyzed expression by RT-qPCR (data not shown).

HEK293T cells (6 × 106) were seeded into 100-mm 
dishes (Corning, Corning, NY, USA), and after 24 h, were 
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transfected using Trans-Lentiviral ORF packaging kit with 
calcium phosphate transfection reagent (#TLP5916; GE 
Dharmacon™, Lafayette, CO, USA) and 42 μg of the 
lentiviral vector expressing shCOP1 #3, according to the 
manufacturers protocol. After 14 h, the transfection mix-
ture was replaced with DMEM supplemented with 5% FBS 
and, after additional 48 h, the supernatants were harvested 
and filtered using a 0.45-µm filter (Millipore, Billerica, 
MA, USA). One volume of cold (4 °C) PEG-it virus-pre-
cipitation solution (System Biosciences, Palo Alto, CA, 
USA) was added to four volumes of lentiviral particle-
containing supernatant, and the mixture was centrifuged 
at 1500g for 30 min at 4 °C. The resulting viral pellet was 
resuspended in 10 mL DMEM, and the suspension was 
divided into 10 μL aliquots. Transduction efficiency was 
determined by seeding HEK293 cells into 96-well plates 
at a density of 3 × 103 cells/well before addition of 10 μL 
of lentiviral particles suspension. After 72 h, green-flu-
orescent protein-positive cells, indicating infected cells, 
were observed under a fluorescence microscope (Leica, 
Wetzlar, Germany).

Western blot analysis

Cells were lysed using radioimmunoprecipitation assay 
buffer (Bio-Rad, Hercules, CA, USA), and the protein con-
tent of the cell lysates was measured via a Bradford protein 
assay. Samples were boiled for 5 min, and 20 μg of proteins 
were separated by sodium dodecyl sulfate polyacrylamide-
gel electrophoresis. The proteins were then transferred to a 
nitrocellulose membrane and immunoblotted using either 
an anti-COP1 (1:1000; Abcam, Cambridge, UK), anti-p53 
(1:1000; Santa Cruz Biotechnology, Dallas, TX, USA), 
anti-p21WAF1/CIP1 (1:1000; Cell Signaling Technology, 
Danvers, MA, USA), anti-PUMA (1:1000; Cell Signaling 
Technology), or anti-CDK2 (1:1000; R&D Systems, Min-
neapolis, MN, USA) antibody. An anti-glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) antibody (1:2000; 
Santa Cruz Biotechnology) was used as loading control. 
The membranes were then incubated with an appropriate 
horseradish peroxidase-conjugated anti-mouse (1:5000; 
Santa Cruz Biotechnology), anti-goat (1:5000; Santa Cruz 
Biotechnology), and/or anti-rabbit (1:6000; Santa Cruz 
Biotechnology) secondary antibody, and detected using an 
enhanced chemiluminescence-detection system (Pierce; 
Thermo Fisher Scientific). Images were obtained using an 
Image Quant LAS 4000 system (GE Healthcare Life Sci-
ences, Pittsburgh, PA, USA).

Quantitative polymerase chain reaction (qPCR)

BC cells were seeded at a density of 1 × 106 cells/well 
in 6-well plates and infected (for 72 h at 37  °C) with 

lentiviral particles expressing either shCOP1 or non-
silencing shRNA at a multiplicity of infection (MOI) of 
10. RNA samples were prepared using an RNeasy mini kit 
(Qiagen, Valencia, CA, USA), and 100 ng of total RNA 
was used to measure relative transcript levels via qPCR 
with the PikoReal real-time PCR system, a Verso 1-step 
RT-qPCR kit, and SYBR Green (Thermo Fisher Scien-
tific, Waltham, MA, USA). It is a system that synthesizes 
cDNA directly from RNA using a 1-step kit. qPCR cycling 
conditions were as follows: 15 min at 50 °C and 40 cycles 
of denaturation (15 s at 95 °C), annealing (30 s at 58 °C), 
and extension (30 s at 72 °C). Primer sequences were as 
follows: p53 forward, 5′-TAA​CAG​TTC​CTG​CAT​GGG​
CGGC-3′, and reverse, 5′-AGG​ACA​GGC​ACA​AAC​ACG​
CACC-3′; p21 forward, 5′-CTG​GAG​ACT​CTC​AGG​GTC​
GAAA-3′, and reverse, 5′-GAT​TAG​GGC​TTC​CTC​TTG​
GAGAA-3′; GAPDH forward, 5′-GTC​AAC​GGA​TTT​GGT​
CGT​ATT-3′, and reverse, 5′-GAT​CTC​GCT​CCT​GGA​AGA​
TGG-3′. Assays were performed in triplicate.

Cell viability and cytotoxicity assays

BC cells (100 μL) were seeded at a density of 1 × 104 cells/
well in 96-well plates and infected with either 1, 2.5, 5, or 
10 MOI shCOP1 (or control shRNA) lentiviral particles. 
After 72 h, the cells were centrifuged, and the superna-
tants were collected. To measure cell viability, cells were 
incubated for 4 h at 37 °C and 5% CO2 in 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 
solution (final concentration, 1 mg/mL). Cell toxicity was 
evaluated using the CytoTox 96 non-radioactive cytotoxic-
ity assay (Promega, Madison, WI, USA) to measure lactate 
dehydrogenase (LDH) release according to manufacturer 
instructions.

Flow cytometric analysis of apoptosis

Apoptosis was determined by Annexin V-fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI) staining and vis-
ualized using the TACS Annexin V-FITC apoptosis-detec-
tion kit (R&D Systems). Briefly, cells were seeded into 
6-well plates and treated with shCOP1 (or control shRNA) 
lentiviral particles (10 MOI) for 48 h prior to analysis. All 
cells were collected and prepared for detection according 
to manufacturer instructions. A total of 1 × 105 events per 
assay were analyzed using a FACSCalibur flow cytometer 
(Becton–Dickinson [BD], Franklin Lakes, NJ, USA) and 
the CellQuest software (BD Biosciences, San Jose, CA, 
USA). Data were obtained from experiments performed 
in triplicate.
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Analysis of cell cycle arrest

Cells were treated with 10 MOI shCOP1 (or control 
shRNA) lentiviral particles for 72 h. To analyze cell cycle 
arrest, cells were fixed at 4 °C for 30 min in 70% ethanol 
and washed twice with phosphate-buffered saline (PBS) 
prior to treatment with 50 μL RNase A (100 µg/mL) and 
200 μL PI (50 µg/mL stock solution). Flow cytometric 
analysis of the samples was conducted using a FACSCali-
bur instrument and the CellQuest software.

Caspase 3/7 assay

BC cell lines were seeded at a density of 1 × 104 cells/well 
in 96-well plates and allowed to attach overnight before 
being washed with PBS and infected (for 72 h) with 10 
MOI shCOP1 (or control shRNA) lentiviral particles. Cas-
pase 3/7 activity was assayed by addition of the Caspase-
Glo 3/7 chemiluminescence reagent (Promega) according 
to manufacturer instructions. Luminescence was measured 
using a Glomax multi-detection system (Promega).

MitoLight apoptosis‑detection kit

Changes in mitochondrial-membrane potential were 
assayed using the MitoLight™ dye (Millipore). In healthy 
cells, the dye accumulates in the mitochondria, where it 
aggregates and produces a red fluorescent signal, while it 
remains in the monomeric form in the cytoplasm of apop-
totic cells, producing a green-fluorescent signal. Cells 
(2.5 × 105 cells/well) were infected with shCOP1 (or con-
trol shRNA) lentiviral particles (10 MOI) for 72 h and 
incubated for 30 min with 50 μL of pre-diluted MitoLight 
solution (900 μL water, 1 μL MitoLight dye, and 100 μL 
10 × incubation buffer) according to manufacturer instruc-
tions. A total of 10,000 cells per treatment were analyzed 
via flow cytometry and images of cells similarly treated 
were acquired using a Zeiss Axiovert 200 fluorescence 
microscope (Carl Zeiss, Oberkochen, Germany) with an 
Axicam MRm camera and the Axiovision 3.1 software 
(Carl Zeiss), and cell images were analyzed using the 
Adobe Photoshop software (Adobe Systems, San Jose, 
CA, USA).

Quantification and statistical analysis

One-way analysis of variance was used to evaluate all data, 
and P < 0.05 was considered to indicate statistical signifi-
cance. All statistical analyses were performed using the 
Prism 7.0 software (GraphPad Software, San Diego, CA, 
USA).

Results

Expression of COP1 and p53 in BC cell lines

We first identified the p53 genotype of the three BC cell 
lines used in this study. Sequencing of extracted full-length 
cDNAs revealed that two of the three cell lines (MCF7 and 
ZR-75-1) harbored WT p53, whereas MDA-MB-157 cells 
exhibited a p53-null phenotype based on undetectable p53 
expression.

We then investigated the expression of COP1 and p53 
in three BC cell lines and one non-cancerous human mam-
mary epithelial cell line (HMEC). By qPCR, we found that 
the expression of COP1 was three to four times lower in 
the non-cancerous HMEC compared to the cancer cell lines 
(Fig. 1a), while p53 was highly expressed in non-cancerous 
cells, compared with BC cells (Fig. 1b). Western blot assays 
gave similar results (Fig. 1c). These data showed that the 
degree of expression of COP1 and p53 was different depend-
ing on the cell line.

Next, we investigated the levels of p53 after COP1 knock-
down. Downregulation of COP1 in the three BC cell lines 
was not associated to changes in the levels of p53 mRNA 
(Fig. 1d). However, we found that COP1 silencing affected 
the levels of the p53-effector p21, which changed in some of 
the cell lines investigated: upon COP1 knockdown, the levels 
of p21 increased 4 and 6.5 folds in MCF7 and ZR-75-1 BC 
cells (both harboring WT p53), respectively, as compared 
with control (cells in which COP1 had not been knocked 
down). Contrarily, COP1 knockdown in the BC cells har-
boring mutant p53 did not alter p21 mRNA levels (Fig. 1e). 
Furthermore, COP1 silencing did not induce any changes in 
p53 mRNA levels, consistent with previous studies reporting 
the COP1-mediated degradation of p53 protein, with no cor-
responding modulation of p53 mRNA levels [23, 26]. These 
data indicate that COP1 is an E3 ubiquitin protein ligase that 
degrades the p53 protein and increases p21 mRNA.

COP1 silencing inhibits BC cell viability

An MTT assay was used to investigate whether COP1 plays 
a role on cell viability. Infection of the cells with viral par-
ticles expressing COP1 or control shRNA for 72 h indi-
cated a dose-dependent reduction in the viability of the BC 

Fig. 1   Effect of COP1 silencing on p53 and p21 expression. Endog-
enous COP1 (a) and p53 (b) mRNA levels in three BC cell lines 
(MCF7, ZR-75-1 and MDA-MB-157) were measured via quantitative 
PCR; expression levels in HMEC cells (non-cancerous) are equaled 
to 1 (P < 0.05). c Western blot analysis of COP1 and p53 levels in 
both BC cells and a non-cancerous cell line. Expression of p53 (d) 
and p21 (e) mRNA (normalized to GAPDH), upon COP1 knockdown 
(P < 0.05)

◂
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cells expressing WT p53: specifically, we found a 47 and 
50% reduction of the viability in MCF7 and ZR-75-1 cells, 
respectively (Fig. 2a, b). By contrast, knockdown of COP1 
did not cause any significant change in the viability of MDA-
MB-157 cells, suggesting that COP1 silencing induced a 
p53-dependent decrease in cell viability. Furthermore, we 
assessed the cytotoxicity associated with the overexpression 
of shCOP1 or of the non-targeting shRNA, and we did not 
find any (Fig. 2c, d). Therefore, the effects of COP1 silenc-
ing on cell viability were dependent on p53 status.

COP1 silencing activates the p53‑mediated 
transcription

The tumor suppressor p53 has been shown to mediate 
various cellular processes, including gene transcription, 

DNA repair, genome stability, senescence, cell cycle 
regulation, and apoptosis [15–23]. Therefore, we inves-
tigated the effect of COP1 knockdown on the expression 
on p53-related proteins. We treated MCF7, ZR-75-1, and 
MDA-MB-157 cells with lentiviral particles (at 10 MOI) 
expressing shCOP1 for 72 h to determine whether COP1 
silencing affects p53, and the expression of p-53 related 
proteins. Western blot analyses showed that p53, p21, 
and PUMA protein levels increased in response to COP1 
silencing in MCF7 and ZR-75-1 (Fig. 3a). Furthermore, 
we also observed a decrease in the expression of CDK2 
concomitant to the increase in p21 levels, in agreement 
with previous studies demonstrating that p53-induced p21 
inhibits the expression of CDK4 and CDK2 [10]. These 
findings demonstrate that COP1 regulates p53 protein lev-
els, thereby altering the expression of p53-target genes.

Fig. 2   Effect of COP1 silencing on BC cell viability and toxicity. 
MCF7, ZR-75-1 and MDA-MB-157 cells were infected with 1, 2.5, 
5, or 10 MOI lentiviral particles expressing non-silencing shRNA (a) 
or shCOP1 (b) for 72  h. The percentage of viable cells, relative to 

controls, was determined using an MTT assay (P < 0.05). Cytotox-
icity in human BC cells infected with lentiviral particles expressing 
non-silencing shRNA (c) or shCOP1 (d), as measured using an LDH 
assay
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p53 activation promotes cell cycle arrest

To further investigate the role of COP1, we analyzed the 
effect of COP1 silencing on cell cycle progression. We found 
that COP1 silencing induced cell cycle arrest in human BC 
cells expressing WT p53. Specifically, knockdown of COP1 
was associated with the increase in the percentage of cells 
arrested in G0/G1 from 34 to 58% (1.7-fold) and from 31 to 
70% (2.3-fold), in MCF7 and ZR-75-1 cells, respectively. By 
contrast, COP1 silencing did not affect cell cycle progres-
sion in MDA-MB-157 cells (Fig. 3b). Therefore, inhibition 
of COP1 expression in BC cells leads to an increase in p53 
and p21 expression, thereby inhibiting the cell cycle.

COP1 induces apoptosis in a p53‑dependent manner

Next, we investigated whether the overexpression of p53, 
caused by COP1 silencing, induced cell death. First, we 
stained control or COP1-silenced cells with Annexin V and 
PI and analyzed the cells via flow cytometry. Viable cells 
are Annexin V- and PI-negative cells. Most of the control 
cells were viable. However, after COP1 knockdown, the 
number of apoptotic cells (Annexin V-positive and PI-neg-
ative) increased in the BC cells with WT p53. Specifically, 
we observed a 2.4- and 4.0-fold increase in the number of 
apoptotic MCF7 and ZR-75-1 cells, respectively, as com-
pared with the control cells (Fig. 4a). Contrarily, we did not 
observe any change in the number of apoptotic cells in the 
MDA-MB-157 cell line. Therefore, COP1 silencing induces 
apoptosis in tumor-cell lines expressing WT p53.

Apoptosis is associated with mitochondrial fragmen-
tation and depolarization. Therefore, we investigated 
whether knockdown of COP1 was associated with changes 
in the mitochondrial-membrane potential, by staining the 
cells with the MitoLight™ dye. Following COP1 silenc-
ing (72 h), MCF7 and ZR-75-1 cells exhibited increased 
cytoplasmic green-fluorescent signals (Fig. 4b), indicative 
of mitochondrial-membrane depolarization and apoptosis. 
Accordingly, these cells also exhibited a 6.7- and 10.8-
fold increase in apoptosis, respectively (Fig. 4c); how-
ever, no significant increase in apoptosis was observed 
in the p53-null BC cell line. These results indicated that 
COP1-mediated p53 degradation causes a p53-dependent 
depolarization of the mitochondrial-membrane potential, 
leading to apoptosis.

We then measured the activation of caspase-3 upon 
COP1 silencing and found that knockdown of COP1 
was associated with elevated caspase-3/7 levels in the 
cells with WT p53. Specifically, caspase 3/7 levels were 
upregulated 0.6- and 1.3-fold in MCF7 and ZR-75-1 cells, 
respectively; however, they remained virtually unchanged 
in MDA-MB-157 cells (Fig. 4d), confirming that the apop-
tosis observed upon knockdown of COP1 was depend-
ent upon the presence of WT p53. These findings suggest 
that COP1 mediates the ubiquitination and degradation 
of p53 in the analyzed BC cell lines harboring WT p53. 
Therefore, knockdown of COP1 causes the overexpression 
of p53, the upregulated transcription of p53-target genes, 
caspase-3/7 activation, and reduced tumor-cell viability.

Fig. 3   p53-dependent cell cycle arrest upon COP1 silencing. a West-
ern blot analysis of the expression of the indicated proteins in BC 
cell lines expressing WT (MCF7 and ZR-75-1) or mutant (MDA-
MB-157) p53 following infection with lentiviral particles (10 MOI) 
expressing non-silencing shRNA or shCOP1 for 72 h. GAPDH was 

used as a loading control. b COP1 positively regulates G1 cell cycle 
arrest. G0/G1-phase distribution was evaluated in BC cells infected 
with lentiviral particles (10 MOI) expressing non-silencing shRNA or 
shCOP1 for 48 h (P < 0.05)
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Discussion

COP1, overexpressed in several cancer cell lines, promotes 
the proteasomal degradation of the tumor suppressor p53 
[17]. In some cancer types, COP1 levels are strongly cor-
related with increased cancer progression and tumorigenesis 
[16, 19–22, 27–29]; however, the functional role of COP1 in 
human tumors is cell-type dependent and remains controver-
sial [4, 7]. Furthermore, the functional and/or mechanistic 
role of COP1 in human BC is unclear. In this study, we used 
RNA interference to investigate the COP1-mediated regula-
tion of p53 in cultured human BC cells.

Our results showed that COP1 “suppression/silencing” 
stabilized and activated p53 in BC cell lines harboring WT 
p53, leading to p53-dependent cell cycle arrest and apop-
tosis. Specifically, p53 activation was associated to the 

increased expression of p21 and other pro-apoptotic genes, 
as well as the inhibition of CDK2 expression (Fig. 3a). By 
contrast, knockdown of COP1 expression had no effect on 
either cell cycle arrest or apoptosis in the BC cell line har-
boring the mutant p53 variant, indicating that the observed 
effect of COP1 was dependent on p53 status.

Previous studies demonstrate that COP1 acts as an 
oncogene and can suppress p53 activity [21, 22, 28]. The 
interaction between COP1 and p53 and the role of COP1 
as a negative regulator of p53 have been confirmed in 
immunoprecipitation assays [19, 25]. COP1 overexpres-
sion in BC cells attenuates p53 protein levels, thereby 
facilitating tumor progression. As an E3 ubiquitin ligase, 
indeed, COP1 suppresses p53 by inducing its proteasomal 
degradation [19, 23, 25]. Additionally, in BC cells, COP1 
acts with glycogen synthase kinase 3β to promote c-Jun 

Fig. 4   COP1 silencing induces apoptosis. a The viability of the three 
BC cell lines (MCF7, ZR-75-1 and MDA-MB-157) was analyzed 
by flow cytometry following infection with lentiviral particles (10 
MOI) expressing non-silencing shRNA or shCOP1 for 72  h. Cells 
were stained with Annexin V-FITC/PI. Effect of COP1 silencing on 
the proportion of Annexin V-positive cells in the analyzed BC cell 
lines (P < 0.05 vs. untreated control). b Representative images of 
cells treated as described in c. c Changes in mitochondrial-mem-
brane potential as assessed by staining with the MitoLight™ dye in 
BC cells infected with lentiviral particles (10 MOI) expressing non-
silencing shRNA or shCOP1 for 12  h. Apoptosis was determined 

using fluorescence microscopy and flow cytometry. The observed red/
green fluorescence ratio in cells was determined via flow cytometry. 
P < 0.05 as compared with green fluorescence levels observed in the 
control group. Experiments were performed in triplicate. d BC cell 
lines were infected with lentiviral particles (10 MOI) expressing non-
silencing shRNA or shCOP1 for 48 h and treated with the Caspase-
Glo 3/7 reagent. Caspase-3/7 activation was assessed by monitoring 
the cleavage of the pro-luminescent caspase-3/7 substrate. Data repre-
sent the mean ± standard deviation for experiments performed in trip-
licate (P < 0.05). RLU relative luminescence unit
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degradation, thereby inhibiting tumorigenesis [28]. Nev-
ertheless, the consequences of the COP1/p53 interaction 
in BC are not fully understood, yet. Therefore, this study 
investigated the relationship between COP1 and p53. Our 
data point to COP1 as a potential BC therapeutic target. 
We show that COP1 silencing induces an increase in both 
p53 protein production and p53-target gene transcription 
in MCF7 and ZR-75-1 cells, both of which harbor WT p53 
(Fig. 3a). These changes were not observed in the p53-null 
MDA-MB-157 cells in response to COP1 silencing, sug-
gesting that COP1 might mediate cancer progression by 
attenuating p53 levels. Additionally, we found that knock-
down of COP1 did not affect the levels of p53 mRNA, 
while it increased those of p21 (Fig. 1d, e). These results 
are consistent with those of previous studies, which show 
that the COP1-mediated inhibition of p53 occurs via the 
induction of the ubiquitination-mediated proteasomal deg-
radation of p53, rather than through direct effects on p53 
mRNA levels [13, 15, 27, 28].

COP1-mediated apoptosis was confirmed via MTT 
assays. Furthermore, apoptosis and cell cycle arrest 
occurred upon COP1 silencing in the cell lines harboring 
WT p53 (MCF7 and ZR-75-1); no change in the apoptosis 
rate was detected in p53-null MDA-MB-157 cells. p53 reg-
ulates p21 mRNA levels through its nuclear accumulation 
[24, 25]. Given that p53 promotes G1 arrest via the induc-
tion of p21 expression, and that p53 and p21 levels were 
increased in response to knockdown of COP1 in BC cells 
with WT p53, we concluded that COP1 silencing induces 
cell cycle arrest and apoptosis via the accumulation of p53 
and the activation of the p53 pathway. The difference in 
the G0/G1 arrest observed in MCF7 and ZR-75-1 cells was 
most likely due to differences in gene expression. Specifi-
cally, MCF7 cells have higher levels of the p53 repressor 
MDM2/murine double minute X (MDMX) than ZR-75-1 
cells and differences in the serine phosphorylation levels 
of p53, which might affect its interaction with the DNA 
[30, 31].

In summary, our results demonstrate that COP1 silenc-
ing promotes p53 accumulation, leading to cell cycle 
arrest, mitochondrial-membrane depolarization, caspase 
activation, and p53-dependent cell death. These data 
strongly suggest that silencing of COP1 is an effective 
strategy to inhibit BC cell proliferation by inducing apop-
tosis in cells expressing p53. Our findings indicate that 
inhibition of COP1 is a new way to modulate p53 activity 
and identify COP1 as a novel candidate therapeutic agent 
for the treatment of BC.
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