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Abstract
Background: The G1 cyclins are the most potent candidates in the pathogenesis of breast cancer. This
study was designed to analyze the synergistic effect of G1 cyclins silencing on the proliferation of breast
cancer cells and to identify G1 cyclins-molecular targets by proteomics approach.

Methods: The MDA-MB-231 cells were transfected by a dual shRNA vector targeting G1 cyclins through a
bidirectional survivin promoter. Silencing e�cacy and cell proliferation were evaluated by real-time PCR,
Western blot, and MTS assays, respectively. The protein expression pro�le was evaluated by 2D gel
electrophoresis and mass spectroscopy. Further, bioinformatics tools were applied to identify the
molecular targets by G1 cyclins and their possible biological consequences.

Results: In response to G1 cyclins silencing, the proliferation of cells exposed to the dual shRNA vector
decreased signi�cantly at 72 h post-transfection. The reduction of G1 cyclins proteins was following their
mRNA expression level as well. Protein signature of cells was altered in response to the silencing of G1
cyclins, 13 up-regulated, and seven down-regulated. Network analysis of G1 cyclins-regulated proteins
identi�ed ACTB, HSP90AA1, ALB, and HSPA5 as the hub genes according to the degree method.

The regulated proteins by G1 cyclins participate in cancer-related pathways such as PI3K-Akt signaling
pathway and pathways in cancer (HSP90AA1; HSP90AB1; HSP9B1), HIF-1 signaling pathway (LDHA;
ALDOA; PGK1), apoptosis and proteoglycans in cancer (ACTB).

Conclusions: We identi�ed the G1 cyclins-regulated proteins and their mode of action in the pathogenesis
of breast cancer. Our �ndings suggested that G1 cyclins participate in various biological functions.
Meanwhile, it offers a new perception of the interactions among G1 cyclins-regulated proteins to identify
targeted treatment. It follows-up research in the �eld of breast cancer.

Background
Aberrant cell cycle activity is a hallmark of cancer resulting from either mutation in upstream pathways or
genetic lesions in various cell cycle proteins-coding genes [1]. The dysregulation of cell cycle proteins
in�uences the growth of cell and mitotic cell division. Therefore, the cell cycle regulators are considered
as promising targets within cancer therapy [2]. The G1 cyclins among these regulators are nominated as
oncogenes and critical regulators of G1/S transition in cell biology [3]. Their expression is altered in
breast cancer [4].

The cytogenetic location of cyclin D1 (CCND1; NM_053056.2) and cyclin E (CCNE1; NM_001238.2) genes
are 11q13 and 19q12 on human chromosomes, respectively. The cyclin D1 gene's chromosomal location
is the second, frequently ampli�ed locus across all types of human cancer [5]. This gene implicates in cell
cycle progression through binding to the estrogen receptor and enabling cyclin D-CDK4/6 complexes [6].
The impact of CCND1 ablation or pharmacological inhibition of CDK4/6 kinase activity inhibited
mammary tumors' progression in genetically engineered mouse models and initiated tumor cell-speci�c
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senescence [7]. In mouse cancer models, besides, cyclin D1 and CDK4 are required to develop breast
tumors [8].

Similarly, the locus of CCNE1 is frequently ampli�ed in human malignancies, especially in breast and
ovarian cancers, the over-expression of this gene results from the loss-of-function mutations in FBXW7.
Meanwhile, the inhibition of FBXW-medicated cyclin E degradation occurs by oncogenic active Ras
through the activation of the MAPK signaling pathway [9]. The transgenic over-expression of CCNE1 in
mammary glands has been shown to initiate cancer formation in mammary tissue [2].

Furthermore, according to the high-throughput sequencing data, the genetic pro�les of human cancers
have revealed that both cyclins of the G1 phase are aberrantly activated [10–12]. It can be seen that,
more often than not, the level of G1 cyclins are increased in various cancers by comparison with the
regular tissue counterparts.

Until recently, early detection and systemic therapies in the early stages of breast cancer have led to
improved survival rates and cure. Despite this signi�cant progress, disease relapse, metastasis, and drug
resistance remain signi�cant clinical challenges. To overcome these drawbacks, cancer biology
researchers have focused on recognizing biological mechanisms underlying cell cycle proteins and
identifying the predictive biomarkers for developing new treatment strategies.

Accordingly, this study aims to elucidate the G1 cyclins-regulated proteins by their suppression using a
DNA plasmid harboring a bidirectional survivin promoter. Further, toward identifying the molecular
mechanism contributing to the proliferation of breast cancer cells, a proteomics approach was applied in
MDA-MB-231 cells exposed to G1 cyclins' silencing simultaneously.

Methods
Plasmid construction and cell culture

The backbone of the pRNAT-U6 vector (GenScript, USA) was used to construct a dual bidirectional
survivin promoter-driven shRNA expression vector (Figure 1A). This expression vector harbors the EGFP
gene as the control. The siRNA oligonucleotides targeting cyclin D1 (NM_053056.2) and cyclin E
(NM_001238.2) genes at 366-384bp and 273-291bp positions, respectively, were designed by the
InvivoGen-siRNA Tool and presented via mfold software (Figure 1B). GenScript Company, USA,
synthesized the full length of the sequence. The identity of the inserted sequence was veri�ed using DNA
sequencing.

The human breast cancer MDA-MB-231 cells were purchased from the cell bank of Pasture Institute, Iran.
Cells were cultured in high glucose DMEM medium (Gibco, USA) supplemented with 10% heat-inactivated
fetal bovine serum and 100 U/ml pen-strep antibiotics and incubated at 37°C, 5% CO2. Cells were sub-
cultured every other day.
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shRNA transfection

During the logarithmic growth phase, the cells were sub-cultured (2×105 cells/mL) in 6-well plates. The
transfection was performed as recommended by the manufacture through shRNA plasmid transfection
reagent (sc-108061; Santa Cruz Biotechnology, UK). In brief, cells were seeded in the antibiotic-free cell
culture medium the day before transfection. The transfection medium comprised 800 µl shRNA plasmid
transfection medium (sc-108062), 2 µl shRNA plasmid transfection reagent, and 1 µg shRNA plasmid
DNA was transfected followed by incubation for 6 hours. The plasmid-encoded no shRNA sequence was
used as a negative control. All experiments were performed in triplicates.

Cell proliferation assay

The viability of transfectant cells were determined using MTS reagent (Promega, Madison, WI, USA). Cells
were cultured in 96-well plate (3×103 cell/well) and incubated for 24 to 72 h. Following different
incubation time after transfection, 20 µl of MTS solution was added and incubated for 2 h at 37°C. The
amount of soluble formazan by viable cells was assessed by a microplate reader (BioTek, Winooski, USA)
at 490 nm. The inhibition rate (IR) was calculated with the following formula: IR = (1 – OD treatment
groups or control groups/OD vehicle control group)×100 [13].

RNA extraction and qRT-PCR assay

Total cellular RNA was isolated using TRIZOL reagent (Invitrogen, 15596-026). It was applied for the
cDNA synthesis using the Revert Aid �rst-strand cDNA synthesis kit (Thermo Scienti�c, K1622), according
to the protocol of manufacturers. The quantitative real-time PCR was conducted by ABI 7300 RT-PCR
system (Applied Biosystems, USA) for relative quantifying CCND1 and CCNE mRNA expression levels
(Table 1). The threshold cycle (Ct) values were normalized to GAPDH as an internal control and analyzed
by the REST 2009 software. Additionally, the comparative Ct method (2-ΔΔCt) was used for data analysis
[14]. The experiment for each sample was applied in triplicate.

Immunoblotting assay

Following 48 and 72 h post-transfection, MDA-MB-231 cells were lysed using lysis buffer (5% SDS, 500 µl
Triton X-100, 100 mM Tris-HCl (pH 7.2), 150 mM NaCl, 5 mM EDTA, 5% Sodium deoxycholate, 10%
glycerol). Total protein concentration was quanti�ed by the BCA method and fractionated on 12% SDS-
PAGE and electro-transferred to 0.2 μm nitrocellulose membrane. The membrane was blocked with 3%
skim milk solution for 90 min, and incubated with 1:200 diluted cyclin D1 (sc-8396) and E (sc-247) mouse
monoclonal antibodies at 4°C overnight. Following incubation with the primary antibody, the membranes
were exposed to horseradish peroxidase-conjugated antibody (Santa Cruz, USA). The β-actin antibody
was used as a loading control. Ultimately, the proteins’ bands were visualized with ECL kit (Abcam,
ab65623) and quanti�ed by the program of National Institutes of Health ImageJ (Bethesda, MD, USA).

Two Dimensional electrophoreses (2DE)
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Isoelectric focusing (IEF) as the �rst dimension electrophoresis was carried out by the IPGphor system as
described previously [15]. The level of proteins and the bovine serum albumin as the standard were
measured by 2D Quant Kit (GE Healthcare).

Specimens (1 mg) were applied by passive rehydration on 18 cm IPG strips (pH 3-10 NL, Immobilien Dry
Strip; Bio-Rad) for 2 h, followed by 12 h 50V. Focused strips were equilibrated in reducing equilibration
and alkylating buffers, respectively. Subsequently, the second dimension was performed by sealing the
strips on the top of the stacking gels for 4 h at 12.5 mA/gel. Following �xation and washing processes,
gels were stained with Coomassie brilliant blue G-250.

Subsequently, gels were scanned using a densitometer Scanner Perfection and analyzed by
ImageMaster™ 2D Platinum software (version 6.0, Amersham Biosciences). The spots density, isoelectric
point (pI), and relative molecular weight (Mw) were estimated. The induction ratio was determined by
comparing the gel intensities of transfected and non-treated cells. The differentially expressed proteins
(DEPs) were introduced as the G1 cyclins-regulated proteins.

Protein determination by liquid chromatography-mass spectrometry

Protein spots were cut out from the gels (1 mm3) and completely destained with a solution of acetonitrile
and 25 mM ammonium bicarbonate (1v/1v). To this end, following digestion with trypsin (Promega,
USA), Tri�uoroacetic acid (10%) was used to avoid the digestion process. Gel extraction was
accomplished by TFA (0.1%) and acetonitrile solution. The analysis was performed by the Q-TRAP nLC-
MS/MS system (Applied Biosystems, USA) as previously described [16]. Mass data was collected using
Analyst software, and MS/MS lists were applied to search the Swiss Prot-Trembl database. Lists of
sequences were blasted by the Mascot software version 2.2.3 (Matrix Science, USA). Finally, data
validation was carried out using the MFPaQ program version 4 (IPBS, France).

In silico expression pro�le analysis

The gene expression pattern of G1 cyclins and DEPs was investigated in breast carcinoma and paired
healthy tissues by the GEPIA database. Meanwhile, heatmap analysis was explored for the expression
pro�le of regulated proteins-coding genes in triple-negative breast invasive carcinoma using the UALCAN
database (http://ualcan.path.uab.edu/analysis.html).

Functional enrichment analysis

The classi�cation analysis of G1 cyclins-regulated proteins was conducted to determine their possible
biological consequences using the bioinformatics resources. To this end, the PANTHER (v 14.0) database
was employed to determine the functional annotation and the gene enrichment analysis of these
proteins. Next, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was
administered to identify the lurking function of DEPs as a layout to predict clinical results.

http://ualcan.path.uab.edu/analysis.html
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Results
Effects of combinatorial silencing of G1 cyclins on cell growth

The rate of CCND1 and CCNE mRNA expression was signi�cantly reduced (P <0.05) following 72 h post-
transfection than the non-treated cells. At this point, the qPCR analysis showed a 0.48- and 0.41-fold
change in expression of CCND1 and CCNE genes (down-regulation) after transfection (Figure 2A).

Treatment of cells by dual shRNA plasmid depleted G1 cyclins proteins after 48 and 72 h post-
transfection. Following 72 h post-transfection, the protein expression of CCND1 and CCNE was reduced
by 36% and 26%, respectively (Figure 2B), compared to the control group. The densitometry analysis

In terms of the Retrieval of Interacting Proteins, the protein-protein interaction (PPI) network of DEPs was
constructed by the STRING (v 11.0) database with at least medium con�dence (score 0.4) based on
experimental, co-expression, database, and text mining. After that, the network analyzer tool in Cytoscape
was applied to identify the hub genes by calculating the degree of genes.

Statistical analysis

Each assay was performed in triplicate on independent status. The results were presented as the mean ±
SD. The statistical analysis was executed using the analysis of variance (ANOVA) (SPSS 18.0). P≤0.05
was considered a signi�cant difference.

Table 1
Primers applied in relative quantitative real-time PCR assay

Amplicon Primer sequence (5’–3’) Length (bp)

Cyclin D1

NM_053056.2

F.P: 534–555

5’- GTGGCCTCTAAGATGAAGGAGA − 3’

R.P: 635–655

5’- TTGAGCTTGTTCACCAGGAGC − 3’

121

Cyclin E

NM_001238.2

F.P: 359–379

5’- GCCAGCCTTGGGACAATAATG-3’

R.P: 468–491

5’- GAGCCTCTGGATGGTGCAATAATC − 3’

132

GAPDH

NM_001256799

F.P: 1062–1084

5’- GGTGGTCTCCTCTGACTTCAACA − 3’

R.P: 1166–1188

5’- GTTGCTGTAGCCAAATTCGTTGT − 3’

127



Page 7/24

indicated a reduction expression of target proteins (Figure 2C), which was accorded with the RT-QPCR
experiment.

The expression of dual shRNA plasmid in MDA-MB-231 cells was signi�cantly reduced the cell growth
following 72 h post-transfection (P<0.05). The proliferation of transfected cells decreased time-
dependently (Figure 3). Simultaneously, the cell proliferation inhibitory effect of this construct was not
detected at 24 h after transfection (P>0.05). Also, it was not statistically signi�cant 48 h post-
transfection.

The inhibitory effect of the construct on cell proliferation was 31.94% and 94.82% in 48 and 72 h post-
transfection, respectively. These results indicate that the reduction of G1 cyclins levels is closely related
to the proliferation of MDA-MB-231 breast cancer cells.

Identi�cation of G1 cyclins silencing-regulated proteins

The expression pattern of downstream responsive proteins associated with RNAi-induced G1 cyclins was
identi�ed by comparing 2D gel electrophoresis in treated and non-treated cells (Figure 4). In total, 23
proteins consistently appeared to be differentially expressed, of which 13 up-regulated and six down-
regulated (Table 2). It should be noted that among down-regulated proteins, two samples were not
detected. The regulated proteins in response to the silencing of G1 cyclins are S100A6 (+ 4.51), LCP1 (+
3.74), LDHA (+3.37), C6orf58 (LEG1, +3.37), and ACTB (+3.07) which that found they were greatly up-
regulated. Also, the expression of other proteins such as PGK1 (+2.88), HSP90B1 (+2.58), HSP90AB1
(+2.28), HSPA5 (+2.24), ALDOA (+2.24), EIF4A1 (+2.01), HSP90AA1 (+1.99), and VIM (+1.42) were
moderately increased. Whilst, ATP7B (absent), ALBU (-2.02), APMAP (-0.29), HIST1H2AA (-0.36), and
EIF3G (-0.35) were signi�cantly down-regulated. As shown in the table (Table 2), the theoretical masses
and the isoelectric points of these proteins were almost the same, suggesting that they could be closely
located on 2D-PAGE.

In silico expression pro�le of G1 cyclins-regulated proteins

According to the GEPIA database, the expression pro�le of regulated proteins in response to the silencing
of G1 cyclins in breast carcinoma was presented in the box plot diagram. The results revealed that four
out of 18 regulated proteins-G1 cyclins (LCP1, HSP90AA1, VIM, and ALB) were signi�cantly associated
with breast carcinoma (Figure 5A). It can be seen from this diagram that ALB and VIM are lower
expressed, while LCP1 and HSP90AA1 are highly expressed in tumor than paired healthy breast tissues.
Meanwhile, results of the GEPIA and the UALCAN databases revealed that the expression of S100A6,
LEG1, VIM, were signi�cantly reduced in primary breast invasive tumors, while APMAP and ATP7B were
highly expressed (Figure 5B). However, their expression was altered by dual shRNA vector treatment in
MDA-MB-231 cells.

Gene enrichment analysis
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Gene ontology (GO) and KEGG pathway surveys were conducted to achieve the primary understanding of
these DEPs. According to the PANTHER molecular function analysis, the up-regulated proteins were
mostly enriched in binding (GO:0005488; 64.3%), catalytic activity (GO:0003824; 21.4%), translation
regulator activity (GO:0045182; 7.1%), and structural molecule activity (GO:0005198; 7.1%). As for the
down-regulated proteins, they were enriched in binding (GO:0005488; 33.3%), catalytic activity
(GO:0003824; 33.3%), and transporter activity (GO:0005215; 33.3%) (Figure 6A). We also found that the
most up-regulated proteins by G1 cyclins were involved in the cellular process (GO:0009987; 30%),
metabolic process (GO:0008152; 16.7%), biological regulation (GO:0065007; 13.3%), and response to a
stimulus (GO:0050896; 13.3%) (Figure 6B). 

Meanwhile, the KEGG pathway analysis suggested that the DEPs were enriched in 55 pathways (Table 3).
The top 10 pathways illustrate in the above table. HSP90AA1, HSP90AB1, and HSP9B1 correspond to the
prostate cancer, PI3K-Akt signaling pathway, and pathways in cancer. Moreover, the HIF-1 signaling
pathway (LDHA; ALDOA; PGK1), microRNAs in cancer (VIM), and apoptosis along with the proteoglycans
in cancer (ACTB) were attributed to cancer.

Protein interaction analysis

For the functional classi�cation of DEPs in MDA-MB-231 cells exposed to RNAi-induced silencing of G1
cyclins, the PPI network was constructed with at least an average score (0.40) by STRING resource
(Figure 7A). It should be noted that no interaction has been found for S100A6, LEG1, and APMAP among
DEPs. As can be seen from this network, CCNE did not straightly interact with the identi�ed DEPs in MDA-
MB-231 cells. Although, further analysis revealed that it interacted with ACTB through CDK2. This gene,
CDK2, also binds to HSP90AA1. Meanwhile, CCNE can interact with HSP90B1 and HSP90AB1 using
CDK6 along with CDC37. Additionally, the function of regulated proteins-G1 cyclins was assessed by
reconstructing the molecular action network (Figure 7B). Catalysis and binding activity were found
among CCND1 and CCNE1. The molecular mechanism analysis showed that ALDOA activates the
CCND1.

Furthermore, to assess the functionally linked proteins, the protein associated with the proliferation of
tumor cells (MAPK1; MYC; TP53; PTEN; BCL2), hypoxia condition (HIF1A) along with angiogenesis
(VEGFA) were attached to the list of DEPs and analyzed by STRING network (Figure 7C). We found that
CCND1 interacts with MAPK1, VEGFA, and TP53 based on the experimental criteria, while interacts with
MYC, BCL2, PTEN, and HIF1A, according to the text mining criteria with minimum con�dence. However,
no interaction of CCNE1 with HIF1A, MAPK1, and BCL2 was found. Although, according to the
experimental criteria, CCNE1 interacts with TP53, MYC, and PTEN. These results depicted a core network
of G1 cyclins with cancer-related genes that suggested a noteworthy task of G1 cyclins in carcinogenesis.

PPI network analysis

The CytoHubba application identi�ed the central nodes in the PPI network. A network of regulated
proteins by G1 cyclins was illustrated based on betweenness centrality, degree, and co-expression
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parameters (Figure 8A). It can be seen from this data that ACTB, HSP90AA1, ALB, HSPA5, and CCND1 are
critical nodes in degree parameters. Moreover, the top 10 genes interaction analysis showed that CCND1
activated by ACTB, HSP90AA1, and ALB (Figure 8B).

Meanwhile, HSP90AA1, TP53, and ACTB are identi�ed as critical nodes based on the degree criteria in the
constructed network with the DEPs along with cancer-related genes (Figure 8C). Additionally, Figure 8D
shows an overview of interaction among the top 10 genes in the above network. It is apparent that all
cancer-related genes (VEGFA; HIF1A; TP53; PTEN; MYC) with HSP90AA1, ACTB, ALB, and HSPA5
activated cyclin D1. Additionally, HSP90AA1 and ACTB activated the TP53 gene, suggesting their
contribution to tumor cell survival.

Table 3
The KEGG pathway associated to the differentially expressed proteins in response to G1 cyclins silencing

in breast cancer
Term P-value Adjusted

P-value
Combined
Score

Genes

Glycolysis / Gluconeogenesis 1.05E-05 0.001077 778.1623 LDHA; PGK1; ALDOA

Antigen processing and
presentation

1.53E-05 0.001175 664.7429 HSP90AA1; HSP90AB1;
HSPA5

Fluid shear stress and
atherosclerosis

1.52E-6 4.69E-04 593.0624 HSP90AA1; HSP90AB1;
ACTB; HSP90B1

IL-17 signaling pathway 2.69E-05 0.001658 522.2288 HSP90AA1; HSP90AB1;
HSP90B1

Prostate cancer 3.05E-05 0.001567 494.6895 HSP90AA1; HSP90AB1;
HSP90B1

HIF-1 signaling pathway 3.34E-05 0.001472 475.6398 LDHA; PGK1; ALDOA

Protein processing in
endoplasmic reticulum

3.01E-06 4.64E-04 474.1219 HSP90AA1; HSP90AB1;
HSPA5; HSP90B1

Estrogen signaling pathway 8.55E-05 0.003292 315.5565 HSP90AA1; HSP90AB1;
HSP90B1

Thyroid hormone synthesis 0.001026 0.035111 286.1586 HSPA5;HSP90B1

Protein export 0.014852 0.285893 281.5819 HSPA5

Discussion
Dysregulation of cell cycle proteins in cancer of breast resulted in the limitless cell division and in�uenced
the growth of tumor cells [1]. G1 cyclins as the early controller of the cell cycle were considered due to
their implication in the DNA repair pathway and cancer development [2]. The over-expression of these
genes was detected in all breast cancer cell lines than the non-tumorigenic mammary epithelial cells,
MCF-10 [11]. Interestingly, their expression in triple-negative breast cancer cells was higher than triple-
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positive cells. Over the past decades of research on cell cycle proteins' function, the biological
mechanisms, and the molecular targets of G1 cyclins are still poorly understood. Therefore, this study
was designed to identify the protein targets regulated by G1 cyclins in MDA-MB-231 cells using a
bidirectional expression vector suppressing both G1 cyclins simultaneously.

Our data showed that the synergistic effects of G1 cyclins reduced the proliferation of MDA-MB-231 cells.
Meanwhile, the mRNA and protein expression levels of G1 cyclins were decreased in these cells.
Interestingly, the signi�cant suppression of proliferation occurred at 72 h post-transfection (P < 0.05); at
the same time that the expression of theG1 cyclins reduced. This also accords with our earlier
observations, which showed that the cells were arrested at the G1/S phase by silencing cyclin D1 [3, 17]
and cyclin E [18, 19] genes.

Proteomics techniques have recently been applied for the identi�cation of protein biomarkers [20]. The
protein signatures revealed that the down-regulation of G1 cyclins changed the expression of 18 proteins,
of which 13 proteins were up-regulated and �ve proteins down-regulated. It should be noted that the
expression of three proteins was absent, and unfortunately, two of them were not recognized by nLC-
MS/MS system. Further enrichment analysis showed that the regulated proteins by G1 cyclins, DEPs, are
implicated in the cell cycle regulation, apoptosis, and signal transduction pathways (Fig. 6).

By silencing of G1 cyclins, the primary highly expressed protein was S100 Calcium Binding Protein A6
(S100A6). This gene accompanied by LCP1 (plastin-2; PLSL) are introduced as the actin-associated
proteins. They play essential structural and functional tasks in the maintenance of cell morphology,
adhesion, motility, and division [21, 22]. Based on our results, LCP1 and ACTB were identi�ed as the top
up-regulated proteins. Up-regulation of actin-related proteins in many cancer types suggests their
potential value as biomarkers for treating cancer.

It has also been demonstrated that the expression of S100A6 directly associated with estrogen receptor
and HIF-α in breast cancer [23]. Likewise, CCND1 silencing increased the phosphorylation of estrogen
receptor causes an increase in migration [24]. This phosphorylation occurs by Ras in the MAPK signaling
pathway, which results in the cell progression through cMyc and cyclin D1 activation (hsa04010). Our
research team recently revealed that the CDC25A silencing reduces cell proliferation by CCND1 activation
through β-catenin and Ras genes [15].

We found that the RNAi-induced silencing of G1 cyclins up-regulated the members of the heat shock
protein (HSP) family (HSP90B1; HSP90AB1; HSP90AA1; HSPA5). Gene enrichment analysis revealed that
these proteins were involved in the cell cycle progression and apoptosis through the PI3K-Akt pathway.
The increased expression of these molecules has been reported in various cancers, correlated with
malignancy [25]. However, the interaction of HSPA5 (Bip) with ATF6 protein induces apoptosis through
activation of CHOP protein, which inhibits Bcl2 activity [26]. It is also introduced as a new anti-cancer
target that induces apoptosis and the ferroptosis cell death in melanoma and pancreatic ductal
adenocarcinoma, respectively [27, 28]. Our �ndings in this study corroborated previous investigations that
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have explored the activity of HSPs in cancer-related pathways [29]. The biological function of these
family members in apoptosis induction was well described [30].

The last up-regulated protein by G1 cyclins was vimentin (VIM) with a 1.42-fold change expression ratio.
It is known as a marker of epithelial-mesenchymal transition. It has been reported that VIM expression
was increased after CCND1 down-regulation in the MDA-MB-231 cells, which resulted in the enhancement
of migratory behaviors and reduced the growth of proliferating cancer cells [17].

Most down-regulated proteins are involved in ATPase activity, translation initiation, and DNA- or RNA-
binding, attributed to the reduction of cancer cell proliferation. The increased expression of APMAP and
ATP7B genes in advanced breast cancer [31, 32] was associated with migratory and metastatic
properties. Likewise, the association of these genes with the tumor suppressor miR-138 inhibited the
cancer cell proliferation and induced apoptosis [33, 34]. Accordingly, G1 cyclins targeting leads to reduced
cancer cell proliferation due to the decreased expression of copper-binding proteins (ATP7B), which
inhibit the EMT features [31]. Moreover, EIF3G, a regulator of gene translation, highly interacts with EIF3D;
and its silencing resulted in suppression of breast cancer cells growth and reduced invasion through the
inhibition of the Wnt/β-catenin pathway [35].

A preliminary analysis by the STRING was conducted to identify the hub genes in the network of the
regulated proteins by G1 cyclins and the cancer-related genes in breast cancer. We found that CCND1
activated by HSP90AA1, ACTB, ALB, and HSPA5 hub genes. It has also been identi�ed that the cancer-
related genes (VEGFA; HIF1A; TP53; PTEN; MYC) activated cyclin D1. Interestingly, the increase in
expression of HSP90AA1 and ACTB resulted in the activation of TP53 that suggested their contribution to
the survival of tumor cells. It should be noted that this evidence was recently reported [36].

Functional annotation of these proteins by KEGG analysis suggested their involvement in prostate cancer,
PI3K-Akt pathway as well as pathways in cancer (HSP90AA1; HSP90AB1; HSP9B1), HIF1 signaling
pathway (LDHA; ALDOA; PGK1), microRNAs in cancer (VIM), and apoptosis along with the proteoglycans
in cancer (ACTB) [37].

Therefore, the G1 cyclins could be critical elements, if not the only one, causing a reduction in cell
proliferation (ATP7B; EIF3G) and could in�uence the apoptosis through HSPs expression (HSPA5;
HSP90B1). However, further research is required to explore the molecular function of G1 cyclins in the
apoptosis process through HSPs members.

Conclusions
This study provides research insights to identify the potential G1 cyclins-regulated proteins in breast
cancer. However, the �ndings of this study are subject to at least three limitations; �rst, lack of experiment
for validation of the hub genes expression. Second, more evidence might be required to determine the
expression pro�le of hub genes in other breast cancer cell types, to con�rm their impacts in the
progression of breast cancer. Third, in vivo experiments validation is also mandatory.
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This study provides that the CCND1 gene controls the cell proliferation and in�uences migration; while,
the CCNE gene does not affect tumorigenesis. The mechanism involving G1 cyclins seems to be highly
complex and not mediated by a single pathway or gene product. Herein, some insights into the molecular
targets involved in the breast cancer pathogenesis were offered by G1 cyclins. Based on our �ndings, the
identi�ed hub genes could be considered as candidate therapeutic targets for further research.

Abbreviations
DEP: Differentially expressed proteins

HSP: Heat shock protein

CCND1: Cyclin D1

CCNE: Cyclin E

VIM: vimentin

GO: Gene ontology

Declarations
Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Availability of data and materials

The datasets used and/or analyzed in the present study are available from the corresponding author on
reasonable request.

Competing interests

The authors declare that they have no con�icts of interest.

Funding

This work was supported by the Semnan University of Medical Sciences (grant number
v/93/16/21669) and the AryaTinaGene Biopharmaceutical Company. They provided the fee of materials
and proteomics.



Page 13/24

Authors' contributions

Prof. Shahbazi initiated and supervised the project. He also helped in the �nal edition of paper and edited
paper. Shamsabadi performed all laboratory experiments and analyzed the data. She also assisted in the
analysis of proteomics data by bioinformatics tools and the paper writing. Dr. Yamchi preformed the 2D
experiment and data analysis. Dr. Akbari involved in the vector design and critically revised this article. Dr.
Guarnaccia involved in Mass Spectrometry assay. All authors approved the �nal manuscript.

Acknowledgments

We are grateful to the Semnan University of Medical Sciences and the AryaTinaGene (ATG) 
Biopharmaceutical Company for their �nancial assistance.

References
1. Otto T, Sicinski P: Cell cycle proteins as promising targets in cancer therapy. Nature Reviews Cancer

2017, 17(2):93.

2. Thu KL, Soria-Bretones I, Mak TW, Cescon DW: Targeting the cell cycle in breast cancer: towards the
next phase. Cell cycle (Georgetown, Tex) 2018, 17(15):1871-1885.

3. Sun Y, Luo D, Liao DJ: CyclinD1 protein plays different roles in modulating chemoresponses in MCF7
and MDA-MB231 cells. J Carcinog 2012, 11(1):12.

4. Zacksenhaus E, Liu J, Jiang Z, Yao Y, Xia L, Shrestha M, Ben-David Y: Transcription Factors in Breast
Cancer—Lessons From Recent Genomic Analyses and Therapeutic Implications. In: Adv Protein
Chem Struct Biol. Volume 107, edn.: Elsevier; 2017: 223-273.

5. Jirawatnotai S, Hu Y, Livingston DM, Sicinski P: Proteomic identi�cation of a direct role for cyclin d1
in DNA damage repair. Cancer Res 2012, 72(17):4289-4293.

�. Petrossian K, Kanaya N, Lo C, Hsu P-Y, Nguyen D, Yang L, Yang L, Warden C, Wu X, Pillai R: ERα-
mediated cell cycle progression is an important requisite for CDK4/6 inhibitor response in HR+ breast
cancer. Oncotarget 2018, 9(45):27736.

7. Choi YJ, Li X, Hydbring P, Sanda T, Stefano J, Christie AL, Signoretti S, Look AT, Kung AL, von
Boehmer H: The requirement for cyclin D function in tumor maintenance. Cancer Cell 2012,
22(4):438-451.

�. Niu Y, Xu J, Sun T: Cyclin-Dependent Kinases 4/6 Inhibitors in Breast Cancer: Current Status,
Resistance, and Combination Strategies. J Cancer 2019, 10(22):5504-5517.

9. Yeh C-H, Bellon M, Nicot C: FBXW7: a critical tumor suppressor of human cancers. Mol Cancer 2018,
17(1):115.

10. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z: GEPIA: a web server for cancer and normal gene
expression pro�ling and interactive analyses. Nucleic Acids Res 2017, 45(W1):W98-W102.



Page 14/24

11. Lachmann A, Torre D, Keenan AB, Jagodnik KM, Lee HJ, Wang L, Silverstein MC, Ma’ayan A: Massive
mining of publicly available RNA-seq data from human and mouse. Nature communications 2018,
9(1):1366.

12. Chandrashekar DS, Bashel B, Balasubramanya SAH, Creighton CJ, Ponce-Rodriguez I, Chakravarthi
BV, Varambally S: UALCAN: a portal for facilitating tumor subgroup gene expression and survival
analyses. Neoplasia 2017, 19(8):649-658.

13. Xu M, Lu N, Sun Z, Zhang H, Dai Q, Wei L, Li Z, You Q, Guo Q: Activation of the unfolded protein
response contributed to the selective cytotoxicity of oroxylin A in human hepatocellular carcinoma
HepG2 cells. Toxicol Lett 2012, 212(2):113-125.

14. Livak KJ, Schmittgen TD: Analysis of relative gene expression data using real-time quantitative PCR
and the 2-ΔΔCt method. Methods 2001, 25(4):402-408.

15. Sadeghi H, Golalipour M, Yamchi A, Farazmandfar T, Shahbazi M: CDC25A pathway toward
tumorigenesis: Molecular targets of CDC25A in cell cycle regulation. J Cell Biochem 2018.

1�. Boudart G, Jamet E, Rossignol M, La�tte C, Borderies G, Jauneau A, Esquerré‐Tugayé MT, Pont‐Lezica
R: Cell wall proteins in apoplastic �uids of Arabidopsis thaliana rosettes: identi�cation by mass
spectrometry and bioinformatics. Proteomics 2005, 5(1):212-221.

17. Tobin N, Sims A, Lundgren K, Lehn S, Landberg G: Cyclin D1, Id1 and EMT in breast cancer. BMC
Cancer 2011, 11(1):417.

1�. Wang J, Chen A, Guo F: Study on inhibition of growth of ACHN cells via shRNA expression vector-
mediated cyclinE1 gene silencing. Chinese Journal of Clinical Oncology 2009, 6(1):29-35.

19. Wingate H, Puskas A, Duong M, Bui T, Richardson D, Liu Y, Tucker SL, Van Pelt C, Meijer L, Hunt K:
Low molecular weight cyclin E is speci�c in breast cancer and is associated with mechanisms of
tumor progression. Cell Cycle 2009, 8(7):1062-1068.

20. Gámez-Pozo A, Trilla-Fuertes L, Berges-Soria J, Selevsek N, López-Vacas R, Díaz-Almirón M, Nanni P,
Arevalillo JM, Navarro H, Grossmann J et al: Functional proteomics outlines the complexity of breast
cancer molecular subtypes. Sci Rep 2017, 7(1):10100.

21. Shinomiya H: Plastin family of actin-bundling proteins: its functions in leukocytes, neurons,
intestines, and cancer. Int J Cell Biol 2012, 2012.

22. Bresnick AR, Weber DJ, Zimmer DB: S100 proteins in cancer. Nature reviews Cancer 2015, 15(2):96.

23. Desai KV, Simmons JL, Fargiano A, Van Den Eynden G, Vermeulen PB, Dirix LY, Merino M, Green JE:
S100A6 as a biomarker in human breast cancer. In.: AACR; 2005.

24. Lehn S, Tobin NP, Berglund P, Nilsson K, Sims AH, Jirström K, Härkönen P, Lamb R, Landberg G:
Down-regulation of the oncogene cyclin D1 increases migratory capacity in breast cancer and is
linked to unfavorable prognostic features. The American journal of pathology 2010, 177(6):2886-
2897.

25. Lianos GD, Alexiou GA, Mangano A, Mangano A, Rausei S, Boni L, Dionigi G, Roukos DH: The role of
heat shock proteins in cancer. Cancer Lett 2015, 360(2):114-118.



Page 15/24

2�. Tabas I, Ron D: Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress.
Nat Cell Biol 2011, 13(3):184-190.

27. Cerezo M, Rocchi S: New anti-cancer molecules targeting HSPA5/BIP to induce endoplasmic
reticulum stress, autophagy and apoptosis. Autophagy 2017, 13(1):216-217.

2�. Zhu S, Zhang Q, Sun X, Zeh HJ, Lotze MT, Kang R, Tang D: HSPA5 regulates ferroptotic cell death in
cancer cells. Cancer Res 2017, 77(8):2064-2077.

29. Kennedy D, Jäger R, Mosser DD, Samali A: Regulation of apoptosis by heat shock proteins. IUBMB
life 2014, 66(5):327-338.

30. Gholizadeh MA, Shamsabadi FT, Yamchi A, Golalipour M, Jhingan GD, Shahbazi M: Identi�cation of
hub genes associated with RNAi-induced silencing of XIAP through targeted proteomics approach in
MCF7 cells. In: Cell Biosci. vol. 10; 2020: 78.

31. Blockhuys S, Wittung-Stafshede P: Roles of Copper-Binding Proteins in Breast Cancer. International
journal of molecular sciences 2017, 18(4):871.

32. Leth-Larsen R, Lund R, Hansen HV, Laenkholm A-V, Tarin D, Jensen ON, Ditzel HJ: Metastasis-related
plasma membrane proteins of human breast cancer cells identi�ed by comparative quantitative
mass spectrometry. Mol Cell Proteomics 2009, 8(6):1436-1449.

33. Liu X, Lv X-B, Wang X-P, Sang Y, Xu S, Hu K, Wu M, Liang Y, Liu P, Tang J: MiR-138 suppressed
nasopharyngeal carcinoma growth and tumorigenesis by targeting the CCND1 oncogene. Cell cycle
2012, 11(13):2495-2506.

34. Sha H-H, Wang D-D, Chen D, Liu S-W, Wang Z, Yan D-L, Dong S-C, Feng J-F: MiR-138: A promising
therapeutic target for cancer. Tumor Biology 2017, 39(4):1010428317697575.

35. Fan Y, Guo Y: Knockdown of eIF3D inhibits breast cancer cell proliferation and invasion through
suppressing the Wnt/β-catenin signaling pathway. Int J Clin Exp Pathol 2015, 8(9):10420.

3�. Gordon EM, Ravicz JR, Liu S, Chawla SP, Hall FL: Cell cycle checkpoint control: The cyclin
G1/Mdm2/p53 axis emerges as a strategic target for broad-spectrum cancer gene therapy - A review
of molecular mechanisms for oncologists. Mol Clin Oncol 2018, 9(2):115-134.

37. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, Duan Q, Wang Z, Koplev S, Jenkins SL,
Jagodnik KM, Lachmann A: Enrichr: a comprehensive gene set enrichment analysis web server 2016
update. Nucleic Acids Res 2016, 44(W1):W90-W97.

Tables
Due to technical limitations, table 2 is only available as a download in the Supplemental Files section.

Figures



Page 16/24

Figure 1

shRNA structure and vector map. (a) pSur (Cyclin D1 & E) vector. The survivin promoter was applied in
this vector and designed by SnapGene viewer software. (b) The second structure of shRNAs was
designed by mfold software.
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Figure 2

G1 cyclins expression in response to RNAi-induced silencing of G1 cyclins in MDA-MB-231 cells. (a) Fold-
change expression of cyclin D1 and cyclin E genes in experimental groups. The mRNA expression of both
genes was reduced after 72h post-transfection. (b) The protein expression level of G1 cyclins in
experimental groups. Western blot image shows the expression of cyclin D1 (MW: 34 kDa), cyclin E (MW:
50 kDa), and control protein β-actin (MW: 55 kDa) in MDA-MB-231 cells. Cells were lysed 48 and 72h
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post-transfection. (c) The relative densitometry of Western blotting data showing the reduction of both G1
cyclins genes in the cells treated with the construct at 72 h post-transfection, compared to the control.

Figure 3

RNAi-induced silencing of G1 cyclins inhibits the proliferation of MDA-MB-231 cells. A signi�cant
reduction of cell viability was observed after 72h post-transfection.
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Figure 4

Protein signatures of MDA-MB-231 cells exposed to the silencing of G1 cyclins. The differentially
expressed proteins were identi�ed based on the volume density of spots. The 2D gel analysis shows that
the increased expression of 13 proteins, while the expression of 6 proteins was reduced. Spot designated
by 5, 11, 16, and 21 were sharply down-regulated (or absent) to reduce G1 cyclins expression.
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Figure 5

Expression pro�le of G1 cyclins-regulated proteins in breast carcinoma. (a) Box plot diagrams of the G1
cyclins expression along with DEPs shows remarkable association of VIM, LCP1, HSP90AA1, and ALB
genes with breast carcinoma. These data were retrieved from the GEPIA database. (b) Heatmap shows
the expression level of G1 cyclins-regulated proteins in triple-negative breast cancer (TNBC). Light blue
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and red colors indicate the low and high expression of genes. TPM: Transcripts Per Million. Data obtained
from the TCGA Gene analysis tool in the UALCAN database.

Figure 6

Gene enrichment analysis of G1 cyclins-regulated proteins. The biological process and molecular
function of DEPs are demonstrated. (a) Comparison of biological processes in up- and down-regulated
proteins. (b) Comparison of molecular function in up- and down-regulated proteins. Data were retrieved
from the PANTHER resources.
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Figure 7

Functional organization of DEPs in MDA-MB-231 cells exposed to the silencing of G1 cyclins. (a) A PPI
network among the G1 cyclins-regulated proteins was constructed. No interaction was found for S100A6,
LEG1, and APMAP among DEPs in response to the silencing of G1 cyclins. It should be noted that CCNE
did not directly interact with the identi�ed DEPs. (b) Functional mode of G1 cyclins-regulated proteins.
The activation of CCND1 by ALDOA is shown. (c) The functional association of G1 cyclins-regulated



Page 23/24

proteins with the cancer-related genes. In terms of experimental and text mining criteria, G1 cyclins
(CCND1 and CCNE1) interact with MYC, PTEN, and TP53. A red arrow presented the cancer-related genes.
The colors of lines, including pink, grey, and green, indicated the experimental, co-expression, and text
mining criteria, respectively.

Figure 8

Visualizing functional annotations corresponding to the DEPs in MDA-MB-231 cells exposed to the
silencing of G1 cyclins. (a) The network of G1 cyclins-regulated proteins was constructed by CytoHubba
application in Cytoscape software. The size of the node and the edge width was proportional to the
degree and the combined score, respectively. The thickness of the edge, grey line, shows the co-
expression strength. ACTB, HSP90AA1, ALB, and HSPA5 were identi�ed as the hub gene. (b) Interactions
of the top 10 genes in the network of G1 cyclins-regulated proteins ranked by degree method. (c)
Association of DEPs with cancer-related genes. In terms of degree criteria, HSP90AA1, TP53, and ACTB
are identi�ed as the hub genes. (d) Interactions of the top 10 genes in the network of DEPs accompanied
by cancer-related genes. All other nine genes activated cyclin D1. In contrast, the TP53 gene was
activated by HSP90AA1 and ACTB genes.
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