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Abstract

The biological processes that unfold during the G1-phase of the cell cycle are dependent on

extracellular mitogenic factors which signal the cell to enter a state of quiescence, or commit to a

cell cycle round by passing the restriction point (R-point) and enter the S-phase. Unlike normal

cells, cancer cells evolved the ability to evade the R-point and continue through the cell cycle even

in the presence of extensive DNA damage or absence of mitogenic signals. The purpose of this

study was to perform a quantitative proteomic evaluation of the biological processes that are

responsible for driving MCF-7 breast cancer cells into division even when molecular checkpoints

such as the G1/S R-point are in place. Nuclear and cytoplasmic fractions of the G1 and S cell

cycle phases were analyzed by LC-MS/MS to result in the confident identification of >2700

proteins. Statistical evaluation of the normalized data resulted in the selection of proteins that

displayed ≥2-fold change in spectral counts in each cell state. Pathway mapping, functional

annotation clustering and protein interaction network analysis revealed that the top-scoring

clusters that could play a role in overriding the G1/S transition point included DNA damage

response, chromatin remodeling, transcription/translation regulation and signaling proteins.
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Introduction

Cancer is a complex disease characterized by a deregulation of the cell cycle clock which

leads to uncontrolled proliferation of cells. In normal cells, the eukaryotic cell cycle is

initiated by the binding of growth factors to transmembrane receptors, events that activate

intracellular signaling pathways that promote cell growth and orderly entry into the four

consecutive phases of cell division: G1, S, G2 and M [1-4]. The transition into the different

cell cycle phases is controlled by Ser/Thr cyclin-dependent kinases (CDKs) that become

active by forming complexes with cyclins (D1, E, A and B). Cyclins are proteins that

oscillate in concentration through the cell cycle and thus periodically activate different

CDKs [5-8]. In contrast to other cyclins, the level of the G1 cyclin D1 can be influenced by
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stimulation with growth factors, as well [3]. In fact, the G1 phase is susceptible to mitogenic

growth and anti-growth signaling events that guide cellular entry into a quiescent state (G0),

terminal post-mitotic differentiation, or commitment to cell cycle progression [5-8]. The R-

point is a critical event in cell cycle control as it governs the G1-to-S transition process.

Cells that pass the R-point are committed to a cell cycle round and are no longer dependent

on mitogenic stimulation. Many cancer cells become self-sufficient of growth signals and

insensitive to antigrowth signals, traits that allow them to evade the R-point and divide

indefinitely. These capabilities, along with unlimited replicative potential, evasion of

apoptosis, metastasis, sustained angiogenesis, deregulation of metabolism and evasion of

immune destruction represent the major hallmarks of cancer [9].

Interestingly, over-expression of R-point cyclins D1 and E, and subsequent deregulation of

the G1/S transition, has been observed in the majority of breast cancers [3, 8, 10].

Expression of cyclin D1 can be induced by several mitogens, including hormones such as

estrogen. Cyclin D can bind to, and stimulate the activity of several transcription factors and

nuclear receptors such as the estrogen receptor α. Approximately 70 % of breast cancers

display an over-expression of the estrogen receptor (ER+), slower growth, enhanced

differentiation, and better prognosis and response to hormone therapy [11,12]. The luminal

epithelial MCF-7 cell line is the first, most representative and widely studied ER+ mammary

carcinoma cell line, as demonstrated by the vast amount of information found in the

literature [13]. The effects of mitogens, insulin, 17β-estradiol (E2) and Ca on cell cycle

progression has been investigated by many authors [14-16]. In recent years, in addition to

traditional molecular biology approaches, the power of advanced technologies such as mass

spectrometry (MS), for assessing large-scale changes in the proteome and mapping post-

translational modifications, has been recognized. One of the most advanced studies on

MCF-7 cell cycle was performed by Emili and coworkers [17]. Their research included cell

cycle synchronization, E2 stimulation, and comparison to HMEC184 normal human

mammary epithelial cells. A total of 1481 MCF-7 proteins were identified, with the main

protein categories being catalogued into cell cycle, signal transduction, apoptosis,

transcription, translation, protein metabolism and catabolism. To advance the understanding

of the molecular mechanisms that differentiate cancer from normal cells, and that control

entry into the biological cell cycle, in the current study, the proteomic profiling of the G1

and S stages of the MCF-7 breast cancer cell cycle was pursued. Our aim was to investigate

the mechanisms that drive aberrant cancer cells into division and control entry into the cell

cycle even when molecular checkpoints that prevent the replication of damaged cells are in

place.

Materials and Methods

Materials

MCF-7 breast cancer epithelial cells, EMEM, fetal bovine serum (FBS), 0.25 % trypsin/0.53

mM EDTA solution, and phosphate-buffered saline (PBS) were purchased from the

American Tissue Culture Collection (ATCC, Manassas, VA). Insulin (bovine pancreas), 17-

β estradiol, L-glutamine, Cell Lytic™ NuCLEAR™ extraction kit, phosphatase inhibitors

(Na3VO4and NaF), urea, dithiothreitol (DTT), acetic acid, trifluoroacetic acid (TFA),
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NH4HCO3and all bovine protein standards (hemoglobin α/β, carbonic anhydrase, α-

lactalbumin, fetuin, α-casein, β-casein and cytochrome c) were acquired from Sigma (St.

Louis, MO). Sequencing-grade trypsin was obtained from Promega Corporation (Madison,

WI), phenol-red free DMEM from Invitrogen (Carlsbad, CA) and charcoal/dextran treated

FBS from Hyclone (Logan, UT). SPEC-PTC18 and SPEC-PTSCX solid-phase extraction

pipette tips were from Varian (Lake Forest, CA). HPLC-grade methanol and acetonitrile

were purchased from Fisher Scientific (Fair Lawn, NJ), and DI water was from a MilliQ

Ultrapure water system (Millipore, Bedford, MA).

Cell processing

MCF-7 cells were cultured in an incubator (5 % CO2, 37 °C) in EMEM supplemented with

10 % FBS and 10 μg/mL insulin. The cells were arrested in G1 by serum-deprivation for 48

h in a medium consisting of DMEM and 4 mM L-glutamine. The cells were released into S

by treatment for 24 h with DMEM containing physiological levels of E2 (1 nM), 10 %

charcoal/dextran treated FBS, 4 mM L-glutamine and 1 μg/mL insulin. After harvesting, G1

and S-stage cells were stored at −80 °. Three biological replicates were processed. FACS

analysis was performed on a Beckman Coulter EPICS XL-MCL analyzer (Brea, CA, USA).

For analysis, the cells were thawed, lysed and separated into nuclear-enriched and

cytoplasmic fractions by using the Cell Lytic™ NuCLEAR™ extraction kit and following

the manufacturer’s protocol. Protein concentrations were measured using the Bradford assay

(SmartSpec Plus spectrophotometer, Bio-Rad, Hercules, CA). Protein extracts (5 mg/mL)

were denatured and reduced with 8 M urea and 4.5 mM DTT (1 hour, 60° C). Alkylation

with iodoacetamide was not performed to avoid further increase in sample complexity due to

incomplete reactions and/or the generation of side products. After a 10-fold dilution with 50

mM NH4HCO3, the extract was spiked with a solution of 8 standard bovine proteins (5 μM

each), digested with trypsin (50:1 substrate:enzyme ratio, 24 hours, 37°C), quenched with

glacial CH3COOH, and subjected to C18/SCX clean-up [18]. For MS analysis, each sample

was re-suspended in CH3CN/H2O/TFA (5:95:0.1) to a final concentration of ~2 μg/μL

MCF-7 proteins and 0.2 μM bovine standards.

LC-MS analysis and data processing

Each sample was analyzed five times (5 technical replicates) using a micro-LC system

(Agilent Technologies, Palo Alto, CA) coupled to an LTQ-MS (Thermo Electron

Corporation, San Jose, CA) using an on-column/no split injection set up described in detail

elsewhere [18]. The LC separation columns were packed in-house using 100 μm i.d. × 12

cm fused silica capillaries and 5 μm Zorbax SB-C18 particles, and run at a flow rate of

~160-180 nL/min with a 3-hour long gradient (0-100 % B). Mobile phases A and B

consisted of H2O:CH3CN:TFA in 95:5:0.01 and 20:80:0.01 v/v ratios. MS data were

acquired via a data-dependent method by performing Zoom/MS2scans on the 5 most intense

peaks in each MS scan [18]. The Bioworks 3.3 software (Thermo Electron) was used for

searching the raw data files against a minimally redundant human protein database

(SwissProt, 40,009 entries, 2008). Only fully tryptic fragments with up to two missed

cleavages were allowed in the search, the peptide and fragment ion tolerances were 2 amu

and 1 amu, respectively, % fragment ion coverage >30 % (from any combination of

theoretical b, y and a ions) and all peptides were matched to unique proteins in the database.
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No posttranslational modifications were allowed. At the peptide level, MS filtering was

performed with the Xcorr vs. charge state parameter set at 1.9, 2.2 and 3.8 for 1+, 2+ and 3+

peptides, respectively. At the protein level, only proteins with Bioworks p-score<0.001 were

considered. We note that the Bioworks p-scores are not p-values, per se, but scores. As a

result, false discovery rates (FDR) were assessed by searching the raw data against a

forward-reversed sequence database.

For differential protein expression analysis, in-house developed Perl-scripts for the

alignment of spectral count data were used [19]. Twelve samples were analyzed (G1 and S

nuclear/cytoplasmic fractions, 5 LC-MS/MS technical and 3 biological replicates of each

cell state). Proteins matched by a single peptide were allowed in the analysis, but only when

the peptides were identifiable in multiple biological replicate analyses and had p-

scores<0.001. The proteins that qualified for differential expression analysis were matched

by a total of at least 4 spectral counts, representing almost invariably more than 2 unique

peptides. To analyze the data in a biological context, a set of bioinformatics tools provided

by the ExPASy Proteomics Server [20], GeneCards [21], GoMiner [22], DAVID

Bioinformatics Resources 6.7 [23], and STRING functional protein association networks 8.3

[24] software packages, was used. The GoMiner parameters included all evidence codes;

STRING parameters were set to medium/high confidence, ≤10 interactors, network depth 1,

all active prediction methods; DAVID functional clustering/enrichment p-scores were

calculated by comparing the lists of differentially expressed protein to the Homo sapiens

background. The enrichment p-scores are shown as -log transformed values, and represent

the geometric mean of all enrichment p-values for each annotation term in that group. The p-

score threshold was 1.3, corresponding to a non-log scale of p=0.05 [23,25].

Results and Discussion

Sample and data processing outline

For quantitative proteomic experiments that involve multiple sample preparation and

analysis steps, an advanced strategy for sample and data processing must be developed to

ensure meaningful selection of differentially expressed proteins. To minimize the impact of

experimental variability on protein identification and quantitation, in this work, the

following measures were taken: (a) three biological replicates of the G1 and S cell cycle

stages, with further separation into nuclear and cytoplasmic fractions, were analyzed (i.e.,

G1 nuclear-G1N, S nuclear-SN, G1 cytoplasmic-G1C and S cytoplasmic-SC; a biological

replicate is defined as the analysis of a new batch of liquid N2frozen cells; a cell state is

defined as a nuclear or cytoplasmic fraction of G1 or S cells, respectively); (b) five LC-

MS/MS technical replicates were performed for each cell state to maximize the number of

spectral counts per protein and improve reproducibility; (c) qualitative data filtering was

performed at both protein and peptide levels with Xcorr vs. charge state set at 1.9, 2.2 and

3.8, and p-score<0.001, respectively; the protein FDR was <2.9 %, and the peptide FDR was

<0.9 %; (d) proteins were qualified for quantitative analysis only if they were identified in

two-out-of-three biological replicates; and (e) reproducibility was assessed for every step of

the analysis. FACS profile data (Supplemental Figure 1) indicated that the G1/S/G2 percent-

distribution of cells was roughly 80/10/7 and 28/60/10 in the G1 and S phases, respectively,
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with CV=2-12 % for the three G1 and S biological replicates. The G1-to-S ratio of cells

changed by a factor of ~17 in going from G1 to S. After mass spectral filtering, a total of

2725 proteins were identified (Figure 1): the average number of proteins identified per

biological replicate and cell state was 1163 (CV=2.4 %), with a combined value in all three

biological replicates of 1531 (CV=1.8 %); the average number of proteins identified in at

least two-out-of-three biological replicates was 936 (CV=2.9 %); and, the average number

of proteins that overlapped in all three replicates was 848 (CV=3.0 %). The reproducibility

of nuclear/cytoplasmic fractionation was assessed through GoMiner analysis: the nuclear

cell fractions comprised 53-62 % nuclear and 59-66 % cytoplasmic protein designations,

while the cytoplasmic fractions comprised 83-84 % cytoplasmic and 32-33 % nuclear

protein designations (we note that some proteins had dual categorization). For quantitative

comparisons, the raw MS data were subjected to three levels of data selection: raw MS data

filtering, biological data filtering, and statistical data filtering. For the latter, in-house

developed Perl scripts compiled the MS/MS database search results and produced an

alignment of proteins with their respective spectral counts (12 samples, each having 5

technical replicates). The spectral counts for each protein in the 5 technical replicates were

averaged to generate the final count for the protein in that sample. For data normalization

purposes, all protein counts were summed up to generate the total counts for that particular

sample. The total spectral counts for the 12 samples were averaged, and used for the

normalization of individual protein counts in each sample. The average spectral count per

cell state was 4082 (CV=7.5 %). After normalization, for handling missing values (proteins

with zero counts), a count of 0.2 was added to each protein (equivalent to the addition of 1

count to any of the 5 technical replicates). Differential expression analysis was performed

by: (a) calculating the G1-to-S spectral count ratios for each biological replicate in the

nuclear and cytoplasmic fractions, (b) calculating the log2values of each spectral count ratio,

(c) calculating the average of the three log2values for each protein, (d) and subjecting the

data-sets to a two-tailed/paired student t-test. Proteins that displayed at least a 2-fold change

in spectral counts (i.e., average log2values ≥1 or ≤-1) and p-values≤0.2 were taken into

consideration for quantitative analysis. Figure 2 summarizes the protocol developed for this

study. We note that in the context of large-scale exploratory studies, a p-value<0.2 is

acceptable for datasets with a limited number of replicates, as the ultimate biological

significance needs to be evaluated at the system level, not the isolated protein level [25].

Moreover, statistical significance of differential expression for single proteins may not

reflect correctly biological significance. Selecting only proteins with p<0.1 or p<0.05 from

our dataset enabled essentially the identification of the same differentially expressed

clusters, but with a smaller number of protein members in the cluster. From a total of 2725

identified proteins, 1944 were identified in at least two biological replicates, of which 1234

were present in the nuclear-enriched and 1273 in the cytoplasmic fractions, respectively.

After statistical filtering, only 395 nuclear and 312 cytoplasmic proteins qualified for

quantitative comparisons. A total of 95, 63, 76 and 48 differentially expressed proteins were

identified in the G1N, G1C, SN and SC fractions, respectively. The distribution of

differential expression p-values for these proteins was p≤0.05 (42%), 0.05<p≤0.1 (20%),

0.1<p≤0.15 (15%), 0.15<p≤0.2 (23%). A volcano plot provided in Figure 3 illustrates the

outcome of the statistical data evaluation process for the G1 and S nuclear fractions. As a

multi-level experimental control, each cell extract was spiked with 8 standard bovine
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proteins. Validation of the differential expression data was performed by: (a) assessing the

results for the standard protein spikes (in contrast to the MCF-7 proteins, none of the

standards passed the combined 2-fold/p<0.2 threshold that was selected as an indicator of

protein differential expression; Supplemental Table 1); (b) assessing the “change” in spectral

counts for proteins that are known to change upon G1-to-S transition; three proteins,

indicators of cell proliferation, that all passed the 2-fold/p<0.2 differential expression

threshold were selected: CDK1, PCNA (a cyclin) and KI67 in the nuclear fraction (see

discussion on SN up-regulation vs. G1N); (c) assessing the “no-change” in spectral counts

for housekeeping proteins that are not expected to change upon G1-to-S transition; three

proteins, that are often used as internal standards due to relatively constant expression level

in the cell, were selected: GAPDH in the nuclear fraction, and TBA1A and TBB2A in the

cytoplasmic fraction; none of them passed the 2-fold/p<0.2 double-threshold (Supplemental

Table 2); and (d) FACS experiments that confirmed progression through the cell cycle

(Supplemental Figure 1).

Protein differential expression

The list of 1944 proteins comprised a considerable number of cell cycle and cancer hallmark

proteins (Figure 4A). The proteins that displayed differential expression between G1 and S

were queried with STRING to identify the network of interacting proteins within each

group. Kegg pathway charts [26] and protein descriptions provided by SwissProt, STRING,

DAVID and GoMiner facilitated the interpretation of the biological processes associated

with the highlighted networks. The significance of the major protein clusters is discussed,

with focus on the changes in the nuclear fractions, in particular G1, which has the highest

relevance to cancer (Supplemental Table 3). Enrichment p-scores for the most relevant

members of the group are provided. Up-regulated proteins are highlighted in bold, while

proteins that were identified in the dataset, but did not pass the differential expression

thresholds, are underlined. Gene abbreviations are provided in Supplemental Table 4.

G1N up vs. SN(Figure 4B)

The G1N up-regulated functional clusters included DNA damage repair, transcription

regulation/chromatin remodeling and ribosome biogenesis/translation proteins. Smaller sets

included cell cycle, signaling, differentiation, endocytosis and cell motility.

DNA damage repair (4-16-fold enrichment/p-score 2.2)—Genomic stress induced

by various factors results in the activation of the DNA cell cycle check point and

transcriptional programs at the G1/S and G2/M boundaries, and of DNA repair, mRNA

decay and apoptosis pathways. The DNA damage repair cluster identified in this study

encompassed members of the entire plethora of mechanisms used by cells to respond to

mutagenic events: nucleotide excision repair (XPC and PNKP), base excision and single

strand repair (XRCC1), double-strand break repair (RAD50 and TP53BP), DNA mismatch

repair (MSH3), and other possible DNA repair proteins (MEN1). Cells have developed

various DNA repair mechanisms to correct for genomic damage: mismatch repair (MMR)

corrects miscopied DNA bases after DNA synthesis, base excision repair (BER) targets

minor chemical nucleotide alterations by removal of the affected base, nucleotide excision

repair (NER) corrects bulky DNA lesions that cause helical distortions by removal of a short
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strand containing the damaged bases, homologous recombination (HR) uses sister

chromatids as a template to restore genomic sequences in case of double strand breaks

(DSB), while the less accurate non-homologous endjoining (NHEJ) process targets DSBs by

rejoining the broken ends using DNA ligases [9,27,28]. The signal transduction pathways

that sense DNA damage and activate the repair mechanisms are known as the DNA damage

response (DDR) pathways. The DDR mechanism is initiated primarily by a set of PIKK

(phosphatidylinositol 3-kinase-like protein kinase) proteins such as ATM, ATR and DNAPK

(DNA protein kinase), and PARP family proteins that activate the DNA damage checkpoint

(Chk1/Chk2) machinery. The DDR is further mediated by essential components of this

pathway such as p53 (tumor protein 53), TP53BP1 (tumor protein 53 binding protein 1),

BRCA1, MDC1 (mediator of DNA damage), H2AX (histone 2A variants), CDK inhibitor

p21, and the pro-apoptotic BAX and PUMA proteins, just to name a few. Ciccia described

four independent sensors of single and double-strand breaks: PARP, Ku70/Ku80, MRN

(MRE11, RAD50 and NBS1) and RPA (replication protein A) [28]. DNAPK is a DSB

repair enzyme composed of a catalytic subunit, PRKDC, and a KU protein heterodimer

(KU70 and KU80 or KU86). PRKDC, KU70 and KU80 were identified in all fractions of

the dataset. In NHEJ, DSBs rapidly bind the KU heterodimer, which subsequently loads and

activates PRKDC, causing stabilization of the DSB ends and recruitment of the X-ray repair

cross-complementing protein 4 (XRCC4)/DNA ligase 4 (LIG4) complex which promotes

religation of the ends [28]. NHEJ is active throughout all stages of the cell cycle, but is the

preferred mechanism in G1, as there is no homologous template present for recombination.

Alternatively, in HR, PARP1 recruits the MRN complex to the DSB. The MRN complex is

the primary sensor of DSBs and is composed of the meiotic recombination 11 homolog 1

(MRE11), the DNA repair protein RAD50 and the Nijmegen breakage syndrome protein 1

(NBS1) [28]. MRE11 and RAD50 stabilize the DSB ends and participate in their initial

resection. DNA end resection is essential for HR and is primarily promoted in S and G2,

where sister chromatids are available for HR. As HR depends on the availability of intact

DNA strand templates for repair, it is the preferred mechanism in late S/G2. Limited

resection can be carried out during G1, however, through an alternate NHEJ mechanism

which utilizes PARP1 as a sensor, the MRN complex, and a complex formed by the X-ray

repair cross-complementing protein 1 (XRCC1) and the DNA ligase 3 (LIG3) to religate

DSB ends [28]. TP53BP1 was shown to inhibit DSB resection and promote NHEJ, while

the deletion of TP53BP1 was shown to induce DSB resection via the alternate NHEJ in G1.

In single strand BER, protein complexes formed by PARP/XRCC1/APEX/Lig3/polβ or

PARP/PCNA/FEN1/APEX/Lig1/polβ/polδκ are assembled at the sites of DNA damage to

assist repair by short-patch or long-patch BER, respectively [26,29]. PNKP (bifunctional

polynucleotide phosphatase/kinase) has been shown to interact with XRCC1, and has a role

in processing single and double strand break termini in a variety of DNA repair mechanisms

[30]. The XPC (xeroderma pigmentosum, complementation group C) repair complex (XPC/

hHR23B/CETN2) and the Cul4/DDB1 (damaged DNA binding 1)/DDB2 complex are

involved in the first step of damage recognition in global genome repair (GGR)-NER and

transcriptional coupled repair mechanisms, recognizing a broad spectrum of DNA helix

distortions such as single-stranded loops, mismatched bubbles or single stranded overhangs

[21,26,27]. Damage recognition by XPC is followed by the recruitment of the TFIIH (basal
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transcription factor II) complex for additional scanning for lesions in the opposite strand,

and as part of this complex, ERCC2, another NER protein, was identified. Components of

the MMR machinery, that correct DNA mismatches generated during DNA replication to

prevent genome-wide instabilities, have been also identified in the nuclear fractions. MutS

protein homolog 2 (MSH2) forms heterodimers with MSH3 and MSH6 to recognize DNA

damage sites (mismatches and insertion/deletion loops-IDLs). By forming higher order

complexes, it promotes the excision of the lesion and strand correction by DNA re-synthesis

and ligation [26,29]. Ultimately, the tumor suppressor MEN1, with a transcriptional role in

blocking the G1/S transition by promoting the expression of CDK inhibitors, was also

observed in G1 [31].

Altogether, the global activation of the DNA damage repair machinery is in accord with

greater genomic surveillance prior to entry into S. Inherently, some of the differentially

expressed repair proteins are implicated in a variety of other biological processes, e.g.,

TP53BP1 plays a role in checkpoint signaling and also enhances TP53-mediated

transcriptional activation, RAD50 is involved in maintenance of telomere integrity along

with TERF2 (telomeric repeat binding factor 2), and XPC is involved in chromatin

remodeling and ubiquitin mediated proteolytic pathways. Moreover, a number of damage

repair proteins that did not pass the 2-fold differential expression threshold displayed an

increased level of spectral counts in G1: PARP1, PRKDC, KU70, KU80, MDC1. The

complex interactions between the DNA damage repair proteins and the biological processes

implicated in cell cycle regulation are highlighted in the STRING diagram of all 119 repair

proteins identified in MCF-7 (Figure 5). The interactions between DNA repair and essential

cell cycle/proliferation and chromosome/chromatin maintenance proteins represent the hubs

of the most feverish interactions, re-enforcing the key role that these proteins play not only

in the maintenance of genome integrity, but also in controlling the entire cell cycle

proliferative apparatus.

(b) Transcription regulation/chromatin remodeling and organization—(2-17-

fold enrichment/p-scores 1.3-2.1). The transcriptional regulators that were up-regulated in

G1 had repression, activation or mixed functions, and were part of interacting clusters that

involved DNA damage response and chromatin remodeling proteins. Five components of

the Mediator complex (MED8, MED22, MED24, MED13 and MED25), all transcriptional

coactivators thought to be required for the transcription of almost all RNA polymerase II-

dependent genes, were identified, three being 2-3 fold up-regulated. RNA polymerase II

controls DNA transcription to generate mRNA, snRNA (small nuclear RNA) and miRNA

(MicroRNA). snRNAs, by association with proteins in complexes, are involved in the

regulation of transcription factors, telomere maintenance and RNA splicing. miRNAs are

posttranslational regulators that control gene expression by transcript degradation or

translational repression to ultimately result in gene silencing. Recent work has shown that

aberrant expression of miRNA is correlated with cancer [32], that coregulatory complexes

that involve histone acetyl transpherases (HAT) and deacetylases (HDAC) can modulate the

transcriptional activity of ligand-bound ERs, and that overexpression of MED1, a

component of the Mediator complex, renders ER+ breast cancer cells resistant to tamoxifen

[33].
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The regulators that displayed interactions with the DNA damage repair proteins in the

STRING diagram included mainly transcriptional repressors (ZNF217, ZNF512B, MBD2,

CTBP2, ASH2L, DR1 and PELP1). The data suggest that the DNA damage repair

machinery is intertwined with cellular processes that result in epigenetic modifications of

target genes, to facilitate the assembly of transcription repressor complexes that mediate

chromatin remodeling [34,35], a sought outcome in a cell presenting multiple mutations.

One mechanism that controls the accessibility of the DNA template for transcription

involves posttranslational modifications of the core histone tail Lys residues. In our dataset,

ZNF217 (zinc finger protein 217) which is a transcriptional repressor oncoprotein, promotes

cell proliferation by silencing the expression of CDK inhibitor p15(ink4b) (CDKN2B), a

tumor suppressor that controls cell cycle progression in G1 [36]. Amplification of ZNF217
was associated with loss of responsiveness to growth-inhibitory signals via the TGF-beta

pathway, and with roles in evasion of apoptosis [36-38]. ZNF217 is also a component of the

histone deacetylase complexes that contain HDAC1, HDAC2, CTBP1 and 2, which regulate

cell cycle via epigenetic repression. ZNF512B was shown to have roles in decreasing the

transcriptional activity of SMADSs in the TGF-β pathway, the expression of E2F1 and cell

proliferation, while increasing apoptosis and the expression of RAS proteins [39]. MBD2, a

transcriptional repressor that recruits histone deacetylases and DNA methyltransferases, has

roles in gene silencing, including the tumor suppressor CDK inhibitors p14 and p16 [40].

CTBP2 (C terminal binding protein 2) acts as a transcriptional co-repressor of transcription

regulators and of target genes of intracellular signaling pathways such as Wnt and Notch

[41-44], and it associates with chromatin modifiers such as HDACs. DR1, another repressor

of activated and basal transcription of class II genes, can interact with acetyltransferases to

alter the activity of Histones H3 and H4. ASH2 functions as a transcription regulator

component of a histone methyltransferase complex involved in the methylation of Lys-4

histone H3 tails, an epigenetic event associated with active gene transcription and activation

[45]. Interestingly, MEN1 was shown to interact with complexes that include ASH2 to

possibly regulate the transcription of CDK inhibitors p18 and p27 and inhibit cell

proliferation [45]. Finally, PELP1 (proline, glutamate and leucine rich protein 1) which

facilitates estrogen receptor (ER) genomic and non-genomic signaling, is a corepressor of

some nuclear hormone receptors and a coactivator of estrogen receptor-mediated

transcription. It was found to be implicated in the phosphorylation and activation of ERK1/

ERK2, expression of cyclin D1, hyperphosphorylation of retinoblastoma protein (RB) and

cell cycle progression [20,24,46,47]. PELP1 also displayed interactions with TAF2E, a

component of the transcription factor IID (TFIID) and PCAF (P300/CBP-associated factor)

histone acetylase complexes. The TFIID complex is coordinating the initiation of

transcription by RNA polymerase II, and plays an essential role in mediating promoter

responses to transcriptional activators and repressors [21]. Targets of PCAF’s

acetyltransferase activity include p53, and of its ubiquitin-ligase activity include the

oncoprotein HDM2-a ubiquitin ligase itself that targets p53 for degradation [48,49]. DNA

accessibility can be controlled through an alternate mechanism, as well, via ATP-dependent

complexes that use the energy of ATP hydrolysis to alter or disrupt the association of DNA

with the histone proteins. G1N up-regulated proteins, part of such complexes, included

transcriptional regulators with repressor/activator roles such as SMARCA5, SMARCD2
and HLTF. SMARCA5 facilitates transcription by RNA polymerase II, and HLTF has
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helicase and ligase activities and is also involved in error-free postreplication repair of

damaged DNA [21].

Two additional up-regulated proteins, significant to maintaining telomere and chromosome

integrity, were TERF2 and RAD50. Telomeric DNA shortens after every replication event,

and after reaching a critical length, cells become senescent [50,51]. Unlimited proliferative

capacity is a hallmark of tumorigenesis, and cancer cells acquire it by maintaining or

lengthening their telomeres using two independent mechanisms: telomerase-mediated

telomere synthesis or alternative telomere-lengthening (ALT) [9,50,51]. TERF2 mediates

T-loop formation, stabilizes telomere structure, participates in negative regulation of

telomere length, and binds DNA repair proteins that also play a role in telomere homeostasis

[50,52]. Some of the DNA repair proteins that bind TERF2 have been discussed above in a

DSB repair context: DNAPK, RAD50, MRE11 and PARP1 [50]. A complex consisting of

MRE11, RAD50 and TERF2 localizes to the telomeres during interphase, and possibly

plays an important role in stabilizing T-loop formation. The association of PARP1 with

TERF2 seems to localize the former to sites of telomere damage. Upon poly(ADP-

rybosyl)ation of TERF2, it dissociates from telomeres which gives the DNA repair

machinery access to repair damaged telomeres. The STRING networks also revealed that

TERF2 interacts with TP53BP1 and ZNF217. As part of the DNA damage response,

TP53BP and other proteins accumulate at the chromosome ends upon inhibition of TERF2
or critical telomere shortening [24]. Gene amplification of ZNF217, which has been

observed in MCF-7 cells, is associated with increased telomerase activity and infinite

lifespan of cells [37].

Additional contributions to chromatin organization were provided by the lamin proteins. The

nuclear envelope (NE) separates the nucleus from the cytoplasm, and functions in chromatin

regulation, gene expression, signaling, cell proliferation and DNA repair have been

described [53]. Isoform beta/gamma of the NE transmembrane protein lamina-associated

polypeptide 2 (LAP2B or TMPO) is transcriptionally up-regulated in a variety of tumors

and may have a regulatory role in nuclear growth. LAP2B binds to barrier-to-

autointegration factor (BAF), identified in all fractions, to participate in chromatin folding,

and its overexpression has been linked to inhibition of E2F-dependent transcription [53].

STRING network predictions revealed that LAP2B interacts with both lamins A/C (LMNA)

and B1 (LMNB1), both of which displayed up-regulation in G1N. Lamins, the only known

filament system in the nucleus, participate in signaling by binding and sequestering

transcription factors [53]. Lamin A, interacts with lamina-associated polypeptide 2 isoform

alpha (LAP2A) and the retinoblastoma-associated (RB1) proteins, both of which were

identified in the nuclear fractions, to sequester the RB1/E2F complex and arrest the cell

cycle in the G1 phase [53]. Thus, up-regulation of LMNA in G1N is in accordance with the

arrested state of the MCF-7 cells.

In addition to transcriptional repressors, transcriptional activators with roles in cell growth,

proliferation and differentiation were also identified. These included a general transcription

factor (GTF2E1) and activators of target genes of signaling pathways such as Wnt

(CTNND1), estrogen signaling (PELP), or of pathways associated with development and

differentiation (YY1 or Yin Yang 1). YY1 was also found to negatively regulate p53 by
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ubiquitination and subsequent degradation [54], prevent cyclin D1 accumulation by blocking

the gene promoter, and bind RB to promote progression to the S phase [55]. CTNND1 and

YY1 displayed STRING interactions with a group of proteins with roles in endocytosis,

actin polymerization and cell motility (DNM1, DNM2, WASL, ARPC5, ARFGAP2),

proteins that have been associated in turn with cytokinesis, cell adhesion and metastasis.

Along with YY1, other proteins such as CTBP2, LIMS1 and ROD1, had all additional roles

in regulating cell differentiation, a program that is often distorted in cancer cells. LIMS, that

has shown STRING interactions with an integrin linked kinase (ILK), is an effector of

integrin and growth factor signaling pathways [21], and overexpression of ROD1 has been

shown to block differentiation of human leukemia cells without affecting their proliferative

ability [56].

(c) Translation initiation/Ribosome biogenesis—(3-10-fold enrichment/p-scores

1.6-2.14). Production of ribosomes and translation are critical, high energy-consuming

processes in cell growth and proliferation [57,58]. Cancer cells are known to display

elevated ribosomal biogenesis and protein synthesis processes [58], and tumorigenesis has

been reported to be promoted by the over-expression of individual subunits of translation

initiation factors [59]. The subunit alpha of eukaryotic translation initiation factor 2 (EIF2A
or EIF2S1) that catalyzes the first step of protein synthesis by forming a complex with

tRNA and GTP and binding to a 40S ribosomal subunit, along with the eukaryotic release

factor 1 (ERF1 or ETF1), which recognizes termination codons and terminates the nascent

peptide synthesis, were both up-regulated in G1N. The phosphorylation of EIF2A protein

product halts protein synthesis and activates the NFκB (nuclear factor kappa-light-chain-

enhancer of activated B cells) signaling pathway [60]. NFκB is a transcription factor that is

activated in response to various stimuli (stress, radiation, free radicals), and its inappropriate

regulation was linked to a number of biological processes such as immune response, cell

growth and development, differentiation, tumorigenesis and apoptosis. Both EIF2A and

ETF1 displayed interactions with RAN, a member of the RAS oncogene family, which is

required for protein import into the nucleus and RNA export into the cytoplasm, as well as

for chromatin condensation and cell cycle control. In addition, EIF2A and ETF1 showed

multiple interactions with a set of up-regulated proteins involved in the assembly of the

ribosomal subunits 40s and 60s (RPL18A, NOP56, BRIX1, RSL1D1, PDCD11, EXOSC4
and NVL). Two tyrosyl-/aspartyl-tRNA synthase proteins (YARS, DARS2), with key role

in linking amino acids with nucleotide triplets contained in tRNA, displayed STRING

interactions with transferases and hydrolases involved in amino acid metabolism (SHMT1,

SHMT2, NDRG1).

(d) Other functional clusters—Additional up-regulated protein clusters included

mitochondrial respiration, amino acid metabolism and RNA processing. Most importantly,

several smaller sets of proteins that were discussed in the previous sections, but had

additional functions in cell cycle regulation and proliferation, were identified. Positive

regulators of cell cycle included proteins with role in DNA damage repair, proteasome

degradation, transcriptional activation and signaling (TERF2, CUL1, PELP1, RAN), while

negative regulators included proteins with role in transcriptional repression, signaling,

apoptosis and stress response (TP53BP1, CCAR1, CDK11A, NDRG1, PPP2R1A,

Tenga and Lazar Page 11

Proteomics. Author manuscript; available in PMC 2014 August 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



PPP2CB). CUL1, for example, as part of the Skp/Cullin-F-box complex (SCF), regulates

the degradation of CDK inhibitors p21 and p27. Its up-regulation, may have, therefore, an

important role in G1/S cell cycle progression in MCF-7 cells [61]. CCAR1 is involved in

transcriptional regulation and induction of apoptosis by altering the expression of some

genes that control cell cycle regulation (MYC, CCNB1 and CDKN1A), while CDK11A,

with roles in apoptosis, is believed to also act as a negative regulator of cell cycle

progression [21]. NDRG1 is implicated in growth inhibition through its participation in

biological processes related to stress response, differentiation and p53-mediated caspase

activation and apoptosis [62]. PPP2R1A and PPP2CB are major Ser/Thr phosphatases that

have been implicated in signaling processes with negative role in cell division [21].

Additional proteins with roles in cancer progression included GLYR1 (glyoxylate reductase

1 homolog), ILK (integrin linked kinase), CDC42BPB (Serine/threonine-protein kinase

MRCK beta), MTA2 (metastasis associated protein) and CROP (cysplatin resistance

associated overexpressed protein). GLYR1 regulates p38/MAPK14 signaling by

phosphorylating MAPK14 and activating ATF2 (Activating transcription factor 2) [63]. In

turn, ATF2 which is a HAT, also stimulates CRE (cAMP-responsive element)-dependent

transcription, and its abnormal activation was linked to the development of aggressive

epithelial tumors [21]. ILK and CDC42BPB, through their roles in mediating cell

architecture and cytoskeleton organization, respectively, have potential roles in anchorage-

dependent cell growth and invasion [21]. MTA2 and CROP, both widely expressed

proteins, did not pass the 2-fold up-regulation threshold, but their relevance and low p-value

warrants their discussion (log2=0.88/p=0.02 and log2=0.74/p=0.01). MTA2 has roles in

transcription regulation and chromatin remodeling by covalent modifications of histone

proteins. Through its implication in p53 deacetylation, MTA2 is believed to be involved in

loss of growth inhibition and metastasis [64]. CROP is a nuclear protein that has been

isolated from cysplatin resistant cell lines, and is believed to be involved in the formation of

the spliceosome [65].

SN up vs. G1N (Figure 4C)

As expected, the up-regulated clusters in the SN fraction are consistent with progression

through the cell cycle. These clusters included mainly proteins involved in cell proliferation/

cell cycle regulation, metabolism (e.g., energy production, oxidative phosphorylation, redox

reactions, mitochondrial respiration), nuclear import/export and transcription/translation

(2-16-fold enrichment/p-scores 1.4-4.8). After release in S, the predominant cell

proliferation network carried at its center three important proliferation markers: cyclin-

dependent kinase 1 (CDK1 or CDC2), required for entry into S-phase and mitosis in higher

cells [66], antigen Ki-67 (KI67), expressed throughout the cell cycle of proliferating cells

but not in the early G1/G0 resting phase [67], and proliferating cell nuclear antigen (PCNA),

a cofactor of DNA polymerase δ, involved in the control of eukaryotic DNA replication

[68]. An entire set of 14-3-3 proteins (α/β, ε, γ, θ, ζ), with roles in growth, signal

transduction and cell adhesion, showed some level of up-regulation even if not passing the

two-fold threshold. One of these, 14-3-3 ε (YWHAE) displayed interactions with CDC2.

YWHAE is an adapter protein that participates in cell division and signaling regulation

(including insulin sensitivity), and modulates the activity of a large number of binding

partners [69]. A few additional proteins that had been associated with breast cancer cell
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proliferation included GRB2, CUTL1 and G3BP2. Growth-factor receptor binding protein

2 (GRB2) has been reported to be over-expressed in breast cancers, interestingly, with

predominant localization in the nucleus [70]. GRB2, which was found up-regulated in both

the nuclear and cytoplasmic fraction of our S-stage MCF7 cells, is an essential signal

transduction adapter protein that links cell surface receptors to the RAS signaling pathway.

The Ras-Raf-Mek-Erk branch of the receptor tyrosine kinase (RTK) pathways lies at the

center of signaling networks that govern proliferation, differentiation and cell survival.

Homeobox protein cut-like-1 (CUTL1) is a transcriptional regulator associated with TGF-β-

promoted cell invasion and motility, and its expression is inversely correlated with breast

cancer survival [71]. Ras GTPase-activating protein-binding protein 2 (G3BP2) displays

over-expression in a majority of breast tumors. The protein has nuclear localization in the

active cell cycle, and a possible role in cell cycle control as an RNA transporter has been

suggested [72]. As part of the mitochondrial metabolism cluster, heat shock protein 70 kDa

9 (HSP9) and prohibitin (PHB) were two other up-regulated proteins that were ascribed

roles in cellular proliferation. HSPA9 has been also associated with stress response and

aging, and PHB serves as a foldase/unfoldase molecular chaperon in the mitochondria, and

as a transcription modulator in the nucleus [73,74]. PHB was also shown to be estrogen

regulated in MCF cells [75]. Both have been suggested to be potential predictive markers of

breast cancer [73].

G1C vs. SC

Protein up-regulation in the G1C and SC fractions represented a broad spectrum of

biological processes that supported the events in the nucleus, and detailed discussions go

beyond the purpose of this paper. Briefly, in G1C, these clusters included protein transport/

turnover/ubiquitination, degradation of misfolded proteins, glycoprotein and lipid

metabolism, mitochondrial respiration/electron transport/protein processing, cytoskeleton

organization and control of cell shape and motion, and signal transduction (2-24-fold

enrichment/p-scores 1.3-2.5). In SC, the up-regulated clusters encompassed DNA replication

(mcm complex proteins)/histone acetylation/transcription initiation, RNA processing/

splicing, translation initiation/protein folding, protein transport/nuclear import (displaying

interactions with mcm proteins), vesicle trafficking/endocytosis, and various RNA

processing and metabolic functions (4-180-fold enrichment/p-scores 1.3-2.1). Proteins that

were selected as differentially expressed changed expression ratio in either the nuclear or the

cytoplasmic fractions. Only two proteins were found to change expression in both, by

translocation: glia maturation factor beta (GMFB) and dynamin 2 (DYN2). The functional

role of these proteins is commensurate with their translocation from one cellular subfraction

to the other [20,21]. GMFB was up-regulated in G1C, and upon cell stimulation in SN.

GMFB is an enhancer of the p38 MAPK signaling pathway, with roles in regulating protein

turnover in the cytoplasm. In the nucleus, in response to stimuli, p38 MAPKs are

responsible for the activation of transcription factors (ATF 1, 2 and 6, ELK1, PTPRH,

DDIT3, TP53/p53 and MEF2C and 2A), the regulation of chromatin accessibility, NF-

kappa-B recruitment, and G2 delay. DYN2 which was up-regulated in G1N, and upon

stimulation in SC, is a microtubule associated proteins with roles in endocytosis.
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Concluding remarks

Differential protein expression analysis of the G1 and S cell cycle stages of MCF-7 breast

cancer cells has revealed functional protein clusters indicative of all hallmarks of cancer. At

the proteomic level, the data uncovers for the first time new relationships between co-

regulated protein networks with essential roles in transcription activation and repression,

signaling, and cell cycle control. Up-regulated proteins in G1 included two main categories.

On one hand, as expected for starved cancer cells, DNA damage response and cell cycle

inhibitory proteins were identified. These clusters included DNA damage repair proteins

(XPC, PNKP, XRCC1, RAD50, TP53BP, MSH3, MEN1), transcriptional repressors and

chromatin remodeling (HLTF, TP53BP1, DR1, MBD2), apoptosis and negative regulators

of cell cycle and growth (CDK11A, CCAR1, NDRG1), and inhibitory signaling

(PPP2R1A, PPP2CB) and arrest proteins (LMNA). On the other hand, originators of

proliferation, as possible drivers through the G1/S transition point in cancerous cell states,

were found to be decisively abundant. These networks encompassed positive regulators of

cell cycle/growth and transcriptional/translational activators (TERF2, EIF2A, EIF2S1),

repressors of CDK inhibitors (CUL1, CTBP2, MBD2, ZNF217), enhancers of telomerase

activity and limitless replicative potential (TERF2, ZNF217, ZNF512B, PP2A), mediators

of cell survival (LIMS1) and evasion of apoptosis (ZNF217), activators of cell signaling

(Wnt/CTNND1, estrogen/PELP, MAPK14/GLYR1, integrin/LIMS1/ILK), promoters of

insensitivity to antigrowth signals (ZNF217, ZNF512B, CTBP1/2, HDAC1/2), blockers of

differentiation (ROD1), and cell adhesion, spreading and metastasis proteins (LIMS1,
MTA2), just to summarize a few. The relevant protein clusters up-regulated in S, while

included mainly indicators of enhanced metabolic activity and cell proliferative signaling,

pinpointed the presence of additional proteins with roles in angiogenesis, cell invasion and

metastasis. The presence of oncoproteins was prevalent in all cell states. The enhanced

proliferative capacity of these cancer cells spans the entire range of tumorigenesis hallmarks.

The interdependence of biological mechanisms that encompass DNA repair and

transcriptional activities associated with the repression of CDK inhibitors and acquisition of

insensitivity to growth inhibition, results ultimately in capabilities that promote evasion of

apoptosis, enhanced cell proliferation, limitless replicative potential and metastasis. By

providing novel insights into the functional categories that drive cancer cells into division,

the data points to a broad range of potential therapeutic targets that concurrently affect the

cell cycle signaling and transcriptional/translational machinery.
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Abbreviations

CDK (cyclin dependent kinase)

E2 (estradiol)

ER+ (estrogen receptor positive)
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Figure 1.
Reproducibility of protein identifications in three biological replicates. The bar graphs

represent overlapping proteins between biological replicates, and the average and total

number of protein IDs per cell state (G1N, G1C, SN and SC).
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Figure 2.
Sample and data processing protocol. Three biological replicates of G1 and S, nuclear and

cytoplasmic cell fractions, were analyzed by LC-MS/MS. Data filtering was performed at

three levels: mass spectrometric, biological and statistical.
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Figure 3.
Volcano plot illustrating protein differential expression in the G1 (95 proteins) and S (76

proteins) nuclear fractions.
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Figure 4.
STRING diagrams. (A) Cell cycle proteins identified in all MCF-7 fractions: (1) cell cycle

regulation; (2) proteasome degradation; (3) chromatin maintenance; (4) DNA repair; (5)

mitosis/cytokinesis; (6) nuclear import/export; (7) integrin signaling; (8) G1 arrest proteins;

(9) ribosome biogenesis. (B) Up-regulated proteins in G1N: (1) DNA damage repair/

transcription repression; (2) transcription activation/repression; (3) transcription initiation

(Mediator proteins); (4) transcription activation/cell motily/adhesion; (5) nuclear lamina

organization; (6) ribosome biogenesis/translation initiation; (7) translation/amino acid

metabolism; (C) Up-regulated proteins in SN: (1) cell proliferation/cell cycle regulation; (2)

transcription/rRNA processing, (3) mitochondrial protein metabolism; (4) mitochondrial

metabolism; (5) protein folding.
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Figure 5.
STRING diagram of 119 proteins with roles in DNA damage repair. DNA damage repair

proteins: TP53BP, XPC, XRCC, MSH, RAD, DDB1/2, RPA3, PARP1, ERCC2, HYRC,

APEX1, FEN1, MDC1, MRE11, LIG3, CUL4; Cell cycle/proliferation proteins: PCNA,

CDK1, RB1, RELA, MNAT; and, Chromosome/chromatin maintenance protein: TERF2,

ASH2, TRRAP, RUVBL2, SMC1A, SMC3, SSRP1 and MCM.
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