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Abstract

Cellular senescence, an irreversible cell cycle arrest induced by a diversity of stimuli, has been
considered as an innate tumor suppressing mechanism with implications and applications in
cancer therapy. Using a targeted proteomics approach we show that fibroblasts induced into
senescence by expression of oncogenic Ras exhibit a decrease of global acetylation on all core
histones, consistent with formation of senescence-associated heterochromatic foci. We also
detected clear increases in repressive markers (e.g., >50% elevation of H3K27me2/3) along with
decreases in histone marks associated with increased transcriptional expression/elongation (e.g.,
H3K36me2/3). Despite the increases in repressive marks of chromatin, 179 loci (of 2206 total)
were found to be upregulated by global quantitative proteomics. The changes in the cytosolic
proteome indicated an upregulation of mitochondrial proteins and downregulation of proteins
involved in glycolysis. These alterations in primary metabolism are opposite of the well-known
Warburg effect observed in cancer cells. This study significantly improves our understanding of
stress-induced senescence and provides a potential application for triggering it in anti-proliferative
strategies that target the primary metabolism in cancer cells.
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INTRODUCTION

In normal tissues, proliferative balance is carefully maintained by the highly regulated
process of cell division. Cancers arise as somatic cells escape the controls which normally
restrain them against unregulated expansion in renewable tissues [1]. Evolutionally, several
mechanisms have developed to prevent uncontrolled cell division. These mechanisms work
coordinately in an extraordinarily effective way to suppress tumorigenesis. Given the
trillions of cells in a multicellular organism that are constantly exposed to cancer-causing
environmental insults, the development of cancer is relatively rare.
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Cellular senescence is one of several tumor-suppressing mechanisms and refers to the result
of a signal transduction program that leads to an irreversible arrest of the cell cycle [1]. The
senescence phenomenon was first associated with aging as Hayflick and colleagues
observed that normal human fibroblasts lost their proliferative capacity after a finite number
of cell divisions in culture [2]. This phenomenon termed replicative senescence has been
shown to be a result of telomere attrition [3]. Senescent cells display a characteristic
phenotype, including enlarged cell size, flat vacuolated cell morphology, inability to
synthesize DNA, formation of senescence-associated heterochromatin foci (SAHF) and
expression of an endogenous [-galactosidase activity [4]. A similar phenotype can occur in
“young” cells in response to multiple stimuli, including DNA damage, oncogenic signals
and oxidative stress [5].

Oncogene activation acting to potentiate or overstimulate normal growth signaling is a
hallmark of cancer [5]. However, in “normal” cells oncogene activation does not lead to
transformation, but instead provokes cellular senescence. Expression of a variety of
oncogenes, including HRAS [6], BRAF [7], E2F1 [8], and MYC [9], drives a burst of cell
hyperproliferation followed by a proliferation slow down and eventually cell growth arrest.
It has recently been observed that oncogene induced senescence (OIS) is associated with
activation of the DNA damage response (DDR) [6, 10]. DNA damage signals contribute to
activation of the p53 and pRB pathways, two key regulators of the senescence program,
indicated by the fact that inactivation of either one usually abolishes cellular senescence in
both mouse and human cells [11].

Cellular senescence serves as a tumor-suppressor in two ways to inhibit proliferation. First,
cell growth arrest certainly blocks tumor growth. Second, proliferation arrest should prevent
the acquisition of additional mutations that can drive oncogenic events such as increased
metastatic potential. Even though some cancer cells can escape the senescence program,
they still retain the capacity to undergo senescence [5]. From a potential therapeutic
perspective, senescence initiated by genotoxic stress, including chemotherapeutic drugs, is
able to contribute to tumor regression in vivo [12, 13]. Senescent cells are also able to secret
immune regulators which can trigger clearance of senescent cells by the innate immune
system [14]. Moreover, cellular senescence could serve as a backup program that inhibits
growth when tumors have defects in apoptotic pathways or developed resistance to
chemotherapeutic drug-induced apoptosis [4].

Though great progress towards understanding the senescence phenotype and its underlying
molecular mechanisms has been made over the last decade, a global view at the systems
level is still lacking. It has been shown that senescent cells display a distinct gene expression
profile at the transcriptome level [15], with such “omic” studies mostly focused on
replicative senescence [16, 17]. Moreover, transcriptome dynamics do not reflect direct
changes at the proteome level [18, 19]. Hence, a mechanistic investigation of the proteome
in oncogene induced senescent cells could provide information about differential regulation
of responsive genes in the senescence program.

In this work, we applied quantitative mass spectrometry to study global histone
modifications and protein expression changes in OIS cells. While core histones showed
marks consistent with heterochromatin formation in bulk chromatin, we quantified nearly
200 proteins with elevated expression levels in senescent cells. These upregulated loci
agreed with the view that senescent cells are arrested in the G1 phase of the cell cycle and
cell growth is uncoupled from cell division. Upregulation of proteins involved in oxidative
phosphorylation and downregulation of proteins involved in glycolysis indicated that the
metabolic signhature of oncogene induced senescence was opposite of the well-known
Warburg effect in cancer cells. By changing protein expression and activity to mimic such a
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metabolic signature, control fibroblasts, were forced into senescence in elevated numbers.
These findings further our understanding of the senescence program and its antagonistic role
to the development of cancer.

MATERIALS & METHODS

Cell culture and gene transfer

Human diploid fibroblasts IMR-90 were purchased from ATCC and cultured in DMEM
supplemented with 10% FBS and antibiotics. The retroviral vectors (pBabe-Puro and pBabe-
Ras (H-RasV12)) were kind gifts from Dr. Scott Lowe at Cold Spring Harbor Laboratory.
Retroviruses were packed using phoenix cells (ATCC) as described previously [20]. Pseudo-
retrovirus used in SILAC experiments with VSV-g was packed and concentrated at the
Vector Core facility at University of Michigan.

Intact histone profiling and peptide preparation

Whole core histones were purified from control cells and senescent cells, respectively, and
analyzed by Top Down LC-MS as described previously [21]. For Bottom Up LC-MS of
histone peptides, bulk histones from control and senescent cells were chemically derivatized
by treatment with propionic anhydride and digested by trypsin as described before [22].
They were analyzed on a triple quadrupole mass spectrometer (videinfra).

SILAC labeling

“Heavy” media was prepared in house with L-13Cg, 15N, —arginine, L-13Cg, 1°N,-lysine and
dialyzed FBS. IMR-90 cells were cultured in heavy media for 3 days prior to retroviral
infection. Concentrated retroviruses containing pBabe-Puro plasmid were diluted with heavy
media in a 1:20 ratio to reduce light amino acid incorporation during virus infection. The
infected population was selected in heavy media with 2 pg/mL puromycin for 2 days and
cultured in fresh heavy media for another 6 days (Figure 1A).

Protein harvest, fractionation and digestion

Control and senescent cells were trypsinized and counted with a hemocytometer. Cell pellets
were washed by cold PBS 3 times and lysed in nuclear isolation buffer containing 15 mM
Tris—hydrochloride; pH 7.5, 60 mM potassium chloride, 11 mM calcium chloride, 5 mM
sodium chloride, 5 mM magnesium chloride, 250 mM sucrose, 1 mM DTT, 10 mM sodium
butyrate, protease inhibitor cocktails (Sigma), phosphatase inhibitor cocktails (Sigma) and
0.3% NP-40. The cell lysate was centrifuged at 1000 x g for 5 minutes at 4° C. The
supernatant was saved as the cytosolic fraction. The pellet (nuclear fraction) was dissolved
in 50 mM Tris buffer with 4% SDS supplemented with 10 mM sodium butyrate, 1 mM
DTT, phosphatase inhibitor cocktails and protease inhibitor cocktails. Protein concentration
was determined by BCA assays (Fisher). Equal amounts of the cytosolic or nuclear proteins
from control and senescent cells were mixed, respectively, resulting in 80-100 pg of total
protein.

Protein mixtures were separated by 1D SDS-PAGE, using 1 mm NuPage Noves Bis-Tris
4%-20% gradient gels (Invitrogen) according to the instructions. The gel was stained with
Coomassie blue using mass spectrometry compatible staining kit (Thermo Pierce) and
destained in HPLC grade water. Each gel lane was cut into 14 slices and protein bands were
excised and digested with trypsin as described previously [23]. Digested peptides were
extracted from the gel pieces and dried down in a speed-vac prior to storage at —80°C.
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Bottom Up Nanocapillary LC-MS/MS

Digested proteins were separated by online reverse-phase nanoscale capillary liquid
chromatography (nanoLC) coupled with electrospray tandem mass spectrometry (MS/MS).
The peptide mixtures were resuspended in 10 pL of buffer A (100% LC-MS water
containing 0.2% formic acid) and loaded onto a trap column (150 pm internal diameter, in-
house packed with C18 resin to a length of 3 cm) using an Eksigent 1D+ autosampler
(Eksigent Technologies, Dublin, CA) at a high flow rate of 5 uL/min. Columns were in-
house packed with 10p.m Jupiter C18 (Phenomenex, Torrance, CA) material. Subsequently,
the peptides were eluted off the trap column and further separated by a C18 analytical
column (75 pm x 10 cm) with a nanospray emitter containing an integrated frit (PicoFrit,
New Objective, Inc., Woburn, MA) with 5 um C18 resin at a flow rate of 300 nL/min. A
120 min. gradient with buffer A (as above) and buffer B (5% water/95% acetonitrile,
containing 0.2% formic acid) was used: buffer B concentration increased from 5% to 30%
over 50 min. and from 30% to 45% from 50 to 70 min. Within the next 70 to 72 min., buffer
B was ramped to 80% and remained at 80% from 72to 77 min. before declining to 5% by 79
min. The column was further washed with 2 gradients of 5% B to 80% B from 79 to 99 min.
and then equilibrated at 0% B from 99 to 120 min.

Samples were analyzed on a 12 Tesla LTQ-FT Ultra (Thermo Fisher Scientific, San Jose,
CA) instrument fitted with a digitally controlled nanospray ionization source (PicoView
DPV-550, New Objective, Inc.). This FTMS instrument was operated in data dependent
mode to automatically switch between MS and MS/MS acquisition. Survey scan spectra
were acquired in the FT-ICR cell from myz 400 to 1600 with resolution R=170,000 at m/z
400 and AGC set to 1,000,000 charges. The MS/MS spectra were acquired in the linear ion
trap with the five most intense ions sequentially isolated and fragmented in the ion trap
using CID with a target value of 30,000 and maximum fill time of 150 ms. Dynamic
exclusion was set to 30 s with a repeat count of 2. An activation Q of 0.25 and activation
time of 30 ms were applied to MS/MS acquisitions.

Top Down Nanocapillary LC-MS

Intact histone proteins were analyzed as described previously. Briefly, HPLC purified
histones underwent RPLC-MS analysis. Buffer A is 95% water, 5% acetonitrile, and 0.2%
formic acid while buffer B is 5% water, 95% acetonitrile, and 0.2% formic acid. The
columns were in-house packed with 5 ym, 1000A PLRP-S material (Agilent Technologies,
Inc., Santa Clara, CA). The proteins were loading onto a trap column (150 um internal
diameter, with PLRP-S length of 3 cm) at a high flow rate of 3 iL/min. The proteins were
eluted off of the trap column at a flow rate of 300 nL/min onto an analytical column (75 pm
internal diameter, 10 cm PLRP-S length). The gradient consisted of buffer B being increased
from 0% to 30% by 20 min., then from 30% to 60% from 20 to 100 min. Between LC-MS
runs, the column was washed and equilibrated by three short 0% to 100% B gradients. The
LC-MS experiments were performed on a 7 Tesla LTQ-FT mass spectrometer (Thermo
Fisher Scientific, San Jose, CA). The LTQ-FT method performed a low resolution ion trap
scan followed by a high resolution FTMS scan with resolution of 100,000 at m/z 400. Intact
monoisotopic masses were calculated by the Xtract algorithm (Thermo Fisher Scientific,
San Jose, CA).

Nano-LC triple quadrupole mass spectrometry

Histones from isolated nuclei were acid-extracted and derivatized with propionic anhydride
both prior to and following trypsin digestion as previously described [25, 26]. Briefly, two
rounds of propionylation are performed. The first round occurs before trypsin digestion to
block the cleavage in unmodified lysine while the second round comes after trypsin
digestion to derivative newly exposed N-termini. In addition to producing uniformity in
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peptide length, histone derivitization can also increase the hydrophobicity of the small, basic
peptides enough to allow retention on reverse phase columns. The first round normalizes
peptide length and both derivitization rounds serve to increase hydrophobicity of the
peptides. The net effect of the two rounds of derivitization is that N-terminal, unmodified,
and singly methylated lysines gain one propionyl group. However, no propionyl group is
added to lysines with di- and tri-methylation. Propionyl derivatized histone peptides were
resuspended in 20 pL water with 1% TFA. The nanoLC-MS system for peptide analysis
consisted of a Dionex UltiMate 3000 coupled to a ThermoFisher Scientific TSQ Quantum
triple quadrupole mass spectrometer. Buffer A was 100% LC-MS grade water with 0.1%
formic acid and buffer B was 100% acetonitrile. The propionylated peptides were loaded
onto a C18 trapping column (2 cm x 150 pm; Vydac 218MS C18 5um beads) for 5 min. at a
flow-rate of 5 pL/min. in 0.1% TFA loading buffer. The peptides were separated by a
gradient from 2 to 35% buffer B from 5 to 31 min. The analytical column (10 cm x 75 pm)
consisted of the same C18 material as the trapping column; both were packed in-house. The
triple quadrupole settings were as follows: collision gas pressure of 1.5 mTorr; Q1 peak
width of 0.7 (FWHM); cycle time of 3.5 s; skimmer offset of 10 V; electrospray voltage of
2.6 kV. Nanospray was from a New Objective emitter with 10 um tip, attached to a custom-
built stage.

Selected reaction monitoring (SRM) mass spectrometer transitions were developed and data
were analyzed using Skyline software (v0.7; MacCoss Lab, University of Washington) [27].
Synthetic methylated and acetylated histone peptides (Anaspec) were employed in SRM-
based assay development. The synthetic peptides were different singly modified forms of
either the H3 1-21 aa peptide or the H3 21-44 aa peptide and were derivatized and trypsin
digested as above. The different forms of the H3 1-21 aa peptide were unmodified, K4ac,
K4dmel, K4me2, K4me3, K9mel, K9me2, K9me3, K9ac, and K14ac. The forms for the H3
21-44 aa peptide were K27mel, K27me2, K27me3, K36mel, K36me2, and K36me3.

Each SRM transition has a predefined precursor mass as well as between one and three
predefined fragmentation product ions (Supplementary Table 4). Briefly, method
development consisted of surveying a wide range of predicted b and y ions for each peptide;
where isobaric forms of the peptide existed (e.g. K27 and K36 methylation forms of the H3
27-40 aa peptide), transitions were selected that distinguished between the different forms.
The most intense of these fragment ions were selected for collision energy optimization. The
histone SRM analysis was performed in biological triplicate and technical duplicate.

Data analysis

SILAC-MS data were analyzed by MaxQuant software (v 1. 0. 13. 13) [28]. Proteins were
identified by database searching using Mascot (Matrix Science Ltd., Beachwood, OH)
against the human IPI database supplemented with frequently observed contaminants and
the reverse sequences of each entry. Search parameters specified a MS deviation of 7 ppm
and an MS/MS tolerance of 0.5 Da with up to three miscleavages allowed.
Carbamidomethylation of cysteine was set as a fixed modification and oxidation of
methionines and N-terminal protein acetylation were allowed as variable modifications. The
false discovery rates (FDR) at the peptide and protein level were both set to 1%, and
proteins identified with one unique peptide were manually validated. All the post-search
bioinformatics analysis was performed with the lead proteins in a protein group. Data
generated from triple quad mass spectrometry were processed using Skyline software [27],
with Savitzky-Golay smoothing of peaks. Automatic peak assignment and retention times
were verified manually. Total area of transitions corresponding to specific histone marks
were employed to create the data of Figure 2B and Supplementary Figure 4.

Proteomics. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 6

Intact histone MS data were analyzed by Xtract (Thermo Fisher, San Jose, CA). Manual
Xtract analysis of the selected ion chromatograms of eluted protein species yielded
monoisotopic masses. The masses were then matched to the Uniprot database masses to
confirm identity. Acetylation forms (+42 Da for each acetylation) were also found using the
manual Xtract data analysis approach.

SA-B-gal assays and SAHF images

SA-B-gal activity was detected as previously described [20]. DNA was visualized by DAPI
staining (1 pg/mL).

Western blotting

RESULTS

Western blotting analysis was carried out using 20 pg of whole cell lysate. The membranes
were probed with primary antibodies against p16 (1: 200, Santa Cruz), HDAC1 (1: 1000,
Millipore), and HDAC2 (1: 1000, Millipore) in 0.05% Tween 20/PBS and then with an
HRP-labeled secondary antibody (1:5000; Santa Cruz). Proteins were visualized by
chemiluminescence with ECL Western blotting detection reagents (Thermo Pierce).

Reduction of global histone acetylation during oncogene induced senescence

In order to examine histone modifications in global chromatin, we analyzed intact histones
from oncogenic Ras induced senescent cells (6 days after puromycin selection, Figure 1A)
by LC-FTMS. The senescence phenotype was first confirmed by examining several well
established senescence markers, including SAHF formation (>70% of cells), SA-p-gal
assays and upregulation of protein p16/NK4A (Figure 1B and Supplementary Figure 1). We
observed a significant decrease of relative global histone acetylation levels from all core
histone proteins in senescent cells compared to control cells (Figure 2A). Histone H2A, H2B
and H4 showed decreased intensity of their acetylated forms in the spectra. Though H3 has a
more complicated spectrum, interrogated in detail elsewhere [29, 30], we clearly observed
the mass shift from higher m/zto lower myz (base peak shifted from nmv/z 1110 to m/z 1107)
indicative of deacetylation (Figure 1B).

To localize and quantify the modifications on specific lysine residues, we chemically
derivatized bulk histones with propionic anhydride to produce tryptic peptides well retained
on the HPLC column for analysis by LC-MS. Similarly, a peptide from the histone H4 tail
also showed decreased acetylation levels by 50% of the mono-acetylated form in senescent
cells (Supplementary Figure 2) but no significant changes for H4K20me1/2/3 were observed
(data not shown) which is the major methylation site on histone H4 [31]. Next, we examined
the protein expression level of selected histone deacetylases (HDACS) in senescent cells by
western blotting. No upregulation of HDAC1 or HDAC?2 expression was observed in
senescent cells (Supplementary Figure 3) suggesting that global hypoacetylation in
senescent cells might not result from changing the expression level of a single HDAC. This
was also in agreement with our earlier reports showing that knocking down one or two
HDACs did not change global histone acetylation levels in HeLa S3 cells [21].

Comprehensive quantitation of methylation pattern on histone H3 in senescent cells by
SRM mass spectrometry

Using this strategy, we quantitatively analyzed methylation level changes in senescent cells
on 4 different lysine residues (K9, K27, K36 and K79) on histone H3. The di- and tri-
methylation of K27 and K36 have been associated with down- and upregulation of
transcription, respectively, with the di- and tri-methylation of K27 having been shown to
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antagonize methylation of K36 [26, 32, 33]. Here, di- and tri-methylation on K27
significantly increased in senescent cells while the methylation pattern on K36 shifted from
di- and tri-methylation to mono-methylation in senescent cells (Figure 2B). Methylation
levels on histone H3 K79 increased slightly (Supplementary Figure 4A). While histone H3
K9 tri-methylation is associated with transcriptionally silent heterochromatin and has been
shown to be enriched on SAHFs [34], the methylation pattern on the global chromatin did
not change significantly as the di- and tri-methylation levels remained low (Supplementary
Figure 4B).

Quantitative analysis of protein expression changes in senescent cells

To characterize protein expression level changes in oncogene induced senescent cells, we
SILAC-labeled IMR-90 cells transduced with pBabe-puro plasmids (control) and compared
its proteome to that of oncogenic Ras induced senescent cells 6 days after puromycin
selection. As primary fibroblasts have a slower growth rate when compared to cancer cell
lines, we adapted the standard SILAC protocol to allow sufficient time for a full labeling of
all proteins with heavy isotope versions of the amino acids (Supplementary Figure 5).
Proteins from an aliquot of labeled cells were digested and analyzed by nano-LC-MS/MS
and a labeling efficiency greater than 98% was observed (data not shown). We also observed
no Arg-Pro conversion in these labeled cells [35]. Since senescent cells displayed a dramatic
cell size enlargement, particularly in the cytoplasm, we measured the protein content from
the cell nucleus and cytoplasm. The enlarged cytoplasm did translate into a ~four fold
increase in amount of protein in the cell cytoplasm (Figure 1C). Hence, the same protein
amounts were mixed during sample preparation instead of mixing the same number of cells
in the SILAC experiments. Peptides resulting from trypsin digestion of the combined
samples were then separated and detected by MS in form of peptide pairs, and their ratios
reflect relative changes in protein abundance (Figure 3A). We used high resolution MS to
identify 2206 proteins from three biological replicates at a protein false discovery rate of
<1% (Supplementary Table 3). As shown by the Venn diagram in Figure 3D, a list of
proteins was identified for each of the three biological replicates, with 60% of proteins
identified at least in two biological replicates. For the 609 proteins present in all three
biological replicates, the mean of the ratio between treated and control is 1.178 with a
standard deviation of 0.457. We considered average changes in protein abundance greater
than 1.916 as significant, with 1.916 being two standard deviations from the mean (Figure
3B).

Proteins upregulated in oncogene induced senescent cells

In our data set, 179 proteins, ~9% of the identified proteome, showed significant increases
of protein expression levels (Supplementary Table 1). In this list, several proteins have
already been shown to play a role in cellular senescence from previous studies (Figure 3C).
Fibronectin is one of the proteins shown to be upregulated in replicative senescent cells at
both the mRNA and protein levels [36]. Nucleophosmin has been shown to be able to induce
senescence in murine primary fibroblast cells by overexpression [37]. Also, some protein
components of SAHFs, including HP1y [15] and prohibitin [38] showed increased protein
expression levels in our data set. NF-xB, a transcription factor with vital roles in cellular
growth and inflammatory stimuli, is seen at much higher protein expression levels in
senescent cells. NF-kB expression has been associated with oncogenic Ras expression in
fibroblasts [39].

In order to visualize functional linkages of these upregulated proteins on a systems level, we
applied the network analysis tool ‘STRING’ [40] which maps all of the upregulated proteins
from our data set onto known protein-protein interactions. We retrieved all interactions
using a cutoff of 20.7 for STRING’s “confidence score” (i.e., high confidence). In the
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resulting interaction network built from upregulated proteins, four clusters emerged (Figure
4A). The first cluster includes a large number of heterogeneous nuclear ribonucleoproteins
(hnRNPs) and RNA splicing factors which function during transcription and mRNA
processing. The second cluster includes eukaryotic translation initiation factors and
ribosomal proteins. The other two clusters contain mitochondrial proteins involved in
oxidative phosphorylation and ATP synthesis. In contrast, we randomly selected sets of
~200 proteins as null hypotheses and did not observe such noticeable aggregates of
functional modules with the same analysis (Supplementary Figure 6).

Among mitochondrial proteins involved in oxidative phosphorylation, five subunits of ATP
synthase were found to be upregulated in at least two biological replicates. Additionally,
four NADH dehydrogenase subunits and two cytochrome c oxidase subunits were found to
be upregulated (Supplementary Figure 7). These upregulated mitochondrial proteins had an
average ratio of 2.047 with a standard deviation of 0.058.

Protein synthesis is required for OIS

To study the function of the increased expression level of a group of functionally connected
proteins in senescent cells, we examined the involvement of protein synthesis in senescence
program. Senescent cells were treated with protein synthesis inhibitor, cycloheximide, at a
final concentration of 1 pg/mL for 2 days after puromycin selection and incubated in fresh
media for another 4 days. As shown in Figure 5, such treatment with cycloheximide
abolished the senescence phenotype indicated by negative SA-B-Gal staining. This suggests
that functional protein synthesis is required for developing the senescence phenotype.

Proteins downregulated in oncogene induced senescent cells

Compared to upregulated proteins, a smaller number of proteins showed decreased protein
expression level in senescent cells. A total of 31 proteins, about 1.5% of the identified
proteome, showed significantly decreased protein abundance in senescent cells
(Supplementary Table 2). The list of downregulated proteins was submitted to the STRING
analysis and a group of proteins involved in glycolysis appeared as the most significant
cluster in the network map (Figure 4B). Proteins in this category include Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), Enolase (ENO2, ENO3), Phosphoglycerate kinase 1
(PGK), and glucose transporter GLUT1 (SLC2A1) (Supplementary Table 2).

Global proteome changes indicate an altered metabolism in senescent cells

To verify our proteomic findings, we measured by Western blot the levels of proteins
involved in glycolysis and oxidative phosphorylation. One of the important proteins
connecting glycolysis and oxidative phosphorylation is pyruvate dehydrogenase (PDH)
which catalyzes the conversion of pyruvate to acetyl-CoA in mitochondria. The activity of
PDH is controlled by phosphorylation. When non-phosphorylated, PDH is active, whereas
the phosphorylated form is inactive and results in the channeling of pyruvate to lactate.
Therefore, we examined the activity of PDH in senescent cells as reported by its
phosphorylation status. In senescent cells, the expression level of PDH is slightly increased
while the phosphorylated form is significantly decreased (Figure 6). These data are
consistent with PDH being more active in senescent cells, causing more pyruvate to flow
into oxidative phosphorylation. This decreased phosphorylation of PDH was likely caused
by the decreased expression levels of PDH kinases (e.g., PDK-1) in senescent cells. This
was directly tested by immunoblot, which detected a decrease in PDK-1 level in senescent
cells at day 6 (Figure 6). Also, one of the proteins of oxidative phosphorylation, COX 1V,
showed elevated protein abundance, further confirming the global view of metabolism
provided by quantitative mass spectrometry data. Together these data suggest that oncogene
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induced senescent cells, while not dividing but growing, shifted their metabolism to favor
oxidative phosphorylation to enhance ATP synthesis and biomass production.

DISCUSSION

Previous functional proteomic studies have identified several proteins differentially
regulated in replicative senescence from a set of different organisms [42—44]. Due to a much
smaller data set and fewer proteins identified from these studies, they were primarily
focused on the differential expression levels of single proteins. This study is the first large
scale application of functional proteomics to oncogene induced senescence. Along with the
comprehensive histone modification data, it provides a systems-level view to improve our
understanding of cellular senescence and place its antagonistic role towards the progression
of cancer in better context.

Profiling Histone Modifications in Global Chromatin

Our combined mass spectrometric analysis of histone modifications provides a
comprehensive view of global histone modification patterns in cells undergoing accelerated
senescence. Both hypoacetylation of the core histones and hypermethylation of H3K27 are
features of senescent heterochromatin. Identified as a distinct type of facultative
heterochromatin, SAHFs are contrary to the constitutive heterochromatin accumulated in
senescent cells that is responsible for silencing E2F target genes [15]. At the >5% level in
bulk chromatin, SAHFs contain several universal markers of heterochromatin but not the
markers of condensed chromatin in mitotic and apoptotic cells, such as phosphoserine 10 or
28 of histone H3 and phosphoserine 14 of H2B [45, 46]. SAHFs are also characterized by
their depletion of linker histone H1 and enrichment in two other proteins, the histone variant
macroH2A and HMGA proteins [45, 47]. Other than the reported enrichment of histone
modifications at local foci, our data indicate a global change at the histone acetylation level.
Unlike local histone modifications, which reflect the chromatin status at specific regions of
chromosomes (e.g., promoters, centromeres and telomeres), global histone modifications
reflect the chromatin structure in bulk. Considering the evidence that single chromosomes
condense into single SAHFs [34], it is possible that the deacetylation and increase of
methylation on K27 might occur throughout the entire genome (except those regions driving
OIS and requiring highly permissive euchromatin for transcription) and result in the global
chromosome condensation seen as SAHFs by microscopy.

Histone acetylation is controlled by the balance between histone acetyltransferases (HATS)
and HDACs. Due to redundancy and compensation between different members of the HAT
and HDAC families, global histone acetylation might not be controlled by one or even a few
HATSs or HDACs [21]. Indeed, perturbation of chromatin modifications by either inhibition
of HDAC or downregulation of HAT could induce a senescence phenotype [48, 49]. This
suggests a possible link between the global chromatin structure and the senescence
phenotype. With more information from genome wide approaches in the future, it will
become clearer how local chromatin modifications and global chromatin structures
contribute to the maintenance of the senescence state and how chromatin remodelers
function to mediate cellular senescence.

Insights from Global Proteomics

Oncogene induced cellular senescence has been characterized as an irreversible cell cycle
arrest at G1 phase of the cell cycle [20]. G1 is the major period of cell growth in the cell
cycle and also when new cellular organelles are being synthesized. In G1, the cell requires
both structural proteins and enzymes, resulting in a great amount of protein synthesis and
high metabolic activity in the cell. Our quantitative proteomic data showing that proteins
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involved in transcript processing, translation and ATP synthesis were upregulated in
oncogene induced senescent cells are consistent with these cells sharing some features with
G1 cells. This also is consistent with cell growth being uncoupled with cell division.

Contrasting Senescence Metabolism to the Warburg Effect

Glycolysis is a universal metabolic pathway that converts glucose to pyruvate and releases
free energy to produce ATP. In most mammalian cells, glucose is metabolized to carbon
dioxide by oxidation of pyruvate in the tricarboxylic acid (TCA) cycle and following
oxidative phosphorylation in the presence of oxygen. On the other hand, glycolic pyruvate is
converted to lactic acid in the absence of oxygen. A very common characteristic of tumor
cells is that the tumor cells exhibit increased glycolytic metabolism compared with normal
cells, and this abnormal glycolytic metabolism has been discussed as a potential seventh
hallmark of cancer beyond the six widely accepted hallmarks of cancer [51]. Also, inhibition
of glycolytic enzymes has been shown to be able to induce senescence while overexpression
of different glycolytic enzymes can bypass replicative and Ras induced senescence [52].

Our results for upregulated oxidative phosphorylation proteins in senescent cells suggest that
the alterations in senescence cellular metabolism are opposite of those seen in cancer cells.
We observed upregulation of mitochondrial proteins with an average ratio of 2.047 between
treated and control when equal amounts of cytosolic proteins were used in the SILAC
experiments. Considering ~4 fold increase of cytosolic protein in senescence cells, the
average increase of mitochondrial proteins in each senescence cell was ~8 fold. Such an
increase could be the result of greater mitochondrial density, more oxidative
phosphorylation proteins per mitochondrion, or both. However, determination of the exact
mechanism will require further investigation. In senescent cells, changes in protein
expression level appear to cause a different metabolic profile which decreases the rate of
glycolysis and channels more pyruvate to oxidative phosphorylation, opposite of that in
cancer cells (Figure 7).

Compared to normal cells, cancer cells exhibit a signature metabolic shift, with a
pronounced upregulation in glycolysis coupled with a decrease in oxidative phosphorylation
regardless of the availability of oxygen to the cells [41]. This metabolic change occurs both
in hypoxic and aerobic conditions and is referred to as the Warburg effect. In cancer
biology, it is well established that PDK is the enzyme responsible for inhibiting PDH from
pyruvate conversion [53]. Because of our observed shift in proteins involved in glycolysis
and oxidative phosphorylation by global proteomics, we were interested in how the levels of
PDK-1, the enzyme regulating conversion of cytoplasmic pyruvate into mitochondrial
acetyl-CoA, changed in senescence. We observed by Western blot that PDK-1 was present
at lower levels in senescence cells. Corroborating this observation was that of lower
amounts of phosphorylated PDH, the target of PDK-1. The complete Western blot data
presents additional evidence of an upregulation in oxidative phosphorylation, as more
pyruvate will be converted to acetyl-CoA and available for use in the downstream
mitochondrial metabolism. Our findings indicated a reduced level of glycolysis together
with increased oxidative phosphorylation and led us to call this change in senescence
metabolism an ‘anti-Warburg’ effect.

It has been demonstrated that in primary cells, increased Ras expression results in an
increased level of intracellular reactive oxygen species (ROS) [50]. This ROS increase
appears to be important for inducing and maintaining cellular senescence because as
literature has shown treating the cells with hydrogen peroxide scavenging agents or
culturing Ras expressing cells in low oxygen can block Ras-induced senescence [50].
Oxidative phosphorylation performs an essential part of metabolism with the transfer of
electrons from electron donors to electron acceptors in order to release energy. During this
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process, reactive oxygen species such as hydrogen peroxide and superoxide are produced in
mitochondria, which lead to propagation of free radicals that can damage cells. Our
observation of upregulated proteins involved in oxidative phosphorylation suggests an
explanation for the increased ROS levels seen in oncogene induced senescent cells.
However, the precise mechanism for how oncogene expression causes upregulation of
oxidative phosphorylation and the link between OIS and ROS will need to be fully
elucidated.

The paradoxical nature of senescence is continued cell growth coupled with cell cycle arrest.
The observation of SAHF formation in senescence has been known for some time but no
proteomic study has surveyed the impact of the heterochromatin rearrangement on cellular
protein levels. With a quantitative approach to both the changing protein levels and the
fluctuating chromatin modification landscape brought through the induction of senescence,
we have made an initial foray into broadly defining this complicated cellular decision
making, which seems centered around an altered metabolism. By further studying the
underlying mechanism controlling the molecular switches controlling metabolism, one could
understand how cancer cells disrupt the normal limitations of metabolism control and hence
bypass senescence. Restoration of innate growth restriction programs in cancer cells could
prove beneficial for cancer therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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