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Oncogene-induced senescence (OIS) is an important tumor suppression mechanism preventing uncontrolled
proliferation in response to aberrant oncogenic signaling. The profound functional and morphological remodelling of
the senescent cell involves extensive changes. In particular, alterations in protein ubiquitination during senescence
have not been systematically analyzed previously. Here, we report the first global ubiquitination profile of primary
human cells undergoing senescence. We employed a well-characterized in vitro model of OIS, primary human
fibroblasts expressing oncogenic RAS. To compare the ubiquitinome of RAS-induced OIS and controls, ubiquitinated
peptides were enriched by immune affinity purification and subjected to liquid chromatography tandem mass
spectrometry (LC-MS/MS). We identified 4,472 ubiquitination sites, with 397 sites significantly changed (>3 standard
deviations) in senescent cells. In addition, we performed mass spectrometry analysis of total proteins in OIS and control
cells to account for parallel changes in both protein abundance and ubiquitin levels that did not affect the percentage
of ubiquitination of a given protein. Pathway analysis revealed that the OIS-induced ubiquitinome alterations mainly
affected 3 signaling networks: elF2 signaling, elF4/p70S6K signaling, and mTOR signaling. Interestingly, the majority of
the changed ubiquitinated proteins in these pathways belong to the translation machinery. This includes several
translation initiation factors (elF2C2, elF2B4, elF3l, elF3L, elF4A1) and elongation factors (eEF1G, eEF1A) as well as 40S
(RPS4X, RPS7, RPS11 and RPS20) and 60S ribosomal subunits (RPL10, RPL11, RPL18 and RPL35a). In addition, we
observed enriched ubiquitination of aminoacyl-tRNA ligases (isoleucyl-, glutamine-, and tyrosine-tRNA ligase), which
provide the amino acid-loaded tRNAs for protein synthesis. These results suggest that ubiquitination affects key
components of the translation machinery to regulate protein synthesis during OIS. Our results thus point toward
ubiquitination as a hitherto unappreciated regulatory mechanism during OIS.

Introduction during OIS is reflected by profound changes in the proteome.”

This suggests that regulation of protein synthesis and/or degrada-

Cellular senescence is a state of stable cell growth arrest." In
primary mammalian cells, activation of oncogenes such as RAS
typically induces senescence.® Oncogene-induced senescence
(OIS) prevents primary cells from uncontrolled proliferation and
malignant transformation.” During OIS, cells undergo a diverse
array of phenotypic changes. For example, chromatin in senes-
cent cells reorganizes to form senescence-associated heterochro-
matin foci (SAHF) that contributes to senescence-associated cell
growth arrest by silencing the proliferation-promoting genes.”®
In addition, senescent cells display an increase in senescence-asso-
ciated B-galactosidase (SA-B-Gal) activity.” It has been well
established that p16/pRB and p53/p21 tumor suppressor path-
ways play a key role in senescence-associated cell growth arrest.®
The extensive functional and structural remodelling of the cell

tion might play a role in OIS.

Ubiquitination is an effective regulatory mechanism to induce
proteome alterations. It is a common post-translational modifica-
tion (PTM) where one (monoubgiquitination) or a chain of sev-
eral ubiquitin molecules (polyubiquitination) are covalently
attached to a substrate protein. Different states of ubiquitination
determine the fate of a protein: polyubiquitination usually marks
a protein for degradation in 26S proteasome-dependent man-
ner,'® while monoubiquitination can alter protein function.'"
Ubiquitination is carried out by 3 types of enzymes, E1, E2, and
E3 ligases, which consecutively activate, transfer and covalently
link ubiquitin to lysine residues in a substrate protein.'” In con-
trast, ubiquitin can be removed from proteins by deubiquitinat-
ing enzymes (DUBs)."> Thus, ubiquitination is a dynamic
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cellular process that can quickly affect cellular protein levels and
function. Despite studies of alterations in gene expression profiles

and proteomes in 018,214

changes in ubiquitinated proteins
(ubiquitinome) during senescence have never been profiled.
Here, we systematically analyzed OIS-related changes of the

ubiquitinome in primary human fibroblasts.

Results

We set out to identify OIS-associated changes in the ubiquiti-
nome in primary human cells by LC-MS/MS. First we sought to
determine the time needed for RAS-infected primary human cells
to undergo senescence. Toward this goal, we infected primary
human fibroblasts IMR90 cells with a retrovirus encoding onco-
genic H-RAS“'?" to induce senescence. Consistent with previous
studies,'” RAS-infected cells exhibited a significant increase in
SA-B-gal activity (Fig. 1A and B) 6 d after infection. Next, we
sought to examine senescence-associated cell cycle exit by BrdU
incorporation. Indeed, there was a significant decrease in BrdU
positive cells in RAS-infected cells compared with controls
(Fig. 1C and D). Consistently, the expression of cell prolifera-
tion marker cyclin A was reduced in RAS-infected cells, while the
expression of senescence marker pl6 was upregulated in these
cells compared with controls (Fig. 1E). Likewise, there was an
apparent cell growth inhibition in RAS-expressing cells compared
with controls as determined by colony formation assay (Fig. S1).
Together, we conclude that 6 d post infection, there is a signifi-
cant increase in the expression of markers of senescence and a
decrease in cell proliferation markers in RAS-infected cells com-
pared with control. Thus, we chose to perform our ubiquitinome
and global proteome analyses at 6 d post RAS-infection.

For ubiquitinome analysis, stable isotope labeling with amino
acids in cell culture (SILAC) '® was performed in primary
IMRI0 fibroblasts starting at population doubling 20 (PD20).
Cells were passaged in culture medium labeled with heavy >Cq-
lysine and "*Cg-arginine for 5 passages to ensure that all proteins
in these cells were isotope labeled. Next, these cells were infected
with a retrovirus encoding oncogenic H-RASC!?Y (Fig. 2A). In
parallel, control retrovirus-infected cells at the same passage were
cultured in regular culture medium with light labeled '*Cg-lysine
and 12C6—arginine. The control and RAS-infected cells were har-
vested at day 6 post-infection. Before cell harvest, cells were
treated with the proteasome inhibitor MG132 (5 pM) for
5 hours to prevent ubiquitin-dependent protein degradation. For
comparison, protein lysates of heavy isotope labeled RAS-
infected and control cells cultured in light isotopes were mixed in
a 1:1 ratio. As a quality control, a 1:1 mixture of protein lysates
from heavy and light labeled controls was included for compari-
son. Tryptic digest of the protein lysates generated peptides with
e-G-G residues at ubiquitination sites, since the C-terminal
sequence of ubiquitin is KESTLHLVLRLRGG, which is cleaved
after Arg (R)."” Prior to LC-MS/MS, ubiquitinated peptides
were enriched by immune affinity purification using an anti-e-G-
G peptide antibody (Fig. 2B). A global proteome analysis was
also performed on non-enriched combined lysates of RAS-
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infected heavy labeled and control light labeled cells to determine
the general protein level changes.

The ubiquitinome analysis of RAS-infected and control cells
identified 4,472 ubiquitinated peptides (at a false discovery rate
of 1%), of which 397 (8.8%) showed a significantly changed
abundance (>3 Standard Deviations relative to biological repli-
cate control). The biological replicate control using equal
amounts of light and heavy labeled protein lysates from control
fibroblast showed only 85 peptides with significant change out of
5,135 identified ubiquitinated peptides (1.6%) (Fig. 3A). This
demonstrates a good signal (8.8%) to noise (1.6%) ratio. One
example of a ubiquitinated peptide with significant change in
OIS compared to control fibroblasts was VHIDK(g) AQQNN-
VEHK representing the ribosomal protein RPS7 with a Heavy/
Light fold change of 2.7 (Fig. 3B). The 397 significantly changed
ubiquitinated peptides belonged to 253 proteins. Some proteins
(such as RPS11 and EIF4Al) were ubiquitinated at multiple
sites. In most cases where multiple ubiquitinated peptides were
identified in a single protein (multiubiquitination), the ubiquiti-
nation sites showed very similar OIS-induced abundance
changes. The global proteome analysis of RAS-infected and con-
trol fibroblasts identified 5,195 proteins. Fold changes detected
in the global proteome analysis were used to adjust the fold
changes in the ubiquitinome dataset. Not all proteins with
changed ubiquitination were identified in the global proteomics
analysis and the associated ubiquitinated sites were not included
in the final data set of modified sites. In addition, correction for
changes in protein level reduced some ubiquitination site changes
to less than 1.5-fold and these sites were removed from the final
dataset. Therefore, the final data set of significantly changed
ubiquitinated proteins used for further analyses was reduced to
201 proteins (Fig. 3C).

Ingenuity pathway analysis (IPA) was performed on the global
proteome data of RAS-infected and control fibroblasts. The anal-
ysis revealed major OIS-induced changes in regulatory networks
including: dermatological diseases, cancer, cellular assembly, and
DNA replication (Table S1). Alterations in these protein net-
works reflect cellular and functional alterations that occur during
OIS, such as changes in fibroblast marker proteins, enhanced
oncogenic signaling, structural changes, and induction of replica-
tion shutdown. Further analysis identified the most affected
canonical pathways: adherens junction signaling (—logp = 7.00),
cell cycle control of chromosomal replication (—logp = 6.79),
hepatic fibrosis (—logp = 6.76), including several cytokines typi-
cally secreted during senescence (IL8, ILla, and ILIPB)
(Table S2). The pathways identified from analyzing our dataset
are consistent with previously published OIS-dependent prote-
ome changes. ’

Next, we sought to analyze the OIS-associated changes in the
ubiquitinome. For our analysis of the ubiquitinome data set we
used the 201 proteins that exhibited significant fold changes of at
least 1.5-fold after correcting for any changes in the total levels of
individual proteins. IPA on the processed dataset revealed that
the molecular networks most affected in the OIS ubiquitinome
included: 1(hereditary disorder, carbohydrate metabolism, 2)
developmental disorder, muscular and skeletal disorder, protein
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Figure 1. Senescence-induction by overexpression of oncogenic RAS. (A) Primary human fibroblasts (IMR90) were infected with a retrovirus encoding for
oncogenic H-RAS®™?Y or control. At day 6 post infection, drug-selected cells were assayed for Senescence-associated B-galactosidase (SA-B-gal) activity.
(B) Quantitation of A. Mean of 3 independent experiments (error bars = SEM). ***P < 0.001. (C) Same as A, but labeled with BrdU for 1 hour to visualize
replicating cells. (D) Quantitation of C. Mean of 3 independent experiments (error bars = SEM). *P < 0.05. (E) At day 6 post infection, drug-selected cells

were examined for the expression of cyclin A and p16 by immunoblotting.

synthesis, 3) cancer, cardiovascular disease (Fig. 4A). Notably,
ubiquitin (UBC) represents the central node of the network with
the highest score “hereditary disorder, carbohydrate metabolism,”
supporting a mechanistic link (Fig. 4B).

The main canonical pathways affected in the ubiquitinome of
senescent cells were elF2 signaling (—logp = 9.90), elF4 and
p70S6K signaling (—logp = 8.00), and mTOR signaling (—logp
= 5.02) (Fig. 5A). These identified pathways transmit mitogenic
signals to induce cell growth and proliferation. The mTOR path-
way controls cell metabolism and proliferation in response to
hormones, growth factors and mitogens.'® It is also activated by
oncogenic RAS signaling.w Downstream of mTOR, S6Kinase
activates ribosome biogenesis and protein synthesis.”® eIF2 is a
regulator of translation initiation, the rate-limiting step of pro-
tein synthesis.”"** The 3 affected canonical pathways converge
on their effector molecules, which are ribosomal proteins and
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translation factors (Fig. 5). The translation initiation factors elF-
2B4, eIF3L, and eIlF4A1 were enriched (3.4-fold, 2.4-fold, 2.7-
fold) in the OIS-associated ubiquitinome (Fig. 5B; Table S3).
They are involved in formation of the ternary complex and initia-
tion complex to start mRNA translation. Apart from that, several
translation elongation factors were changed as well (Table S3).
The most striking difference (9.2-fold) was observed for ¢eEF1G,
a subunit of the elongation factor-1 complex, which is responsi-
ble for the delivery of aminoacyl-tRNAs to the ribosome
(Table S3). The 40S ribosomal subunits RPS4X, and RPS7 were
enriched (2.3-fold and 2.7-fold respectively), whereas RPS20 was
decreased (—3.7-fold). The 60S ribosomal subunits RPL10,
RPL11, and RPL35a were also increased (2.1-fold, 2.8-fold and
2.7-fold, respectively), while RPL18 was decreased (—8.6-fold)
in the OIS ubiquitinome (Fig. 5B; Tables S3 and $4). In addi-

tion, we observed enriched ubiquitination of isoleucyl-,
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Figure 2. Experimental setup for analysis of the OlS-associated ubiquitinome. (A) time course of RAS-
induced OIS experiment. SILAC labeling of primary fibroblast (IMR90) was initiated at population
doubling 20 and maintained for the duration of the experiment. Cells were infected twice with H-
RASC'2Y or control retrovirus and selected by puromycin (1 wg/ml). Samples for mass spectrometry
were collected at day 6 after a 5 h treatment with the proteasome inhibitor MG132 (5 wM). (B) Sche-
matic of ubiquitination site identification by mass spectrometry. RAS and control fibroblasts labeled
with heavy or light SILAC, respectively, cell lysates were harvested and mixed in a 1:1 ratio. Trypsin
digest generated &-G-G residues at ubiquitination site and these peptides were enriched by immune

share common downstream effector pro-
teins: translation initiation and elonga-
tion factors and ribosomal subunits.
These effectors control protein synthesis
by regulating cap-dependent translation
of mRNAs, ribosome biogenesis and
tRNA loading.”****” Since K-&-G-G

MS/MS does not discriminate between
17

glutamine-, and tyrosine-tRNA-ligase, (65-fold, 5.3-fold, and
3.0-fold respectively), which synthesize amino acid-loaded
tRNAs for protein synthesis (Table S3). These identified changes
cumulatively indicate an effect on ribosome biogenesis and trans-
lation in OIS. Taken together, the OIS-associated changes in
ubiquitination of many functionally different components of the
translation machinery might indicate a general effect on protein
synthesis (Fig. 6).

Discussion

OIS is a cellular process that involves dramatic functional and
morphologic changes inducing a stable cell growth arrest. This is
reflected by alterations in the proteome.” Our study reveals that
ubiquitination is implicated in OIS-associated remodelling of the
proteome. Global proteome comparison of RAS-induced senes-
cent and control fibroblasts showed significant changes in fibro-
blast proteins, oncogenic signaling, structure molecules, and
replication. In addition, typical OIS-related changes were
observed in cell cycle control, DNA replication and in cytokines
typically secreted in senescence. Our analysis of the OIS-associ-
ated ubiquitinome showed significant changes in 397 ubiquitina-
tion sites. Correcting the fold changes of the ubiquitinated
peptides by protein level changes (indicated by the global prote-
ome analysis), as we have done here, may result in the loss a few
biologically meaningful changes from the data set. However, it
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poly- and monoubiquitinated sites,
detection of an enhanced ubiquitination
implies either increased degradation of the target protein or
changes in protein function. Our findings suggest that mRNA
translation may be altered in OIS as a consequence of ubiquitina-
tion changes in several components of the translation machinery.

There is evidence for ubiquitination of ribosomal proteins in
response to mitogenic signals.”® Continuous mitogenic/onco-
genic signaling, as in OIS, causes ribosomal stress that affects

2 not

translation  initiation. Importantly, translation s
completely shut down in senescent cells, since they remain meta-
bolically active and protein synthesis is a prerequisite for the
induction of the senescence associated secretory phenotype
(SASP). Inhibiting protein synthesis by cycloheximide treatment
prevents fibroblasts from RAS-induced senescence.” It is there-
fore likely that protein synthesis is differentially regulated by
ubiquitination in a way that decreases general mRNA translation
while enhancing translation of mRNAs encoding for OIS-rele-
vant proteins such as SASP factors. Regulation of mRNA transla-
tion could be an important means to alter the proteome and
enforce the OIS phenotype. Compared with changes in transcrip-
tion, changes in translation induced by ubiquitination may repre-
sent a fast and efficient way to drive OIS-associated phenotypes.
Together, our data suggest that ubiquitination represents an
important regulatory mechanism during OIS.

Cellular senescence is an important tumor suppression mecha-
nism and has been suggested as an alternative to apoptosis induc-
tion for developing cancer therapeutics.”® Our findings indicate

that ubiquitination affects key components of the translation

1543



A
control (heavy)
vs control (light)

RAS (heavy)
vs control (light)

RPS7 protein
VHIDK(gl)AQQNNVEHK

-t
=

100
- control (light)

Intensity (Log10)
Intensity (Log10)

80—
60—

40—

591.97
20—

Ratio H/L (Log2) Ratio H/L (Log2)

0 = /\
100, 28099
-| RAS (heavy) '\‘

C

253
ubiquitinated
proteins

with changed
abundance

identified 3
proteins 0—+—r—

80j ‘\ |
- |
60— A
] |

40~ | "‘
5195 | g B

- — I‘L‘i

[T
18.0 18.5
Time (min)

17.5 19.0

Figure 3. Representation of ubiquitin site proteomics and global proteomics data. (A) Ratio Heavy/Light versus intensity plots of ubiquitinated sites iden-
tified in control and experimental samples. Identifications with significantly changed ubiquitinated peptides (>3 Standard Deviations) are indicated in
red. (B) Extracted ion chromatograms of a SILAC pair (591.97 m/z, 595.99 m/z) corresponding to the triple charged ubiquitinated peptide VHIDK(gl)
AQQNNVEHK of the protein RPS7. The maximum intensity for both plots are fixed at 1E6. (gl) indicates diglycine remnant. (C) Venn diagram of proteins
identified as significantly changed in ubiquitin site proteomics vs. proteins identified by global proteomics.

machinery to regulate protein synthesis during oncogene-induced
senescence. These findings suggest that targeting aspects of the
ubiquitination system with small molecules or biological
reagents®' to regulate translation machinery may represent new
strategies for inducing cancer cells to undergo senescence.

Materials and Methods

Cells and culture conditions

Human primary IMR90 fibroblasts were obtained from
ATCC and cultured according to ATCC and in DMEM, 10%
FCS, 1% L-glutamine, 1% non-essential amino acids, 1%
NaHCOj3;, 1% Penicillin/Streptomycin. Experiments were per-
formed on IMR90 cells between population doubling #25-30.
The plasmid pBabe-neo-H-RAS®'?Y > was used to generate ret-
rovirus for RAS overexpression in IMRI0 fibroblasts. Retrovirus
production and transduction were performed as described previ-
ously using Phoenix cells to package the infection viruses.”> An
empty pBabe vector plasmid was used as a control. IMR90 fibro-
blasts were infected twice and selected with 1 pg/ml puromycin

(Sigma #P8833).
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Western blot, 3-Galactosidase staining, and BrdU labeling

Cell lysates for Western blot were collected in RIPA buffer
supplemented with complete protease inhibitor cocktail (Roche
#1183617001). SA-B-galactosidase staining and BrdU labeling
was performed as described earlier.””

SILAC labeling

SILAC (Invitrogen #MS10030) labeling of IMR90 fibroblasts
with heavy 13C6—lysine and 13CG-arginine or control light 12C,-
lysine and '*Cg4-arginine STLAC medium was performed for 5
passages prior to induction of senescence and maintained in the
respective medium during the experimental period. To prevent
degradation of ubiquitinated proteins, cells were treated with

MG132 (5 uM) (Sigma #C2211) for 5 h before cell harvest.

Sample preparation

Cells were lysed with 8 M urea, 50 mM Tris-Cl (pHS),
1 mM EDTA, I mM Na3VOy, 2.5 mM sodium pyrophosphate.
Protein concentration was measured by BCA protein assay
(Thermo Scientific #P1-23227). For immune affinity enrich-
ment, 5.4 mg of experimental sample was created by mixing
equal amounts of lysates (2.7 mg each) from IMRI0 cells

Volume 14 Issue 10
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expressing oncogenic RAS (heavy SILAC labeled) or controls
transfected with empty vector (light SILAC labeled). To evaluate
technical and biological reproducibility of the proteome analysis
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Figure 5. Canonical pathways affected by ubiquitinome alterations in RAS-induced OIS. (A) Ingenuity
pathway analysis of proteins with OlS-associated significant fold changes (>3 SD) at ubiquitination
sites. Fold changes in ubiquitination sites were adjusted by changes on the protein level. The cut-off
for observations included in the analysis was set to a 1.5-fold change. (B) Focus molecules of the
affected pathways with respective fold changes at ubiquitination sites.
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pipeline, equal amount of lysates from
control cells grown in light and heavy
SILAC medium were mixed at 1:1
ratio. All combined heavy/light samples
were reduced with 5 mM DTT, pH 8,
37°C, 45 min, alkylated with 10 mM
Iodoacetamide, pH 8, 37°C, 30 min
and quenched with 10 mM cysteine,
pH 8, 37°C, 30 min. The samples
were then digested with modified tryp-
sin  (Promega; enzyme:protein =
1:100) for 4 h at a final urea concentra-
tion of 4 M, followed by overnight
digestion at a final urea concentration
of 2 M after adding another aliquot of
trypsin. Tryptic peptides were desalted
using Sep-Pak C18 (Waters Corpora-
tion, Milford, MA, USA), and ubiqui-
tinated peptides were enriched using an
antibody against the ubiquitin remnant
motif (K-e-GG) (Cell Signaling,
Cambridge, UK) according to the
manufacturer’s protocol and subjected

to LC-MS/MS analysis. For global pro-

teome analysis without immune affinity enrichment, 18 pg of
the experimental sample was separated on a SDS-PAGE gel. The
gel lane was sliced into 11 equal fractions, digested with trypsin

and analyzed by LC-MS/MS.

LC-MS/MS

Liquid chromatography tandem mass
spectrometry (LC-MS/MS) analysis was
performed on a Q Exactive mass spec-
trometer (Thermo Scientific) coupled
with a Nano-ACQUITY UPLC system
(Waters). Samples were injected onto a
UPLC Symmetry trap column (180 pm
id. x 2 cm packed with 5 um CI18
resin; Waters), and tryptic peptides were
separated by RP-HPLC on a BEH C18
nanocapillary analytical column (75 pm
id. x 25cm, 1.7 wm particle size;
Waters) using a gradient formed by sol-
vent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in acetoni-
trile). For ubiquitin remnant enriched
samples, the gradient used was: 5-28%
B over 42 min, 28-50% B over
25.5 min, 50-80% B over 5 min, and
constant 80% B over 7.5 min. For
global proteome analysis, the gradient
used was: 5-28% B over 170 min,
28-50% B over 50 min, 50-80% B
over 10 min, and constant 80% B over
10 min. A 30-min blank gradient was
injections  to

run between sample
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generated with false discovery rates of

1% at protein, peptide and site levels. Reverse hits, contaminants,
and identifications without any H/L ratio were removed from all
datasets. Ubiquitinated sites were determined from the GlyGly
(K)Sites.txt table. Fold changes were calculated from the normal-
ized Heavy/Light ratio. A 3 standard deviation (SD) cut-off was
determined from the control heavy/light labeled sample, and was
used to identify sites displaying significant change in the experi-
mental sample. For global proteome analysis, protein identifica-
tions were obtained from the proteinGroups.txt table, and were
required to have at least 2 razor+unique peptides and a mini-
mum ratio count of 2. Fold changes of ubiquitinated sites were
adjusted by the observed fold change of the respective protein in
the global proteome comparison.

Ingenuity pathway analysis

QIAGEN’s Ingenuity® Pathway Analysis (IPA®, QIAGEN
Redwood City, www.qiagen.com/ingenuity) was employed to
analyze the data. The cut-off for observations included in the
analysis was set to a minimum of 1.5-fold change. Specialized tis-
sue functions were included in disease and function analysis.
Affected disease networks and canonical pathways were identified
by significant abundance changes in their focus molecules.
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