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Abstract

Lysine acetylation has been primarily investigated in the context of transcriptional regula-
tion, but a role for acetylation in mediating other cellular responses has emerged. Multiple
studies have described global lysine acetylation profiles for particular biological states, but
none to date have investigated the temporal dynamics regulating cellular response to per-
turbation. Reasoning that lysine acetylation may be altered in response to growth factors,
we implemented quantitative mass spectrometry-based proteomics to investigate the tem-
poral dynamics of lysine acetylation in response to growth factor stimulation in cultured car-
cinoma cell lines. We found that lysine acetylation changed rapidly in response to activation
of several different receptor tyrosine kinases by their respective ligands. To uncover the ef-
fects of lysine acetylation dynamics on tyrosine phosphorylation signaling networks, cells
were treated with an HDAC inhibitor. This short-term pharmacological inhibition of histone
deacetylase activity modulated signaling networks involving phosphorylated tyrosine and
thereby altered the response to receptor tyrosine kinase activation. This result highlights
the interconnectivity of lysine acetylation and tyrosine phosphorylation signaling networks
and suggests that HDAC inhibition may influence cellular responses by affecting both types
of post-translational modifications.

Introduction

Long thought to be primarily restricted to histone modification, lysine acetylation has recently
emerged as a proteome-wide post-translational modification rivaling phosphorylation in scale
and biological relevance [1-2]. High-resolution mass spectrometry has greatly expanded the ly-
sine acetylome to include proteins involved in signaling and metabolism, in addition to previ-
ously characterized acetylated proteins such as histones [3-7]. The clinical relevance of lysine
acetylation has also been demonstrated by histone deacetylase inhibitors (HDACH’s), such as
vorinostat and romidepsin, being approved for the treatment of cutaneous T-cell lymphoma
(CTCL) and undergoing clinical trials for other cancers [8-10]. Despite the clinical success of
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these compounds, the mechanism by which these inhibitors alter growth in certain cancers or
cell lines is poorly understood. Although changes in histone acetylation were originally thought
to drive a transcriptional program that underlies response to HDAC], the discovery of lysine
acetylation sites on non-histone proteins suggests the potential for non-transcriptional mecha-
nisms that may also contribute to the therapeutic response [11-12].

Many oncogenic phenotypes, such as increased migration and invasion, have historically
been ascribed to aberrant phosphorylation signaling cascades driven by altered expression, mu-
tation, or activation of protein kinases and phosphatases [13-16]. A plethora of systems-level
studies have profiled phosphorylation signaling in cancer cells and tumors under various condi-
tions, revealing a diverse array of temporal responses to ligand stimulation [17-18]. Paired with
molecular biology, these systems-level studies have mapped complex interactions between
phosphorylation sites and phenotypic outcomes. Although the connection between dysregula-
tion of kinase signaling and cancer is well established, the role of lysine acetylation in this dy-
namic interplay is poorly understood. The interaction between phosphorylation and acetylation
has primarily been explored at the single protein level, most commonly in studies of the histone
code but also of signal transducers and activators of transcription (STAT) proteins and the
tumor suppressor p53, among others [19-22]. Bioinformatic approaches to analyzing the inter-
action of protein phosphorylation and lysine acetylation at the network level have also been per-
formed, but have been largely limited to cataloging the overlapping proteins identified in large-
scale datasets of either modification, with minimal functional insight [23-24].

The link between oncogenic signaling from receptor tyrosine kinases and altered lysine acet-
ylation has not been systematically explored, yet such a study may provide insight into the
mechanisms by which HDACi’s act to affect phenotypic outcomes both in vitro and in vivo. To
explore the effect of RTK activation on lysine acetylation at a network level, we implemented
multiplex quantitative mass spectrometry based proteomics to profile temporal acetylation dy-
namics downstream of RTK activation in cultured carcinoma cells. Our data demonstrate that
growth factor stimulation induces rapid changes in lysine acetylation across the acetylpro-
teome, suggesting a link between tyrosine phosphorylation pathways activated by RTKs and al-
tered lysine acetylation. These results provide insight as to how HDACi’s may modulate the
tyrosine phosphorylation signaling response to RTK activation.

Materials and Methods
Cell Culture and Stimulation

HepG2 (ATCC # HB-8065), A549 (ATCC# CCL-185), and DLD1 (ATCC# CCL-221) cell lines
were obtained from ATCC. HepG2 cells were cultured in DMEM with 10% fetal bovine serum,
2mM glutamine, 100 units/ml penicillin, and 100 mg/ml streptomycin. A549 cells were cul-
tured in RPMI with 10% fetal bovine serum, 2mM glutamine, 100 units/ml penicillin, and 100
mg/ml streptomycin. Prior to stimulation, cells were washed with PBS and incubated in
serum-free media overnight. For TSA experiments, cells were pre-treated with vehicle or 1 pM
TSA for one hour prior to growth factor treatment. A549 cells were stimulated with 100 ng/mL
EGF or IGF-1 for 0, 1, 5, and 30 minutes, and HepG?2 cells were stimulated with 150 nM insulin
for the same times. Concentrated ligand (10 uL) was added to 10mL of cell culture media for
stimulation. DLD1 cells were cultured in light (KO & R0) or heavy (K8 & R10) SILAC media
for at least six doublings to achieve efficient stable isotope incorporation. Cells were serum de-
pleted; cells cultured in heavy SILAC were then stimulated with 100 ng/mL EGF for one min-
ute. At appropriate time points, cells were lysed in 8M urea on ice. Lysates for western blotting
were prepared identically, with the exception that cells for westerns were lysed in radioimmu-
noprecipitation (RIPA) buffer.
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Preparation of Peptides and Protein Lysates

Protein concentration was quantified using a BCA assay. Samples for mass spectrometry were
prepared as previously described [25].

iTRAQ Labeling

iTRAQ labeling was performed as previously described (36) using 4plex iTRAQ for HepG2
analyses and 8plex iTRAQ for A549 analyses. Each timepoint was labeled with a unique
iTRAQ label. Samples for a particular time course analysis were combined and concentrated to
dryness in a speedvac. Peptides were then dissolved in 400 pL IP buffer (100 mM Tris, 100 mM
NaCl, and 1% NP-40, pH 7.4) and the pH was adjusted to 7.4 prior to immunoprecipitation.

Peptide Immunoprecipitation

40 uL of beads with preconjugated anti-acetyllysine antibodies (ICP0388, Immunechem) were
rinsed four times and then combined with resuspended iTRAQ labeled peptides and incubated
overnight at 4°C with rotation. Beads were rinsed once with IP buffer and then four times with
rinse buffer (100 mM Tris, pH 7.4), and peptides were eluted into 70 pL of 100 mM glycine pH
2. Eluents were cleared using immobilized affinity metal chromatography (IMAC) [26]. Pep-
tides were loaded onto a precolumn and were separated by reverse phase HPLC (Agilent) over
a 150 minute gradient prior to electrospray into an Orbitrap Elite mass spectrometer (Thermo-
Fisher Scientific). To correct for slight variations in protein loading, the mean iTRAQ ratios for
all proteins identified in each analysis was used to normalize the data.

Western Blotting

Equal protein amounts of lysate from each of the four time points were separated using SDS
gel electrophoresis. Proteins were transferred to nitrocellulose membranes. Membranes were
blocked for one hour using 5% bovine serum albumin (BSA) dissolved in Tris-Buffered saline
with 0.1% Tween (TBS-T). Membranes were incubated with either a histone H3 or specific an-
tibody against histone H3 Lys'* overnight at 4°C. Membranes were washed three times, five
minutes each with TBS-T prior to incubation with a secondary antibody for an hour at room
temperature. Membranes were again washed three times, five minutes each, prior to incubation
with the enhanced chemiluminescent Kkit.

Mass Spectrometry Data Analysis

Raw mass spectrometry data files were converted into the. mgf format using DT ASupercharge
1.31 (http://msquant.sourceforge.net/). All resulting MS/MS spectra were searched against an
NCBI 2009 Homo sapiens database using Mascot version: 2.1.03 (Matrix Science). Trypsin en-
zyme specificity was applied with a maximum of nine missed cleavages. Mass tolerance was set
at 10 ppm and fragment mass tolerance was set at 0.8 Da. MS/MS spectra searches incorporat-
ed fix N-terminal iTRAQ and carbamidomethylation of cysteine while incorporating variable
modifications of oxidized methionine, and acetylation of lysine or iTRAQ modification of ly-
sine. For SILAC analyses, MS/MS spectra searches incorporated fixed carbamidomethylation
of cysteine, and variable incorporation of SILAC, acetylation, and methionine oxidation. Man-
ual validation of peptides was performed using CAMV, a MATLAB-based tool for both precur-
sor contamination and identification [27].
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Affinity Propagation Clustering Analysis

Quantitative acetylation site profiles were clustered using affinity propagation [28]. Euclidean
distance was used as the similarity metric between acetylation profiles. A BIC scoring metric
was used to identify the optimal clustering as previously described [25].

Bioinformatics Analysis

Bioinformatic annotation was performed using PTMScout [29].

Statistical Analyses

T-tests were performed to compare the phosphorylation profiles of the cells treated with or
without TSA. Temporal acetylation profiles were analyzed for statistical significance using a
one-way ANOVA.

Results

Insulin stimulation induces rapid lysine acetylation changes in
hepatocellular carcinoma cells

To investigate the temporal effects of RTK activation on protein lysine acetylation, we stimulat-
ed HepG2 hepatocellular carcinoma cells with 150 nM insulin for 0, 1, 5, and 30 minutes. At
these time points, cells were lysed and lysine-acetylated peptides were quantified by mass spec-
trometry (MS) using isobaric tagging for relative and absolute quantification (iTRAQ). Unlike
other methods to profile the acetylproteome, this method allowed for the quantification of up
to eight timepoints simultaneously. Furthermore, the method developed here saw a reduction
in the percent of non-specific binding (60% versus 80%) as reported elsewhere [30]. We identi-
fied 43 unique acetyllysine-containing peptides on 31 proteins (complete quantitation can be
found in S1 Table and manually validated spectra for each peptide can be found in S1 Fig).
Within a minute of insulin stimulation, multiple lysine acetylation sites were reduced by at least
two-fold, while other sites increased by more than 1.5 fold. Acetylation sites were identified on
proteins involved in transcriptional regulation, including histones and p300, and metabolism,
including fatty acid synthase and glyceraldehyde-3-phosphate dehydrogenase, among others.

To visualize the changes in lysine acetylation that had similar temporal responses, we clus-
tered the acetylation profiles (Fig 1A). Although acetylation dynamics at various sites covered a
range of responses, multiple clusters of similarly regulated acetylation sites were present. Clus-
ter 1 is characterized by a rapid deacetylation that was sustained over the course of insulin
treatment. Cluster 2 is characterized by a late decrease in acetylation; cluster 3 is relatively un-
changed, and cluster 4 has a slight increase in acetylation over time. To identify potential
shared pathways or protein functions within each cluster, we analyzed the biological annota-
tions of proteins in each cluster. This analysis revealed that many of the proteins in cluster 1
are involved in transcriptional control. Although the role of many of the sites identified in this
analysis remains uncharacterized, the fact that multiple sites on related proteins were regulated
similarly suggests a concerted response, potentially involving activation or inhibition of a given
enzyme associated with these proteins.

To better understand the regulation of acetylation dynamics by growth factor signaling, we
selected proteins on which we identified multiple acetylation sites. Comparing the acetylation
dynamics across multiple sites on the same protein revealed site-specific temporal dynamics.
For example, histone H3 shows a diverse set of responses depending on the site modified (Fig
1B), whereas both of the acetylation sites measured on remodeling and spacing factor 1 exhib-
ited an increase in acetylation at 1 minute after insulin stimulation followed by a decrease in
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Fig 1. Quantitative acetyllysine profiling of HepG2 cells stimulated with insulin. A. Heat map
representing the log, fold-change relative to the unstimulated condition of the 43 acetylation sites quantified.
Colored bars to the right of the heatmap indicate clusters. B. Acetylation dynamics on sites identified on
histone H3. C. Acetylation dynamics on sites identified on remodeling and splicing factor 1.

doi:10.1371/journal.pone.0126242.g001

acetylation (Fig 1C). Thus, lysine acetylation was rapidly and dynamically regulated in re-
sponse to insulin stimulation, in a site-specific manner.

IGF-1 and EGF stimulation induces rapid lysine acetylation changes in a
NSCLC line

To determine whether the observed rapid acetylation dynamics occurred in multiple cell lines
following stimulation of different RTKs, we measured the acetylation responses of A549 non-
small cell lung cancer (NSCLC) cells stimulated with either insulin-like growth factor 1 (IGF-
1) or epidermal growth factor (EGF). We stimulated A549 cells with 100 ng/mL IGF-1 or EGF
for 0, 1, 5, and 30 minutes and then processed the samples for simultaneous comparison of
EGF- or IGF-1-stimulated lysates within the same MS analysis. This analysis resulted in the
identification of 84 unique acetyllysine-containing peptides on 61 proteins (S2 Table and S2
Fig). Similar to the insulin-stimulated HepG2 cells, rapid changes in acetylation state were ob-
served in response to either EGF or IGF-1 stimulation of A549 cells (Fig 2A).
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dynamics analyzed by mass spectrometry and western blotting. E. Acetylation dynamics quantified by SILAC
on GAPDH Lys'4. F. Acetylation dynamics quantified by SILAC on GAPDH Lys®%%,

doi:10.1371/journal.pone.0126242.9002

To identify shared temporal acetylation responses to EGF or IGF-1 stimulation, we clus-
tered the dynamic profiles. Several sites showed a rapid decrease in acetylation that was sus-
tained across the entire length of ligand treatment, whereas other sites showed a rapid increase
immediately following stimulation followed by a decrease back to basal. The acetylation status
of many sites did not change in response to ligand stimulation (Fig 2A and S2 Table). Leverag-
ing the framework utilized to describe tyrosine phosphorylation networks where different li-
gands can yield different tyrosine phosphorylation profiles indicating activation of RTK-
specific phosphorylation networks, we investigated whether similar patterns could be observed
in acetylation dynamic data. EGF and IGF-1 stimulation produced similar dynamics on
GAPDH Lys'** (unchanged) and the doubly-acetylated histone H4 peptide Lys® and Lys’
(rapid and sustained decrease). The commonly regulated rapid dynamics on histone H4 sug-
gests that a shared pathway between EGF and IGF-1 signaling may drive these acetylation dy-
namics. Although high-confidence differential dynamics between EGF and IGF-1 stimulated
samples were not identified, it is worth noting that differential acetylation dynamics between
these two RTK ligands may exist, and may be revealed through additional analyses.

To assess acetylation dynamics using an alternative quantitative mass spectrometry method,
we quantified the acetylation response of DLD1 colorectal adenocarcinoma cells labeled using
stable isotope labeling of amino acids in culture (SILAC). Heavy isotope labeled DLD1 cells
were stimulated with 100 ng/mL EGF for one minute; light isotope labeled DLD1 cells were
unstimulated. These cells were then processed for MS analysis. We identified 39 unique acetyl-
lysine-containing peptides on 23 proteins (S3 Table and S3 Fig). Rapid acetylation dynamics
were detected in the DLD1 cells, confirming acetylation response to RTK stimulation (Fig 2E
and 2F). Moreover, EGF treatment did not induce acetylation dynamics on GAPDH Lys'**, re-
capitulating the results previously generated using iTRAQ and thereby confirming the trends
observed. Additionally, we observed acetylation dynamics on a different site on GAPDH Lys*®’
where EGF stimulation induced a five-fold increase in lysine acetylation. To further confirm
the trends of our mass spectrometry based analysis, we quantified histone H3 Lys'* acetylation
dynamics in A549 cells stimulated with EGF using western blotting (Fig 2D). Western blotting
and quantitative mass spectrometry revealed similar rapid deacetylation on this site. These
data confirm that acetylation dynamics occur rapidly in response to RTK stimulation.

Histone Deacetylase Inhibition Modulates Phosphotyrosine Signaling
Networks

To profile the crosstalk between phosphotyrosine signaling networks and lysine acetylation at
the network level, we compared the phosphotyrosine networks of A549 cells treated with the
class I/IT histone deacetylase inhibitor, trichostatin A (TSA). In the absence of RTK stimula-
tion, 45 phosphotyrosine-containing peptides on 34 proteins were identified and quantified
(54 Table and S4 Fig), along with 26 acetylation sites on 13 proteins (S5 Table and S5 Fig). As
expected, 1-hour inhibition of lysine deacetylases increased lysine acetylation on a subset of
peptides, suggesting that short-term treatment with TSA affects deacetylases regulating histone
acetylation (S5 Table). We also found four tyrosine phosphorylation sites that were statistically
different between the two conditions (Fig 3A). Three of these differentially phosphorylated
proteins have been implicated in cell adhesion: NEDD?Y, protein tyrosine phosphatase receptor
A (PTPRA) and tensin-3 (TNS3). Mutation of Tyr798 on PTPRA has been shown to drive an
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Fig 3. Quantitative phosphotyrosine profiling of A549 cells treated with the lysine deacetylase
inhibitor, TSA, with or without EGF stimulation. A. The four phosphotyrosine sites significantly (p<0.05)
differentially phosphorylated between A549 cells treated with TSA or DMSO. Average phosphorylation +/-
standard error are shown. B. The fold change ratio in response to TSA treatment mapped to a visual
representation of proteins involved in kinase signaling, scaffolding, and cell adhesion. Each circle represents
a unique phosphorylation site identified on the protein. Sites are color coded to characterize the relative effect
of TSA pre-treatment on the EGF response. Proteins are labeled by their gene name. A larger version of the
figure with labeled phosphorylation sites is available in S7 Fig.

doi:10.1371/journal.pone.0126242.g003

increase in tyrosine phosphorylation; these effects may either be due to the direct result of re-
duced PTPRA activity or the altered activity of PTPRA substrates [31]. Thus, by increasing
phosphorylation at this site, TSA treatment may alter PTPRA activity. The fourth phosphory-
lation site occurs on pyruvate kinase M2 (PKM2), a protein involved in glycolysis. While these
proteins are well-characterized, aside from Tyr”*® on PTPRA, the function of the phosphory-
lated tyrosine residues that showed a change in status following TSA treatment is poorly char-
acterized in the literature. Previous studies have demonstrated that acetylation and
phosphorylation can act in a coordinated fashion on the same protein, providing a potential ex-
planation for altered tyrosine phosphorylation following short-term TSA treatment. However,
the bottom-up proteomics method applied here did not identify acetylated peptides originating
from these proteins (S5 Table). These data demonstrate short-term inhibition of lysine
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deacetylases not only perturbs lysine acetylation, but also induces changes to the phosphotyro-
sine signaling network.

To determine whether altered lysine acetylation affected the phosphorylation signaling net-
work response to RTK activation, we quantified tyrosine phosphorylation in cells pre-treated
with TSA for one hour and then stimulated with EGF for 5 minutes. This analysis resulted in
the identification and quantification of 82 tyrosine phosphorylation sites on 64 proteins (S6
Table and S6 Fig). To quantify the magnitude of the effect of TSA on the response to EGF stim-
ulation, we calculated the ratio of the EGF-induced fold change in phosphorylation between
vehicle- and TSA-treated cells and we refer to this as the fold change ratio (FCR). In general,
the response to EGF stimulation was unaltered by TSA pre-treatment for most of the phos-
phorylation sites. However, approximately ten percent of the sites observed either decreased or
increased by at least fifty percent with respect to the FCR metric. To identify whether these al-
tered sites fell into a particular pathway downstream of EGFR, we mapped the mean FCR of a
subset of the sites to a signaling network diagram. These sites were selected to represent pro-
teins involved in kinase signaling, scaffolding assemblies, or cell adhesion, given the earlier re-
sults demonstrating altered phosphorylation on some proteins involved with cell adhesion (Fig
3B and S7 Fig). The FCR pathway map demonstrates that short-term TSA treatment modulates
the response to EGF, with some of the phosphorylation sites, such as Tyr’>* on TNS3 and
Tyr®** on catenin delta 1 (CTNND1), demonstrating large changes in their EGF response
(FCR < 0.3 and FCR >1.9). For many other phosphorylation sites in the network, including
EGFR phosphorylation sites, TSA pre-treatment did not affect the phosphorylation response
to EGF stimulation. Despite a plethora of publications regarding EGFR signaling, many EGF-
regulated phosphorylation sites have not been mechanistically connected to the receptor, yet
may be functionally relevant. Several of the sites affected by TSA treatment fall into this group
of proteins whose connection to EGFR is undefined, but phosphorylation of these proteins
might be critical for regulating downstream biological response to therapy. Overall, this data
demonstrates that inhibition of lysine deacetylase activity affects the tyrosine phosphorylation
of specific components downstream of the receptor within the EGFR network, suggesting that
acetylation may be a regulatory input into the EGF pathway.

Discussion

To understand the potential connection between phosphotyrosine signaling and lysine acetyla-
tion, we quantified the immediate-early temporal dynamics of lysine acetylation in response to
growth factor stimulation. To our surprise, many lysine acetylation sites displayed dramatic
changes in their amount of modification within one minute of growth factor stimulation.
Other network-level studies have demonstrated rapid changes in the phosphorylation signaling
network in response to RTK activation [32-33]. While these studies were novel in terms of elu-
cidating the speed and scale of the changes within the network, the fact that there were rapid
changes in tyrosine phosphorylation following RTK activation was not unexpected. Here,
using a combination of strategies including quantitative mass spectrometry and western blot-
ting, we have elucidated a novel rapid response in lysine acetylation in response to RTK activa-
tion. Similar to tyrosine phosphorylation networks downstream of different RTKs, some of the
altered acetylation sites display similar dynamics in response to either EGF or IGF-1, while
other acetylation sites may be differentially regulated depending on the activated RTK. To con-
trol for ligand-independent effects such as cell stress due to turbulence that may occur during
cell stimulation, a small volume of concentrated ligand was added to the large volume of media
on the plate, without media exchange during stimulation. While we cannot completely rule out
other ligand-independent effects on lysine acetylation dynamics, analysis of multiple
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unstimulated control cell lysates demonstrated very high biological reproducibility, typically
<10% variance on each lysine acetylation site across 4 biological replicates, similar to previous
results we have reported for tyrosine phosphorylation [34]. Analyzing specific proteins re-
vealed that acetylation responses occur in a site-specific manner. For example, different acety-
lation sites on GAPDH displayed differential temporal dynamics, while other multiply
acetylated proteins had sites that were either commonly or differentially regulated. This behav-
ior suggests another similarity between tyrosine phosphorylation and lysine acetylation, as site-
specific regulation of multiply phosphorylated proteins is well known. Clustering the dynamic
responses of the acetylation sites has allowed us to identify sub-clusters of sites that share simi-
lar temporal profiles, suggesting that these proteins may fall within the same acetylation signal-
ing pathways. Taken together, these data strongly suggest that lysine acetylation is a dynamic
signaling process that occurs on a similar time scale to protein tyrosine phosphorylation.

Phosphotyrosine profiling of cells treated with HDAC inhibitors suggests a complex rela-
tionship between these two dynamic post-translational modifications. Our results demonstrate
that short-term treatment with an HDAC inhibitor modulates the response to EGF stimulation,
establishing a link between acetylation and the enzymes that regulate tyrosine phosphorylation.
We first identified phosphorylation sites that were altered upon short-term TSA treatment.
Three of the four proteins in which altered phosphorylation was detected upon TSA treatment
are proteins implicated in cell adhesion. This result suggests that perturbation of deacetylases
may influence these processes, a result that agrees with reports implicating HDACs such as
HDACS in regulating cell motility [35]. With bi-directional interconnectivity between acetyla-
tion and phosphorylation networks, the expression and activity of various acetyltransferases
and deacetylates may modulate the protein tyrosine phosphorylation signaling network, pro-
viding differential response to receptor activation in different contexts. Future analyses should
endeavor to explore the effects of knocking down specific HDACs to understand the role of dif-
ferent classes of HDAC:s in regulating these responses. Moreover, knockdown of selected
HDACs would reveal any off-target effects of these chemical inhibitors, which have been shown
to perturb multiple aspects of cellular signaling, either through indirect or direct effects.

Lysine acetylation has long been synonymous with transcriptional control as acetylation al-
ters chromatin structure and histone-DNA interactions. To this end, we observed rapid acety-
lation dynamics on multiple sites on histone proteins within one minute of EGF stimulation.
How these changes might affect transcription is yet to be determined, but results from the
Yarden lab have demonstrated altered expression of hundreds of genes within 20 minutes of
EGF stimulation [36]. The potential connection between rapid dynamics of histone acetylation
and rapid transcriptional changes will be an interesting avenue to pursue. For example, one of
the sites identified as dynamic on histone H3 Lys'* has been identified at active sites of tran-
scription suggesting a functional consequence of lysine acetylation on this site [37]. In addition
to transcriptional regulation, a number of studies have also demonstrated that lysine acetyla-
tion occurs outside of histones and includes structural proteins as well as proteins involved in
signaling and metabolism, although the functional role of lysine acetylation on many of these
proteins has not been explored [3-4]. In our analysis, GAPDH acetylation was identified as al-
tered upon stimulation in DLD1 cells, and acetylation of this protein has been shown to be
influenced by metabolism and has functional consequences for nuclear translocation [38-39].
Here we demonstrate that the amount of modification of both acetylation and phosphorylation
sites is rapidly altered in response to RTK stimulation, providing the potential for expeditious
modulation of many cell processes following cell perturbation.

While this study has demonstrated that there exists a link between lysine acetylation and ty-
rosine kinases, the exact mechanism by which ligand stimulation drives acetylation dynamics re-
mains poorly understood. Signaling pathway diagrams of the EGF signaling network rarely
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include enzymes involved in altering lysine acetylation, although several studies have suggested
potential links between the EGF signaling network and various acetyltransferases and deacety-
lases. For instance, HDAC6 and EGFR have been shown to interact in a modified yeast two-hy-
brid assay; this same study established a negative feedback loop in which HDACES is
phosphorylated at Tyr570 and thereby regulates EGFR endocytosis [40]. Another study showed
that EGFR can be acetylated by CBP [41]. Our results suggest a requirement for a more integrat-
ed network that involves kinases, phosphatases, acetyltransferases, deacetylases and a wide array
of other enzymes and scaffolding proteins. This assertion is supported by the results of our TSA
experiments demonstrating that short-term inhibition of a class of lysine deacetylases can drive
alterations in phosphotyrosine signaling in the basal state and in response to ligand stimulation.

This study has highlighted that tyrosine kinase activation can lead to rapid changes in lysine
acetylation. This discovery suggests the existence of novel pathways that link phosphotyrosine
signaling with proteins known to regulate lysine acetylation. Furthermore, the temporal dynam-
ics experiments and subsequent experiment demonstrating feedback from HDAC inhibition to
phosphotyrosine signaling highlights novel avenues in which therapeutic interventions may
have a broader effect on signaling and the subsequent cellular responses. These results suggest
future experiments to investigate the link between these two PTMs as well as links between
other modifications. For instance, it is conceivable that rapid changes in lysine acetylation may
also lead to rapid changes in other lysine post-translational modifications such as methylation
and ubiquitylation, since lysine can be the site of a number of different post-translational modi-
fications. Future studies should continue to focus both on the diversity of the perturbations that
may alter these post-translational modification networks as well as the time scale over which
these responses may be regulated. Further characterization of the specific function of these acet-
ylation and phosphorylation sites will allow us to link the temporal dynamics with a particular
cellular response. While the similarities between lysine acetylation and tyrosine phosphoryla-
tion dynamics are striking, these results reinforce the complex interactions at play in cellular
signaling networks. Taken together, the insight into intracellular signaling gained in this study,
coupled with biochemical analysis and computation, will allow us to better understand the
mechanisms of a vast array of therapeutics as well as build a better portrait of the complex sig-
naling pathways that integrate to execute and control cellular behavior.

Supporting Information

S1 Fig. Manually validated acetyllysine spectra of HepG2 cells stimulated with insulin and
false discovery rate analysis. False discovery rate analyses aid in identifying a potential thresh-
old for accepting MS/MS spectra without manual validation. Oftentimes, a particular FDR is
selected and a peptide score for which that FDR is met is selected. Here, an FDR analysis was
performed as a function of Mascot score. Instead of relying on an FDR analysis where the iden-
tity of true positives and true negatives are unknown, we manually validated each MS/MS spec-
tra manually. Each page represents a manually validated MS/MS spectrum.

(PDF)

S2 Fig. Manually validated acetyllysine spectra of A549 cells stimulated with EGF or IGF-1
and false discovery rate analysis. False discovery rate analyses aid in identifying a potential
threshold for accepting MS/MS spectra without manual validation. Oftentimes, a particular
FDR is selected and a peptide score for which that FDR is met is selected. Here, an FDR analy-
sis was performed as a function of Mascot score. Instead of relying on an FDR analysis where
the identity of true positives and true negatives are unknown, we manually validated each MS/
MS spectra manually. Each page represents a manually validated MS/MS spectrum.

(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0126242 May 15,2015 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126242.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0126242.s002

@’PLOS ‘ ONE

Lysine Acetylation Dynamics in Response to RTK Activation

S3 Fig. Manually validated acetyllysine spectra of DLD1 cells stimulated with EGF. Instead
of relying on an FDR analysis where the identity of true positives and true negatives are un-
known, we manually validated each MS/MS spectra manually. Each page represents a manually
validated MS/MS spectrum.

(PDF)

S4 Fig. Manually validated phosphotyrosine spectra of A549 cells treated with TSA. Instead
of relying on an FDR analysis where the identity of true positives and true negatives are un-
known, we manually validated each MS/MS spectra manually. Each page represents a manually
validated MS/MS spectrum.

(PDF)

S5 Fig. Manually validated acetyllysine spectra of A549 cells treated with TSA. Instead of re-
lying on an FDR analysis where the identity of true positives and true negatives are unknown,
we manually validated each MS/MS spectra manually. Each page represents a manually validat-
ed MS/MS spectrum.

(PDF)

S6 Fig. Manually validated phosphotyrosine spectra of A549 cells treated with TSA with or
without EGF. Instead of relying on an FDR analysis where the identity of true positives and
true negatives are unknown, we manually validated each MS/MS spectra manually. Each page
represents a manually validated MS/MS spectrum.

(PDF)

S7 Fig. Quantitative phosphotyrosine profiling of A549 cells treated with the lysine deace-
tylase inhibitor, TSA, with or without EGF stimulation. The fold change ratio in response to
TSA treatment mapped to a visual representation of proteins involved in kinase signaling, scaf-
folding, and cell adhesion. Each circle represents a unique phosphorylation site identified on
the protein. The sites are color coded to characterize the relative effect of TSA pre-treatment
on the EGF response. Proteins are labeled by their gene name. Sites of phosphorylation

are labeled.

(TIF)

S1 Table. Summary of iTRAQ quantification of manually validated acetyllysine peptides
identified in the HepG2 insulin time course analyses.
(XLSX)

$2 Table. Summary of iTRAQ quantification of manually validated acetyllysine peptides
identified in the A549 EGF and IGF time course analyses
(XLSX)

$3 Table. Summary of SILAC quantification of manually validated acetyllysine peptides
identified in the DLD (+/-) EGF analyses.
(XLSX)

$4 Table. Summary of iTRAQ quantification of manually validated phosphotyrosine pep-
tides identified in the A549 TSA analyses.
(XLSX)

S5 Table. Summary of iTRAQ quantification of manually validated acetyllysine peptides
identified in the A549 TSA analyses.
(XLSX)
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S6 Table. Summary of iTRAQ quantification of manually validated phosphotyrosine pep-
tides identified in the A549 cells treated with TSA or vehicle with or without EGF.
(XLSX)
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