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Abstract
Epidermal growth factor receptor (EGFR) is overexpressed in up to 90% of head and neck cancer
(HNC), where increased expression levels of EGFR correlate with poor prognosis. To date, EGFR
expression levels have not predicted the clinical response to the EGFR-targeting therapies.
Elucidation of the molecular mechanisms underlying anti-EGFR-induced antitumor effects may
shed some light on the mechanisms of HNC resistance to EGFR-targeting therapeutics and
provide novel targets for improving the treatment of HNC. Here, we conducted a quantitative
proteomics analysis to determine the molecular networks regulated by EGFR levels in HNC by
specifically knocking-down EGFR and employing stable isotope labeling with amino acids in cell
culture (SILAC). Following data normalization to minimize systematic errors and Western
blotting validation, 12 proteins (e.g., p21, stratifin, and maspin) and 24 proteins (e.g., cdc2 and
MTA2) were found to be significantly upregulated or downregulated by EGFR knockdown,
respectively. Bioinformatic analysis revealed that these proteins were mainly involved in long-
chain fatty acid biosynthesis and β-oxidation, cholesterol biosynthesis, cell proliferation, DNA
replication, and apoptosis. Cell cycle analysis confirmed that G2/M phase progression was
significantly inhibited by EGFR knockdown, a hypothesis generated from network modeling.
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Further investigation of these molecular networks may not only enhance our understanding of the
antitumor mechanisms of EGFR targeting but also improve patient selection and provide novel
targets for better therapeutics.
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spectrometry; molecular network; P53; quantitative proteomics; small interfering RNA; stable
isotope labeling with amino acids in cell culture

Introduction
Head and neck cancer (HNC), a group of biologically similar cancers originating from the
upper aerodigestive tract, is one of the most common malignancies worldwide.1 Despite
improvements in the diagnosis and standard treatment of HNC, the overall survival rate for
advanced HNC patients has not been significantly improved over the last three decades.2 In
addition, standard therapies including surgery, chemotherapy, and radiotherapy often lead to
functional deficits and disfigurement. Therefore, novel approaches (e.g., targeted
therapeutics) that are more effective and have fewer associated toxicities than standard
therapies are currently under active investigation.

Epidermal growth factor receptor (EGFR), also known as ErbB1 and HER1, plays a pivotal
role in a wide range of biological processes such as cell proliferation, survival,
differentiation, and migration.3 The EGFR was anticipated to be an excellent drug target for
HNC treatment because it is overexpressed in up to 90% of HNC4 and its higher levels in
HNC positively correlate with decreased patient survival.5 Two main EGFR-targeting
strategies, that is, monoclonal antibodies (mAbs) and tyrosine kinase inhibitors (TKIs), have
been demonstrated to be highly effective in HNC preclinical models and promising in HNC
clinical trials.6 Cetuximab, one of the anti-EGFR mAbs, became the first targeted therapy
approved by the U.S. Food and Drug Administration for use in advanced HNC in 2006. In
addition to the mAb and TKI approaches, we and other groups have reported that EGFR
knockdown using nucleotide-based approaches, such as antisense nucleotides and small
interfering RNA (siRNA), effectively inhibits the proliferation of EGFR-overexpressing
HNC cells but not normal mucosal epithelial cells.7 We recently completed a phase I clinical
trial of EGFR antisense DNA in advanced HNC where 5 out of 17 of HNC patients achieved
a clinical response without evidence of toxicity.8

Although EGFR-targeted therapies have been demonstrated to prolong survival when anti-
EGFR agents are administered in conjunction with conventional therapies,9 the responses
are generally modest (~10%) when EGFR antagonists are delivered as monotherapies for the
treatment of HNC.6 Currently, relatively little is known about the molecular mechanisms
underlying the intrinsic and acquired HNC resistance as well as the HNC response to EGFR
inhibition.10 Studies to date have focused on testing the role of known downstream signaling
effectors to promote cell proliferation and/or metastasis in the HNC resistance.11,12

However, applying an unbiased approach (e.g., quantitative proteomics) to identify proteins
that are altered in the setting of EGFR downregulation may elucidate unexpected targets that
can be exploited for therapeutic benefit. Among all quantitative proteomics approaches,
stable isotope labeling with amino acids in cell culture (SILAC)13 is probably the method
with lowest technical variations, since minimal manipulations are required before the
differentially labeled samples are mixed.14 In fact, to take full advantage of the high
accuracy of SILAC, many researchers use a fold change of 1.3–1.5 as a cutoff to filter out
the significantly changed proteins.15 Since our group and co-workers published the first
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application of SILAC in cancer,16 additional groups have subsequently applied this
technique to various cancer models (e.g., prostate cancer,17 breast cancer,18–20 melanoma,21

and hepatocellular carcinoma22,23). In the present study, we applied SILAC-based
quantitative proteomics to discover the molecular networks regulated by EGFR protein
expression level in HNC cells. Further investigation of certain molecules within the
networks may reveal biomarkers to predict HNC response to EGFR targeting as well as
novel drug targets to improve the treatment of HNC.

Materials and Methods
Materials

Anti-TK1 (thymidine kinase), anti-β-actin, and anti-β-tubulin were purchased from Abcam
(Cambridge, MA). Anti-EGFR antibody and propidium iodide were from BD Biosciences
(San Jose, CA). Bradford protein assay kit, Coomassie Blue R-250 staining solution, and
secondary antibodies including antirabbit and antimouse IgG-horseradish peroxidase
conjugates were from Bio-Rad (Hercules, CA). 13C6

15N2-lysine (Lys8) was from
Cambridge Isotope Laboratory (Andover, MA). The human EGFR-specific siRNA
(siEGFR) with the sequence 5′-CUCUGGAGGAAAAGAAAGU-3′ was manufactured by
Dharmacon. Dialyzed fetal bovine serum (FBS) and Lipofectamine 2000 were from
Invitrogen (Carlsbad, CA). Anti-ALDH1A3 (aldehyde dehydrogenase family 1 member
A3), anti-LGALS7 (galectin 7), and anti-MAT2A (methionine adenosyltransferase IIα)
antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). 12C6

14N2-lysine (Lys0)
was from Sigma-Aldrich (St. Louis, MO). Lysine-depleted Dulbecco’s Modified Eagle
Medium was from Specialty Media/Millipore (Billerica, MA).

Cell Culture, SILAC Labeling, and EGFR siRNA Transfection
HNC cell line PCI-15B was established at the University of Pittsburgh School of
Medicine.24 For SILAC labeling, PCI-15B cells were grown at 37 °C in lysine-depleted
DMEM supplemented with 10% (v/v) FBS and either Lys0 or Lys8. Both “light” and
“heavy” culture media were replaced every two to three days. On day 5, PCI-15B cells
grown in serum-containing “light” medium were cultured in serum-free medium containing
Lys0 for 3 days and the medium were changed daily. PCI-15B cells cultured in serum-
containing “heavy” medium were divided into two groups: one was transfected with 100 nM
human siEGFR using Lipofectamine 2000 according to the manufacturer’s instructions, and
the other was untransfected and used as a control to minimize the systematic errors
introduced by differential SILAC labeling. These two groups of cells maintained in serum-
containing “heavy” medium were then cultured in serum-free medium containing Lys8 for 3
days and the medium was changed daily. On day 8, all groups of cells were harvested for
whole cell protein lysate isolation.

Protein Preparation, Separation, and Tryptic Digestion
Whole cell protein lysates were prepared as described previously.25 Protein concentration of
whole cell lysates was measured using a Bradford protein assay kit according to the
manufacturer’s protocol. Proteins extracted from Lys0-labeled control cells were mixed at
equal amounts with proteins extracted from Lys8-labeled control cells or Lys8-labeled cells
transfected with EGFR siRNA to generate two samples for quantitative proteomics analysis.
Forty micrograms proteins from each sample were resolved on a 12.5% SDS-gel and
visualized with Coomassie Blue R-250 staining solution. Each gel lane was excised into 10
slices of similar size, which were further cut into ~1 mm3 particles. Subsequently, gel
particles were subjected to in-gel reduction, alkylation, and tryptic digestion essentially as
previously described.26,27 Tryptic peptides were extracted and all samples were dried down
in vacuo using a SpeedVac concentrator (Thermo Savant, Waltham, MA).
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Mass Spectrometric Analysis
Peptide pellets were redissolved with 10 μL 1.5% acetic acid and 7.5% acetonitrile solution.
Five μL samples were analyzed by online C18 nanoflow reversed-phase HPLC (Eksigent
nanoLC · 2D) connected to an LTQ Orbitrap mass spectrometer (Thermo Scientific, San
Jose, CA) as described previously.28,29 Briefly, samples were loaded onto an in-house
packed 100 μm inner-diameter × 15 cm C18 column (Magic C18, 5 μm, 200 Å, Michrom
Bioresource) and separated at about 200 nL/min with 80 min linear gradients from 5 to 35%
acetonitrile in 0.4% formic acid. Survey spectra were acquired in the Orbitrap with the
resolution set to a value of 30 000. Up to 5 of the most intense ions per cycle were
fragmented and analyzed in the linear trap.

Database Searching
Peak lists of the 200 most abundant fragment ions from each product ion spectrum were
extracted out of Thermo.raw files and converted into.mgf files using in-house written
software30 as previously described.28 No further data processing such as smoothing,
deisotoping, and filtering were performed. All mass spectrometry (MS) data sets were
searched against the target and decoy (reversed) International Protein Index human protein
database (v3.36; 69 012 sequences) using the MASCOT search engine (Matrix Science,
v2.104). Protein modifications were set as Carbamidomethyl (C) (fixed) and Lysine (K-full),
Oxidation (M), and N-Acetyl (Protein) (variable). Up to one missed tryptic cleavage was
allowed. The MS tolerance was set as ±20 ppm and MS/MS ± 0.6 Da. All peptides were
identified with ion scores no less than 33 (p < 0.05); all proteins were identified with scores
no less than 40 (p < 0.01). The proteins identified with at least two unique peptides were
classified as a high-confidence protein data set, for which the false discovery rate was
assessed using a target-decoy search strategy. For all quantitated proteins identified with
only one peptide, the MS/MS spectra were manually checked to ensure the accuracy of
protein identification. Raw MS data files are freely available at Tranche
(https://proteomecommons.org/dataset.jsp?i=74438).

Protein Quantification
Identified proteins were quantitated using an open-source software program MSQuant
(v1.4.3a74, msquant.sourceforge.net),31,32 which automatically computed peptide and
protein ratios by calculating the “heavy”/“light” ratios of areas under the curves of
extracting ion chromatograms. All SILAC pairs were manually inspected to minimize
potentially incorrect quantifications. Each quantitative data set was then normalized using a
multiple-point normalization strategy to minimize the systematic errors introduced by the
Bradford assay and sample mixing. Briefly, the distributions of protein ratios were plotted
using the Statistical Package for the Social Sciences (SPSS, v16.0.2), followed by the
calculation of 5% trimmed mean values. All protein ratios were then normalized against the
5% trimmed mean values so that most protein ratios were distributed in the 1.00 ± 0.10
zone. The siEGFR/CON (H/L) ratios were normalized against corresponding CON/CON (H/
L) ratios to minimize the systematic errors introduced by differential SILAC labeling.
Proteins with more than 1.4-fold changes (i.e., >1.400 or <0.714) in both biological
replicates were accepted as significantly regulated by EGFR knockdown.

Western Blotting Validation
PCI-15B cells were cultured in regular medium and transfected with or without siEGFR as
described above. Western blotting analyses were performed essentially as described.33 The
protein levels of ALDH1A3, EGFR, MAT2A, and TK1 before and after EGFR knockdown
were compared. To exclude the possibility that siRNA transfection per se may regulate the
significantly changed proteins, PCI-15B cells were cultured in regular medium and
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transfected with siEGFR or nontargeting control siRNA (siCON) as described above. The
protein levels of LGALS7 and TK1 in PCI-15B cells transfected with siEGFR or siCON
were compared.

Bioinformatic Analysis
Genecards (www.genecards.org) and PubMed (www.pubmed.org) were explored to obtain
information about the functions of the significantly regulated proteins and the biological
processes that they mediate. The molecular networks containing the significantly changed
proteins were constructed and depicted using Microsoft Office PowerPoint 2003.

Cell Cycle Analysis
PCI-15B cells were cultured in regular medium and treated with siEGFR or siCON as
described above. After 48 h transfection, cells were trypsinized, resuspended in PBS
containing 2% FBS, and fixed in absolute ethanol at 4 °C for 1 h. Cells were resuspended in
50 μg/mL propidium iodide staining solution and sorted within 48 h on a FACSCalibur flow
cytometer (BD Biosciences). The percentage of cells in different phases of cell cycle was
calculated by using CellQuest Pro (BD Biosciences). Statistical significance was evaluated
by student’s t-test.

Results
Protein Separation and Identification

SILAC labeling and EGFR siRNA transfection were repeated to generate two biological
replicates. Proteins extracted from Lys0-labeled PCI-15B control cells were mixed at equal
amounts with proteins isolated from Lys8-labeled PCI-15B control cells or PCI-15B cells
transfected with EGFR siRNA to generate two samples (Figure 1A). The samples were
separated by 12.5% SDS-PAGE and a representative gel image is shown in Figure 1B. No
significant differences were observed between the two samples, suggesting that at least
abundant cellular proteins were not significantly changed by siRNA transfection.

Each gel lane was cut into 10 slices (Figure 1B). After in-gel digestion, tryptic peptides were
separated by nanoflow reverse phase-high performance liquid chromatography and analyzed
on an LTQ-Orbitrap mass spectrometer. Figure 1C shows a representative tandem mass
spectrum, which was derived from the analysis of a doubly charged peptide (m/z 773.86)
from stratifin (SFN; 14–3–3σ). A total of 13 025 unique peptides were identified with ion
scores no less than 33 (p < 0.05) and 2784 different proteins were identified with MOWSE
scores no less than 40 (p < 0.01) (Table S1, Supporting Information). Among the 2784
proteins, 1862 were identified with at least two unique peptides and thus classified as a high-
confidence protein data set, for which the false discovery rate was assessed using a target-
decoy search strategy. Using the same database searching parameters and highly stringent
criteria, that is, proteins identified with at least two unique peptides and each peptide with an
ion score no less than 33, less than 0.2% false positives were discovered by searching
against a reversed IPI_Human database. To our knowledge, the present study provides so far
the largest proteomic data set with high-confidence identification for HNC.

Protein Quantification
The metabolic conversion of arginine to proline is, at least in some cell lines (e.g., HeLa), a
serious issue for SILAC-based quantitative proteomics, which may substantially reduce the
accuracy of quantitation.34 Although several methods have been developed to address this
problem, each of them has some limitations.34 Therefore, in the present study, we only used
lysine, rather than both lysine and arginine, to label cellular proteins. As a result, only 6,714
unique peptides containing lysine residues were quantitated, accounting for 51.5% of total
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identified unique peptides. Figure 1D shows two representative SILAC pairs, which were
from upregulated fatty acid-binding protein 5 (FABP5) and downregulated cytosolic
hydroxymethylglutaryl-Coenzyme A (CoA) synthase (HMGCS1), respectively. The ratios
of all quantifiable peptides and proteins were automatically calculated by MSQuant.31,32 For
those quantitated proteins identified with only one peptide hit, the MS/MS spectra were
manually checked to ensure the accuracy of protein identification (Figure S1, Supporting
Information). Due to the high complexity of proteins in each gel slice, errors in quantitation
may be introduced if either Lys8-labeled or Lys0-labeled isotope cluster overlaps any of the
isotopic peaks of an unrelated but (partially) coeluated peptide. In addition, poor MS
spectral quality may lead to incorrect quantification. Hence, all quantitated peptides and
proteins were carefully manually inspected to minimize the potentially erroneous
quantifications.

Histogram plotting of all protein ratios revealed that the 5% trimmed means of CON/CON
(H/L) ratios in the two biological replicates were 0.794 (Figure S2A, Supporting
Information) and 0.869 (Figure S2B, Supporting Information) but not the theoretical value
1.00. Analysis of all peptide ratios showed very similar results (data not shown). LC-MS/
MS analysis of proteins isolated from a small aliquot of PCI-15B cells cultured in “heavy”
medium excluded the possibility that the relatively low ratios were caused by insufficient
SILAC labeling (Figure S3, Supporting Information). Therefore, we attribute the deviation
to the relatively low accuracy of Bradford assay and the common problem of inaccuracies
during sample mixing. A multipoint normalization strategy was applied to normalize the
data sets against the 5% trimmed mean values, which were adopted to minimize the effects
of extreme outliers. Consequently, the protein ratios were centered around 1.00 (Figure S2C
and S2D, Supporting Information).

In this study, no significant morphological changes were observed for PCI-15B cells
transfected with or without EGFR siRNA (data not shown) and no significant differences
were detected for the electrophoretic patterns of mixed proteins (Figure 1B). Therefore, the
vast majority of PCI-15B cellular proteins was assumed to be at the same or very similar
levels before and after EGFR siRNA transfection. The aforementioned multipoint
normalization strategy was again used to shift the 5% trimmed means of the siEGFR/CON
(H/L) ratios to 1.00 (Figure S4, Supporting Information). After normalization, the mean
SILAC ratios of two housekeeping protein β-actin (ACTB) and β-tubulin (TUBB) were all
distributed in the 1.00 ± 0.05 region (see Table S2, Supporting Information), suggesting that
the multipoint normalization strategy worked as envisioned.

After normalization, most siEGFR/CON (H/L) ratios were distributed in the 1.2-fold change
zone (Figure S5A, Supporting Information). About 20 proteins were found to be regulated
2.0-fold or more (Figure S5A, Supporting Information). However, most of the changes are
caused, at least in part, by differential SILAC labeling, as shown in Figure S5B (Supporting
Information). Systematic errors introduced by differential SILAC labeling was also observed
by Matthias Mann’s group.35 They found that about 1% of all quantitated proteins may be
regulated 2-fold or more by differential SILAC labeling.35 To minimize the false discoveries
introduced by differential SILAC labeling, the siEGFR/CON (H/L) data set were normalized
against the CON/CON (H/L) data set and the normalized ratio distributions were shown in
Figure S5C (Supporting Information). All protein ratios before and after normalization were
summarized in Table S2 (Supporting Information). Given that the standard deviation (SD)
for each siEGFR/CON (H/H) data set is about 0.16 (Figure S6, Supporting Information), we
set 1.4-fold (>1.0 ± 2 SD) as the cutoff to guarantee a confident distance to experimental
variations. Only the proteins with more than 1.4-fold changes in both biological replicates
were accepted as significantly changed. According to these criteria, 12 and 23 proteins were
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found to be significantly upregulated and downregulated, respectively (Figure 2 and Table
1).

Western Blotting Validation
To further validate the SILAC results, Western blotting analysis was carried out for four
regulated proteins whose antibodies were readily available. The proteins include EGFR,
ALDH1A3, and MAT2A, which were significantly changed in both replicates, as well as
TK1, which was remarkably downregulated in one replicate but not quantifiable in the other
replicate where the peptide scores were lower than 33 (p < 0.05). As shown in Figure 3, the
Western blotting results for ALDH1A3, MAT2A, and TK1 were consistent with their
corresponding SILAC results. The verification of TK1 downregulation by Western blotting
increased the number of significantly regulated proteins from 35 to 36. However,
surprisingly, Western blotting analysis showed that the EGFR was much more dramatically
(>6-fold) downregulated by siEGFR transfection than showed by the SILAC analysis (~2.5-
fold). The SILAC ratios for EGFR are convincing because they were calculated based on 20
peptides. A possible explanation for the discrepancy is that siEGFR transfection might lead
to certain post-translational modification(s) (e.g., phosphorylation or dephosphorylation) on
the epitope for the anti-EGFR mAb (amino acids 1020 to 1046), resulting in a reduced
affinity between the EGFR and the anti-EGFR mAb.

Given that nontargeting siRNA transfection may have some effect on gene expression,
which may compromise the accuracy of SILAC quantitation, we did not use siCON-
transfected PCI-15B cells as a control for SILAC analysis. However, to exclude the
possibility that it was transfection per se but not EGFR knockdown that regulated the
significantly changed proteins, we compared the protein levels of LGALS7 and TK1 in
PCI-15B cells transfected with siEGFR or siCON. As shown in Figure S7 (Supporting
Information), the protein ratios determined by Western blotting analysis were consistent
with those determined by SILAC quantitation, suggesting that the significantly changed
proteins were actually regulated by EGFR knockdown and not by transfection per se.

Molecular Network Construction
Genecards and PubMed were explored to obtain comprehensive and latest information about
the significantly changed proteins. Following network modeling, these proteins were found
to be primarily involved in long-chain fatty acid biosynthesis and β-oxidation, cholesterol
biosynthesis, cell growth arrest, DNA replication, and apoptosis (Figure 4).

Cell Cycle Analysis
Our network model (Figure 4B) suggested that EGFR knockdown inhibits the transition
from G2 to M phase of PCI-15B cells. To validate this hypothesis, a flow cytometry analysis
was performed. As shown in Figure 5, the percentage of G2/M phase cells was modestly
(from 13.5 ± 6.9% to 17.4 ± 5.0%) but significantly (p)= 0.036) increased after EGFR
knockdown, confirming that EGFR downmodulation retards G2/M phase progression in
HNC cells.

Discussion
EGFR antagonists have been clinically proved to be able to prolong the survival of a subset
of cancer patients.6 However, the molecular mechanisms underlying the therapeutic
resistance and response to EGFR targeting remain unclear. In the present study, unbiased
quantitative proteomics analysis followed by Western blotting validation identified 36
proteins significantly regulated by EGFR levels in HNC cells. Network modeling revealed
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that these proteins are mainly involved in long-chain fatty acid synthesis and β-oxidation,
cholesterol biosynthesis, cell growth arrest, DNA replication, and apoptosis (Figure 4).

SILAC-based quantitative proteomics analysis revealed that four enzymes (i.e., ACLY,
ACAT2, ACACA, and FASN) involved in long-chain fatty acid synthesis were significantly
downregulated, while three enzymes (i.e., ACADVL, HADHA, HADHB) involved in fatty
acid β-oxidation and an fatty acid-binding protein (FABP5) were significantly upregulated
(Figure 4A and Table 1). All these changes may lead to the dramatic downregulation of free
long-chain fatty acids and fatty acyl-CoAs. Since long-chain fatty acyl-CoAs are the
precursors of triglycerides and phospholipids—the main components of cellular membranes,
the biogenesis of membranes may be severely impaired by EGFR knockdown. As a result,
the cell growth and proliferation are inhibited (Figure 4B). In addition, long-chain fatty acyl-
CoAs are substrates for protein acylation (e.g., S-palmitoylation and N-myristoylation).
Because fatty acylation plays a key role in cancer development and progression,36 the
reduced availability of long-chain fatty acyl-CoAs caused by EGFR knockdown may also
suppress tumor progression through inhibiting protein fatty acylation (Figure 4B).

The EGFR knockdown also led to the significant downregulation of five enzymes (i.e.,
ACLY, ACAT2, HMGCS1, FDPS, and FDFT1) involved in cholesterol biosynthesis (Figure
4A and Table 1). Cholesterol is a neutral lipid that accumulates in certain membrane
microdomains such as lipid rafts and tetraspanin-enriched microdomains, which serve as
crucial signal transduction platforms and play important roles in cancer development and
progression.37 Given that lipid rafts but not tetraspanin-enriched microdomains are sensitive
to cholesterol depletion,37 it is plausible that only lipid rafts were significantly modulated by
EGFR knockdown, consequently certain lipid raft-orchestrating signaling pathways
governing cell growth and proliferation (e.g., the EGFR and Src pathways) were attenuated.
In addition, farnesyl pyrophosphate, a metabolite in the cholesterol biosynthesis pathway,
serves as a substrate for protein prenylation including farnesylation and
geranylgeranylation.38 This type of lipid modification regulates the membrane association
and functionality of various intracellular signaling proteins (e.g., Ras, Gγ subunits, and
nuclear lamins).38 The inhibition of farnesyl pyrophosphate synthesis may result in the
attenuation of certain cell signaling transmitted by these prenylated proteins, consequently
inhibiting cancer progression.

Network modeling suggested that the significant upregulation of four proteins (i.e.,
CDKN1A, SFN, SERPINB5, LGALS7) may arise from the modulation of p53 (Figure 4B).
However, SILAC analysis showed that p53 was unchanged at the protein level by EGFR
knockdown (Table S2, Supporting Information). Nonetheless, the significant
downregulation of MTA2, a component of histone deacetylase 1 (HDAC1)-containing
complexes which deacetylate p53,39 implies that p53 may upregulate the four proteins
through enhanced acetylation.40 Subsequently, the upregulation of CDKN1A (p21) and SFN
(stratifin) resulted in the G1 and G2 phase arrest, respectively.41,42 The remarkable
downregulation of cdc2 resulting from EGFR knockdown may further inhibit the G2 phase
progression (Figure 4B and Figure 5).43

Maspin (SERPINB5) is a tumor suppressor which increases cell adhesion and apoptosis and
decrease cell invasion, metastasis, and angiogenesis.44 The protein can be regulated via
several mechanisms including p53 signaling.44 Maspin interacts with a diverse group of
proteins, such as p53-deacetylating enzyme HDAC1 and transcription factor interferon
regulatory factor 6 (IRF6).44 It directly binds and inhibits HDAC1,45 thereby executing a
positive feedback effect on p53 acetylation and activity. Maspin also interacts with IRF6,
which was upregulated by EGFR knockdown in this study, and augments its effect on
promoting cell cycle arrest.46 Notably, two 2D-gel-based proteomic studies also showed that

Yang et al. Page 8

J Proteome Res. Author manuscript; available in PMC 2011 August 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EGFR downmodulation47 or inhibition48 in different tumor cells led to significant
upregulation of maspin, suggesting that maspin may play an important and common role in
the anti-EGFR-induced antitumor effects. It has recently been reported that maspin is
frequently mutated in cancer cells and tissues.49 It is likely that mutation(s) of maspin in
HNC cells may reduce or abrogate its interactions with HDAC1 and/or IRF6, consequently
leading to the HNC resistance to EGFR targeting.

Galectin-7 (LGALS7) is a β-galactoside-binding animal lectin whose expression is inducible
by p53.50 The upregulation of galectin-7 by EGFR knockdown, probably through p53
acetylation, may promote tumor growth inhibition and apoptosis.51 Prostaglandin E synthase
3 (PTGES3), also called cytosolic prostaglandin E synthase (cPGES), catalyzes the
conversion of prostaglandin H2 to prostaglandin E2 (PGE2) in cells. We previously reported
that PGE2 stimulates HNC cell proliferation and invasion via transactivating EGFR.52 In the
present study, the significant downregulation of PTGES3 may lead to the decreased
synthesis of PGE2, consequently inhibiting cancer cell proliferation (Figure 4B).

In addition to the molecules involved in tumor growth inhibition, four proteins essential for
DNA replication (i.e., MCM2, MCM6, RFC5, and PCNA) were found to be significantly
downregulated in both biological replicates by SILAC quantitation. Three other proteins
(i.e., TK1, DUT, and MCM3) were also found to be downregulated. However, they were
only quantifiable in one biological replicate. Nevertheless, Western blotting analysis
confirmed the remarkable downregulation of TK1 (Figure 3 and Figure S7, Supporting
Information). Clearly, the downregulation of these proteins dramatically inhibited DNA
replication, which is consistent with our observation that HNC cell proliferation was
significantly reduced by EGFR knockdown (data not shown).

In the present study, ALDH1A3, an enzyme converting retinal to retinoic acid, was found to
be modestly but significantly downregulated. It was reported that a high FABP5/CRABP-II
(cellular retinoic acid binding protein-II) ratio inhibits retinoic acid-induced apoptosis.53 It is
possible that the downregulation of ALDH1A3 and upregulation of FABP5 promoted cell
survival (Figure 4B). In addition, although the upregulation of maspin54 and galectin-755 as
well as the downregulation of MAT2A56 may promote apoptosis, the upregulation of p2157

and stratifin57 and the downregulation of pleckstrin homology-like domain family A
member 1–3 (PHLDA1–3)58–60 may antagonize cell apoptosis. The fact that significantly
changed anti-apoptotic molecules occurred more commonly than changes in the pro-
apoptotic molecules is consistent with our observations that: (1) cell morphology was not
significantly changed by EGFR knockdown; and (2) poly (ADP-ribose) polymerase (PARP),
whose cleavage by caspase-3 from the native 116 to 85 kDa is a hallmark of apoptosis, was
only reduced by 11% (see Table S2, Supporting Information).

In addition to the proteins involved in the above-mentioned molecular networks, several
cytoskeletal proteins such as ankyrin-3 (ANK3), keratin-17 (KRT17), and tubulin
polymerization-promoting protein family member 3 (TPPP3) were significantly upregulated
while vinculin (VCL) was significantly downregulated. Currently, relatively little is known
about their functions in cancer cells, but it is likely that they are involved in regulating cell
motility.

In summary, the molecular networks regulated by EGFR levels in HNC cells were
uncovered by quantitatively comparing the proteomes of PCI-15B cells containing high or
low level of EGFR. The introduction of an internal standard considerably reduced the
systematic errors introduced by differential SILAC labeling, which has often been
overlooked in prior studies. Quantitative analysis showed that at least 36 proteins were
significantly regulated by EGFR siRNA knockdown. Subsequent bioinformatic analysis
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revealed that the 12 upregulated proteins were primarily involved in long-chain fatty acid β-
oxidation and cell cycle arrest while the 24 downregulated proteins were implicated in the
biosynthesis of long-chain fatty acids and cholesterol as well as DNA replication. Notably,
some proteins involved in the molecular networks, such as HMG-CoA reductase61 and
HDAC1,62 have been proposed as therapeutic targets. Many other proteins, such as FASN,63

farnesyl transferase,64 palmitoyl acyltransferase,65 and maspin,66 represent potential
anticancer targets. Accumulating evidence suggests that targeting the EGFR axis at multiple
levels may improve the antitumor effects. In fact, we have recently shown that combined
inhibition of EGFR and cyclooxygenase-252 or gastrin-releasing peptide receptor67 or Src33

significantly improved growth inhibition of HNC. Mutation or aberrant regulation of certain
proteins (e.g., acetylated p53, maspin, MTA2) in this molecular network may lead to the
resistance to EGFR targeting in HNC. These proteins may serve as biomarkers to screen out
the patients who will barely benefit from EGFR-targeting alone. Combined targeting of
these proteins in conjunction with EGFR blockade may significantly improve the treatment
of HNC for this subset of cancer patients.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CoA coenzyme A

CON control

EGFR epidermal growth factor receptor

FBS fetal bovine serum

HDAC1 histone deacetylase 1

HNC head and neck cancer

Lys0 12C6
14N2-lysine

Lys8 13C6
15N2-lysine

mAb monoclonal antibody

MS mass spectrometry

MS/MS tandem mass spectrometry

PGE2 prostaglandin E2

SD standard deviation

siCON nontargeting control siRNA

siEGFR EGFR-specific siRNA

SILAC stable isotope labeling with amino acids in cell culture

siRNA small interfering RNA

TKI tyrosine kinase inhibitor
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Figure 1.
Separation, identification, and quantification of SILAC-labeled proteins. (A) Schematic
flowchart for the discovery of molecular networks regulated by EGFR level in HNC using
SILAC and LC–MS/MS. (B) SDS-PAGE separation of SILAC samples. S1 indicates the
mixture of proteins from Lys0-labeled control cells and Lys8-labeled EGFR knockdown
cells. S2 indicates the mixture of proteins from Lys0-labeled control cells and Lys8-labeled
control cells. (C) Representative tandem mass spectrum for protein identification. (D)
Representative SILAC pairs showing the regulation of proteins by EGFR knockdown.
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Figure 2.
SILAC ratio distributions of significantly changed proteins. The siEGFR/CON (H/L) ratios
in two biological replicates are indicated with horizontal and diagonal gold crosses while the
siEGFR/CON (H/H) ratios, which were calculated to minimize false discoveries introduced
by differential SILAC labeling, are indicated with horizontal and diagonal green crosses.
Notably, most of the changes are modest (1.4–2.0-fold).
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Figure 3.
Western blotting validation of significantly changed proteins. The mean blot ratios for
ALDH1A3, MAT2A, and TK1 are consistent with the mean SILAC ratios for the proteins.
The discrepancy between the mean SILAC ratio and the mean blot ratio for EGFR might be
caused by certain post-translational modifications on the epitope for anti-EGFR mAb.
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Figure 4.
Molecular networks regulated by EGFR level in HNC. (A) Cholesterol biosynthesis and
long chain fatty acid biosynthesis were inhibited while the long chain fatty acid β-oxidation
were enhanced. (B) Cell growth, DNA replication, and apoptosis were inhibited. The
numbers near the protein names indicate fold changes.
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Figure 5.
EGFR knockdown inhibits G2/M phase progression. (A) Flow cytometry plots of PCI-15B
cells transfected with nontargeting control siRNA (siCON) or EGFR-specific siRNA
(siEGFR). The data are representative of four independent experiments. (B) Comparison of
the percentage of cells in the G0/G1, S, and G2/M phases after transfection of siCON and
siEGFR. Student’s t-test indicated that G2/M phase progression was significantly (p = 0.036)
inhibited by EGFR knockdown.
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