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Oxidative stress promotes damage to cellular proteins, 
lipids, membranes and DNA, and plays a key role in the 
development of cancer. Reactive oxygen species disrupt 
redox homeostasis and promote tumor formation by in-
itiating aberrant activation of signaling pathways that lead 
to tumorigenesis. We used shotgun proteomics to identify 
proteins containing oxidation-sensitive cysteines in tissue 
specimens from colorectal cancer patients. We then com-
pared the patterns of cysteine oxidation in the membrane 
fractions between the tumor and non-tumor tissues. Using 
nano-UPLC-MSE proteomics, we identified 31 proteins con-
taining 37 oxidation-sensitive cysteines. These proteins 
were observed with IAM-binding cysteines in non-tumoral 
region more than tumoral region of CRC patients. Then 
using the Ingenuity pathway program, we evaluated the 
cellular canonical networks connecting those proteins. 
Within the networks, proteins with multiple connections 
were related with organ morphology, cellular metabolism, 
and various disorders. We have thus identified networks of 
proteins whose redox status is altered by oxidative stress, 
perhaps leading to changes in cellular functionality that 
promotes tumorigenesis. 
 
 
INTRODUCTION 
 
Colorectal cancer (CRC) is one of the most frequently occurring 
malignancies, worldwide (Weitz et al., 2005). The risk of devel-
oping CRC increases with advancing age, and although CRCs 
can develop sporadically, one may also inherit an increased 
risk of developing the disease. In addition, chronic inflammatory 
bowel diseases such as ulcerative colitis and Crohn’s disease 
may also increase ones risk of developing CRC (Parkin, 2006; 
Weitz et al., 2005). The activated inflammatory cells seen in 
these conditions induce expression of oxidant-generating en-
zymes such as NADPH oxidase, myeloperoxidase and induci-
ble nitric oxide synthase, leading to the production of high levels 
of both ROS and reactive nitrogen species (RNS) (Roess- ner 
et al., 2008). However, the most important sources of ROS in 

cancer are the electron transport chains in the mitochondria 
and endoplasmic reticulum. Pre-neoplastic and cancer cells are 
metabolically active and require high levels of ATP to maintain 
their higher-than-normal proliferation rates; consequently, ener-
gy production in the cells’ mitochondrial respiratory chains is 
high, which leads to increases in ROS production (Pelicano et 
al., 2004). Like all cancers, CRC is a congregation of abnormal 
cells and represents an imbalance between cell renewal and 
cell death. Following this basic concept, much effort has gone 
into discovering methods to reduce the proliferation of the ma-
lignant cells, including antioxidant therapies. In particular, anti-
oxidant enzymes may inhibit the promotion of carcinogenesis. 
Because their expression is reduced in many malignant tumors, 
their supplementation is thought by some to be potentially the-
rapeutic (Mates and Sanchez-Jimenez, 2000; Roessner et al., 
2008; Stone et al., 2004). However, the use of antioxidants for 
cancer prevention and therapy has proven controversial, hig-
hlighting the need for a better understanding of the molecular 
environments of malignant cells.  

Reactive oxygen species (ROS) can be acutely toxic to cells, 
due in large part to their participation in oxidation reactions 
leading to the inactivation of biomolecules (Finkel, 2003; Veal et 
al., 2007). In addition, ROS generated in response to various 
growth factors and cytokines may contribute to human carcino-
genesis (Lee and Lee, 2006; Ziech et al., 2011), as the accu-
mulation of oxidative damage to cellular enzymes, structural 
proteins and membranes increases susceptibility to tumor initia-
tion (Leonard and Carroll, 2011). And through reversible oxida-
tion of sensor components, ROS function as second messen-
gers in signaling cascades (Finkel, 2003; Veal et al., 2007), 
exerting effects on tumor growth, cellular survival and metasta-
sis (Roessner et al., 2008). However, ROS mediated protein 
oxidation was not validated completely in tumor yet. In addition, 
physiological levels of hydrogen peroxide can stimulate cellular 
proliferation and survival among tumor cells (Burdon, 1995; 
Burdon et al., 1996), and ROS may play important roles in me-
diating loss of growth control (Behrend et al., 2003). It is there-
fore not surprising that cancer cells are frequently found to be in 
a condition of redox imbalance, reflecting an alteration in the  
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homeostasis between pro-oxidants and antioxidants that re-
sults in an elevation in oxidant levels within the cell’s surround-
ings (Acharya et al., 2010). 

Reactive cysteine residues within proteins are the main tar-
gets of oxidative modification due to their low pKa and high 
nucleophilicity (Bulaj et al., 1998), which are dependent on the 
charges of the adjacent amino acids (Choi et al., 2001). The 
vulnerability of cysteines to both reversible and irreversible 
oxidation is a concern when considering the regulation of ROS-
responsive pathways (Janssen-Heininger et al., 2008; Winter-
bourn and Hampton, 2008) because it is now clear that a major 
component of ROS-linked modulation of cellular signaling is 
mediated via the active regulation of protein function through 
reversible thiol (R-SH) modification. In many proteins, the first 
product of cysteine oxidation by hydroperoxides is cysteine 
sulfenic acid (R-SOH), which undergoes rapid condensation 
with either another protein thiol (as an intra- or intermolecular 
interaction) or a small molecule thiol, like glutathione or cysteine, 
to form a disulfide bond. Disulfide bonds can stabilize proteins 
and associations within protein complexes; protect against 
irreversible inactivation; modify structures to create, destroy or 
modulate functional sites; and ultimately regulate the enzymatic 
and/or transcriptional activity of proteins (Garcia-Santamarina 
et al., 2011). In certain cases, the initial R-SOH may itself be 
stabilized within the protein microenvironment (Poole and 
Nelson, 2008). Alternatively, R-SOH is vulnerable to irreversible 
hyperoxidation to sulfinic (R-SO2H) or sulfonic acid (R-SO3H), 
which may also contribute to signaling the cellular redox state 
(Phalen et al., 2006). 

In an attempt to better understand the relationship between 
oxidative stress and tumorigenesis, we performed comparative 
shotgun proteomics using the membrane fractions from tissues 
collected from 10 CRC patients. To identify proteins susceptible 
to cysteine oxidation, we used nano-UPLC MSE to confirm the 
patterns of IAM-labeled cysteines between CRC and non-tumor 
tissues. This enabled us to identify 31 susceptible proteins 
whose networks are related to tumorigenesis.  
 
MATERIALS AND METHODS 

 
Sample specimens 
All chemicals were purchased from Sigma-Aldrich or Invitrogen. 
CRC samples were collected with informed consent from pa-
tients at the Chonnam National University Hwasun Hospital-
National Biobank of Korea. The patients ranged from 32 to 76 
years of age. The specimens included tissue samples from five 
stage II CRCs and five stage III CRCs resected in 2008 and 
2009. The tissue samples were collected from the tumors within 
30 min after surgical resection, snap frozen in liquid nitrogen, 
and stored at -80°C. Histological diagnoses were made for all 
CRC patients following microscopic examination of hematox-
ylin/eosin-stained frozen sections by a board of certified pathol-
ogists (Table 1) (Yang et al., 2012a). This study was approved 
by the Institutional Review Board of Chonnam National Univer-
sity Hwasun Hospital (Korea). 
 
Nano-UPLC MSE shotgun proteomics 
For proteomics analysis, frozen tissue samples were homoge-
nized in 800 μl of chilled buffer [220 μM iodoacetamide (IAM), 1 
mM EDTA, 0.1 mM AEBSF, 2 μg/ml leupeptin, 1 μg/ml apro-
tinin, 1 μg/ml pepstatin A and 0.1 mM PMSF in 1× PBS (pH 
7.4)] and then incubated for 4 h at 4°C. To remove the cytosolic 
fraction containing lipids and soluble proteins, the homogenized 
samples were centrifuged at 5,000 rpm for 30 min at 4°C. The 

pellets were then washed 3 times with chilled PBS and centri-
fuged for 10 min at 13,000 rpm at 4°C, after which the pellets 
were dissolved in 200 μl of urea buffer and subjected to five 
sonication cycles, each consisting of 5 s of sonication followed 
by a 5 s interval. The resultant suspensions were centrifuged at 
13,000 rpm for 30 min at 4°C, and the supernatants were col-
lected. The protein concentration in each sample was deter-
mined using a Bradford assay (Bio-Rad). Aliquots containing 
200 μg of protein were subjected to 10% SDS-PAGE, and the 
resultant bands were stained with Coomassie Blue R-250, after 
which the stained gels were washed 3 times with distilled water 
prior to tryptic digestion. 

For efficient trypsinization, the separated proteins were ex-
cised by extracting 10 slices of the gel for each patient sample. 
The gel slices were then chopped into 1 mm3 pieces and des-
tained using five 20-min incubations in 50% acetonitrile and 50 
mM ammonium bicarbonate. Once all the stain was removed, 
the gel pieces were dehydrated in 100% acetonitrile and then 
dried. The pieces from each gel were then reduced with 10 mM 
DTT and alkylated with 55 mM N-ethylmaleimide (NEM) in 100 
mM ammonium bicarbonate. Following tryptic digestion (2 μg/ 
sliced gel; Promega) for 16 h at 37°C, the peptides were recov-
ered and extracted from the gel pieces using 5% formic acid 
and 50% acetonitrile. After extraction, the peptides were dried 
in a vacuum centrifuge and combined into one tube. The com-
bined samples were desalted using a solid phase Oasis HLB 
C18 microelution plate (Waters, Inc., USA) and then stored at  
-80°C until subjected to nano-UPLC coupled Q-TOF tandem 
mass spectrometry. 

Protein separations were accomplished using a nano-ACQUITY 
Ultra Performance LC Chromatography™ System (Waters 
Corporation, USA) equipped with a 75 μm × 250 mm nano-
ACQUITY UPLC 1.7 μm BEH300 C18 RP column and a 180 
μm × 20 mm Symmetry C18 RP 5 μm enrichment column. 
Trypsinized peptides (5 μl) were loaded onto the enrichment 
column in mobile phase A (3% acetonitrile in water with 0.1% 
formic acid). A step gradient was then used at a flow rate of 300 
nL/min. The steps included a 3-40% gradient of mobile phase B 
(97% acetonitrile in water with 0.1% formic acid) run over 95 
min, followed by a 40-70% gradient of mobile phase B run over 
20 min, and finally a sharp increase to 80% B over 10 min. 
Sodium formate (1 μmol/min) was used to calibrate the TOF 
analyzer in the range of m/z 50-2,000, and [Glu1]-fibrinopeptide 
(m/z 785.8426) was run at 600 nl/min for lock mass correction. 
During data acquisition, the collision energies of the low-energy 
mode (MS) and high-energy mode (MSE) were set to 4 eV and 
15-40 eV energy ramping, respectively. One cycle of the MS 
and MSE modes of acquisition was performed every 3.2 s. Dur-
ing each cycle, MS spectra were acquired for 1.5 s with a 0.1 s 
interscan delay (m/z 300-1,990), and ions exceeding 50 counts 
were selected for MSE fragmentation (m/z 50-2,000) in the 
collision cell. 

The continuum LC-MSE data were processed and searched 
using the IDENTITYE algorithm in PLGS (ProteinLynx Global 
Server) version 2.3.3 (Waters). MS/MS spectra were recon-
structed by combining all masses with identical retention times 
(Supplementary Table S1). Each sample was analyzed in tripli-
cate runs. The data acquired by alternating low and high ener-
gy modes in the LC-MSE were automatically smoothed, back-
ground subtracted, centered, deisotoped and charge state re-
duced, after which alignments of the precursor and fragmenta-
tion data were combined with the retention time tolerance (± 
0.05 min) using PLGS software. Processed ions were mapped 
against the IPI human database (version 3.44) using the follow-
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Table 1. Clinical information for the 10 CRC patients  

No. Gender
a
 Age Tumor stage Pathological stage Histology grade Local.

b
 Necrosis (%)

1 M 64 II T3N0M0 G3 (Poorly) Hepatic flexure 20 

2 M 32 II T3N0M0 G2 (Moderately) Transverse colon X 

3 F 72 II T4N0M0 G2 (Moderately) Ascending colon X 

4 M 66 II T3N0M0 G2 (Moderately) Rectal cancer X 

5 F 86 II T3N0M0 G3 (Poorly) Hepatic flexure X 

6 M 69 III T2N1M0 G1 (Well) Rectal cancer X 

7 M 76 III T3N1M0 G1 (Well) Sigmoid colon X 

8 M 64 III T3N1M0 G2 (Moderately) Sigmoid colon 5 

9 F 71 III T3N1M0 G2 (Moderately) Sigmoid colon 10 

10 F 75 III T3N2M0 G1 (Well) Ascending colon 5 

aM, male; F, female  
bLocal., tumor localization 
 
 
 
ing parameters: parent ion tolerance, 100 ppm; fragment ion 
mass tolerance, 0.2 Da; and missed cleavage, 1; and variable 
modification containing Carbamidomethylation (IAM binding) 
and N-ethylmaleimide (NEM). The individual MS/MS spectra for 
peptides with molecular weight search scores lower than 40 
(expect value < 0.015) in PLGS were inspected manually and 
included in the statistics only if a series of at least four conti-
nuous y or b ions were observed (Yang et al., 2012b). Peptide 
identification was performed using the trypsin digestion rule with 
one missed cleavage. As a result, protein identification was 
completed with arrangement of at least two peptides. All pro-
teins identified on the basis of the IDENTITYE algorithm were in 
keeping with > 95% probability. The false positive rate for pro-
tein identification was set at 5% in the databank search query 
option, based on the automatically generated reversed data-
base in PLGS 2.3.3. Protein identification was also based on 
the assignment of at least two peptides comprised of seven 
fragments or more. 
 
Bioinformatics analysis 
Ingenuity Pathway Analysis (IPA version 9.0; Ingenuity Sys-
tems Inc.) was used to perform knowledge-based network 
analysis of comparative proteomics data (www.ingenuity.com). 
To functionally categorize identified proteins, p-values were 
used to show the ratio between the number of identified pro-
teins classified and the total number of proteins in the linked 
function referenced by the software. 
 
Antibody production  
The epitopes of the identified proteins were as follows: COL6A1, 
CSFECQPARGPPGLR and TPSB2, QVATAPHTFPAPS (Any-
gen Co., Korea). The peptides were prepared as previously 
described (Yang et al., 2012b). The peptides (2.5 mg/5 mice) 
were coupled to 5 mg of keyhole limpet hemocyanin (Pierce 
Biotechnology) by incubation overnight at 4°C in the presence 
of 1.25 mg sulfo-SMCC (Pierce Biotechnology) in 1× PBS (pH 
7.4). Blood was collected 1 week after the third booster injection, 
and the antisera were extracted.  
 
Western blotting and immunoprecipitation with BIAM  
labeling 
To assess patterns of oxidation, samples (~50 mg) of frozen 
tumor tissue and tissue from non-tumor regions were homoge-
nized in 500 μl of chilled labeling buffer [20 mM Tris-HCl (pH 

7.5), 100 mM NaCl 1 mM EDTA, 0.1 mM AEBSF, leupeptin (2.0 
μg/ml), and aprotinin (1.9 μg/ml)] containing 40 μM N-(bioti-
noyl)-N’-(iodoacetyl) ethylenediamine (biotinylated iodoaceta-
mide, BIAM) (Molecular Probes, USA) and incubated for 4 h at 
4°C. The buffer was bubbled with nitrogen for 1 h to remove the 
oxygen. The labeling reaction was quenched by adding 4 mM 
dithiothreitol (DTT), after which the mixtures were centrifuged at 
5,000 rpm for 30 min at 4°C, and the supernatant were dis-
carded. The pellets were washed three times with 1× PBS, and 
then dissolved in urea buffer (10 mM Tris-HCl, pH7.4, 7 M urea, 
2 M thiourea, 0.49% CHAPS, and protease inhibitor mixture). 
The resolved proteins were transferred to PVDF membranes 
(Bio-Rad Laboratories), which were then incubated with horse-
radish peroxidase (HRP)-conjugated streptavidin (Pierce Bio-
technology Inc.) and developed using an ECL system (iNtRON, 
Korea). 

After the incubation with BIAM, 200 μg of membrane protein 
were incubated overnight with Streptavidin-conjugated Sepha-
rose beads (GE Healthcare, Sweden) at 4°C on a shaker. The 
beads were washed three times with NET buffer [20 mM Tris-
HCl (pH7.5), 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100] 
and boiled at 95°C for 10 min. The IP proteins were loaded on 
12% SDS-PAGE gels and Western blotting was performed. 
Antibodies against COL6A1 (described in “Antibody Produc-
tion”) and TPSB2 (described in “Antibody Production”) were 
incubated for overnight and developed using an ECL system 
(Yang et al., 2012a). And PDIA3 (SPA-585, Stressgen®) was 
purchased from Enzo Life Sciences and used according to the 
manufacture’s protocol. Densitometry values of the bands were 
evaluated for statistical significance with SigmaPlot software 
(version 10.0, Systat Software Inc.). 
 
RESULTS 

 
Oxidative modification in the membrane fraction of CRC  
tissue 
To compare the extent of oxidative modification between CRC 
and non-tumor tissues, we assessed cysteine oxidation using 
BIAM as an alkylating agent specific for reactive thiols. After 
separating the tumor from non-tumor tissue specimens based 
on histological staining (Fig. 1A), we observed that the mem-
brane fractions of the tumor tissues (pT) showed less BIAM 
labeling than the non-tumor tissue (pN) (Fig. 1B). This indicates 
that some proteins were more susceptible to cysteine oxidation 
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within colorectal tumors than in adjacent non-tumor tissue of 
patient.  

We next applied a nano-UPLC-MSE proteomics system to 
identify the oxidation-sensitive cysteines (Supplementary Fig. 
S1). Nano-UPLC-MSE proteomics is suitable for large-scale 
protein analysis and for identifying protein modifications in com-
plex samples containing proteins whose frequency among cells 
exhibits high dynamic range (Xu et al., 2008; Yang et al., 2012b). 
In this scheme, IAM was first used to label the endogenous free 
thiol groups exclusive of disulfide bonds and hyperoxides, after 
which we performed in-gel digestion using trypsin. The relative 
levels of the identified peptides were then determined after 
measuring the peak intensities of individual peptide masses 
obtained in separate chromatography runs. The validity of the 
relative quantitation was improved by analyzing the samples in 
triplicate runs, and by verifying the available information through 
replication and determination of confidence levels for the pro-
tein identification. Within the 10 CRC and non-tumor tissue 
samples (Table 1), we detected 62,515 peptides in the mem-
brane fraction (Supplementary Table S1), which were efficiently 
identified at a confidence level ≥ 95% (Supplementary Table 
S2). Using this nano-UPLC MS proteomics approach, we were 
able to detect many more proteins containing some form of 
modified cysteine than were detected using gel-based proteo-
mics. 

We found 37 peptides from 31 proteins that contained oxida-
tively modified cysteines in the membrane fractions of the 10 
CRC specimens (Supplementary Table S3). To identify these 
peptides, we first preferentially selected those that contained 
more IAM-labeled (free reduced) cysteines within non-tumor 
tissues than the paired tumor tissues; based on our earlier find-
ings, we anticipated that cysteines within tumor tissues were 
more likely to be oxidized. Using this criterion, we sorted pro-
teins observed in at least two CRC samples. We found that 
among the tissue specimens, cysteines were more reduced in 
non-tumor tissues than CRC and more oxidized in the CRC 
tissues than the non-tumor tissues. A subset of the identified 
proteins is listed in Table 2.  

The selected proteins were classified as cytoskeleton, extra-
cellular proteins, stress-inducible proteins (e.g., heat shock 

proteins), and protein disulfide isomerase (chaperone), which 
are oxidation-sensitive proteins whose activity is regulated through 
oxidation of specific cysteines (Table 2). Based on IPA analysis, 
their top molecular functions were classified as cardiovascular 
system function, organ morphology, metabolism, and small 
molecule biochemistry based on cellular growth/proliferation 
and cellular assembly/organization (Table 3). For example, two 
cysteines (Cys491 and Cys595) in ACTN3 (IPI00032137, alpha 
actinin-3) were more often observed in a reduced (IAM-binding) 
form in non-tumor tissues (pN; 8/10 cases, Cys491; 7/10 cases, 
Cys595) than CRC patients (pT; each 3/10 cases, Cys491 and 
Cys595) (Table 2). Other specifically oxidized cysteines ob-
served in most of CRC samples included Cys14 (pN:pT = 8:1 
out of 10 cases) and Cys64 (pN:pT = 7:5 out of 10 cases) of 
PDIA6 (IPI00299571, protein disulfide isomerase family A, 
member 6). Many proteins were more reduced (IAM-binding) in 
non-tumor tissues from stage II CRC patients than from non-
tumor tissues from stage III patients or stage II and III tumors 
(data not shown, Supplementary Table S2). These results sug-
gest that a variety of proteins related to cellular maintenance 
and signaling are susceptible to cysteine oxidation that alters 
their functionality during tumorigenesis.  

To verify the results of the proteomics analysis, we compared 
the results of the proteomics-based resolution with BIAM-
streptavidin immunoprecipitation (IP). IP analysis showed that 
COL6A1 (IPI00291136, collagen, type VI, alpha 1) and TPSB2 
(IPI00419942, tryptase beta 2) were more oxidized in mem-
brane fraction of tumor; were reduced IAM binding in tumoral 
tissues than non-tumoral tissue of CRC patients and normal 
region of healthy subject (Fig. 2). And also, two proteins were 
highly reduced in normal condition than in tissue from CRC 
patients. Interestingly, COL6A1 and TPSB2 were significantly 
oxidized in stage II patients than stage III patients, and even in 
non-tumoral tissue of CRC patient. PDIA3 (IPI00025252, pro-
tein disulfide isomerase family A, member 3) was also oxidized 
in membrane fraction of tumor than non-tumoral tissue of CRC 
patients (Fig. 2). And, this protein has similar oxidative level 
between stage II and stage III patients. But, PDIA3 was re-
duced in non-tumoral tissue of CRC patients rather than healthy 
normal condition (H). Based on proteomic data (Table 2), these 

Fig. 1. Detection of proteins containing oxidation-sensitive

cysteine residues. (A) Histological staining of tissues from

CRC patients. The solid lines, non-tumoral regions; the dot-

ted lines, tumoral regions. (B) Modification of cysteines in the

membrane fraction of tumor and non-tumor tissues detected

using BIAM-streptavidin immunoblotting. Samples were run

in triplicate, and Coomassie-stained proteins served as a

loading control. pN, non-tumor tissues of CRC patients; pT,

tumor tissues of CRC patients. 
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Table 2. Proteins containing oxidation-sensitive cysteines in tumor and non-tumor tissues from CRC patients 

IPI No. Protein name PLGS score Cys. local
a

Sequence
b
 

No. of IAM binding 

(total 10 case)
c
 

pN pT 

IPI00479743 A26C1A 576.02 355 EYAVSSHHHVICQLLSDYK 8 5 

IPI00796881 ACTG1 505.51 130 RPCSSRPFPSHFLPGLISDI 9 5 

IPI00025416 ACTG2 1147.49 219 LCYVALDFENEMATAASSSSLEK 2 N.D. 

IPI00759776 ACTN1 565.70 155 FAIQDISVEETSAKEGLLLWCQR 3 N.D. 

IPI00013508  1212.18 755 ACLISLGYDIGNDPQK 2 1 

IPI00032137 ACTN3 420.56 491 CQAICDQWDNLGTLTQK 8 3 

  420.56 594 ICQTYGLRPCSTNPYITLSPQDINTK 7 3 

IPI00746049 ANKRD30B 619.29 656 AESPDKDGLLKPTCGR 7 5 

IPI00797556 ANXA2 147.13 208 VSAELFALSFCFLVSLWIVYIVI 2 N.D. 

IPI00014625 CLCA1 411.41 251 ASIMFAQHVDSIVEFCTEQNHNK 2 N.D. 

IPI00291136 COL6A1 562.93 595 GPEGPQGPPGHQGPPGPDECEILDIIMK 4 3 

  643.36 612 CGPIDLLFVLDSSESIGLQNFEIAKDFVVK 3 1 

IPI00556127 DGKZ 158.02 206 EASVPLGTVVVPGDSDLELCR 2 N.D. 

IPI00555900 FKSG30 375.90 258 CPEALFQPCFLGMESCGIHK 10 9 

IPI00031522 HADHA 208.95 98 SAVLISSKPGCFIAGADINMLAACK 2 1 

  208.95 748 QFTPCQLLADHANSPNK 2 N.D. 

IPI00845339 HSPA1A/B 171.33 604 KELEQVCNPIISGLYQGAGGPGPGGFGAQGPK 3 1 

IPI00893099 HSPA1L 181.60 20 GIAIGIDLGTTYSCVGVFQHGK 2 N.D. 

IPI00339269 HSPA6 199.38 625 LYGGPGVPGGSSCGTQAR 2 1 

IPI00166866 IGHA1 178.60 20 GVQCEVQLVESGGGVVRPGGSLR 3 N.D. 

IPI00785084 IGHV4-31 207.84 117 MNSVTAADTAVYFCAR 3 N.D. 

IPI00009865 KRT10 377.09 26 SGGGGGGGGCGGGGGVSSLR 3 N.D. 

IPI00747707 KRT17 210.40 12 AAALGVLMGCWLEVR 6 3 

IPI00888063 KRT18P33 272.83 171 
SGDWDTLPSLQAHSSSVLAVPSGTAQTSGDLEQA

PFCLLEAHSTR 
4 2 

  272.83 475 GDCVCPPRPFSDVVK 2 N.D. 

IPI00290078 KRT4 185.87 15 MTSVGVFSDMLNGCGKDGLVPR 3 N.D. 

IPI00514817 LMNA 494.64 7 QPLLCLGNLEDARER 5 4 

IPI00000105 MVP 290.52 283 
TGEEWLVTVQDTEAHVPDVHEEVLGVVPITTLGPH

NYCVILDPVGPDGK 
6 N.D. 

IPI00395772 MYH9 578.31 376 QELEEICHDLEAR 2 1 

IPI00025252 PDIA3 311.34 245 FIQENIFGICPHMTEDNKDLIQGK 2 N.D. 

IPI00299571 PDIA6 242.86 14 LVWVCRPLAPVEVPANISSDFQPCSPTSPAHSLSR 8 1 

  242.86 64 
SPIMYPSTTMANAPGLVSCTFFLAVNGLYSSSDDVI

ELTPSNFNR 
7 5 

IPI00007188 SLC25A5 118.45 258 GTDIMYTGTLDCWRK 2 N.D. 

IPI00010274 TPSAB1 147.89 60 YWMHFCGGSLIHPQWVLTAAHCLGPDVK 4 N.D. 

IPI00419942 TPSB2 154.49 219 IVRDDMLCAGNTR 2 N.D. 

IPI00007752 TUBB2C 403.91 13 MREIVHLQAGQCGNQIGAK 2 N.D. 

IPI00013847 UQCRC1 314.55 155 AVELLGDIVQNCSLEDSQIEK 4 N.D. 

aCys local indicates the cysteine position within the protein sequence. 
b
C represents an IAM-labeled cysteine. 

cNumber is a detected sample case out of total 10 cases (Table 1). 

N.D., not detected. 
 
 
 
proteins may contain reduced cysteine: Cys595 (pN:pT = 4:3 out 
of 10 cases) and Cys612 (pN:pT = 3:1 out of 10 cases) in 
COL6A1, Cys219 (pN:pT = 2:N.D. out of 10 cases) in TPSB2, 

and Cys245 (pN:pT = 2:N.D. out of 10 cases) in PDIA3. Thus, a 
variety of proteins might be sensitive to cysteine oxidation, and 
be affected by tumorigenesis. 
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Reciprocal networks among cysteine oxidation-sensitive  
proteins 
Comparative proteomic data were applied to Ingenuity network 
analysis to assess the functional connections among proteins 
containing oxidation-sensitive cysteines. A multidirectional inte-
raction network among the identified target proteins was estab-
lished for the most significantly related functions. The compo-
nents of the main network were associated with various disord-
ers (Table 3). A representative network is shown in Fig. 3. Net-
works among oxidation-sensitive proteins also affected various 
cellular maintenance pathways involving cell junctions, cytoske-
letal networks and several metabolisms (Table 3). In addition, 
dense networks among oxidation-sensitive proteins were de-
veloped to represent significantly connected biological functions 
involved in the pathogenesis of various diseases/di-sorders (Fig. 
3). These interactions exhibited associations with cancer, neu-
rological disease, hereditary disorders and hematological dis-
ease. Next, we analyzed upstream regulator of cysteine oxida-
tion-sensitive proteins under knowledge-based network. The 
analysis showed direction or indirection change of our targets 
activated or inhibited by upstream regulator (Table 4). Conse-
quently, we focused endogenous chemical factors and growth 
factor among various chemical regulators that contain chemical 

reagent, drug, and toxicant (Table 4). The cellular functionality 
of oxidative sensitive proteins may be affected by proliferation 
controlling-stimulants, such as beta-estradiol and TGFB1, in 
colorectal cancer. Taken together, our network analysis ap-
pears to highlight the potential for proteins containing oxidation-
sensitive cysteines to be significantly affected during the patho-
genesis of CRC. 
 
DISCUSSION 

 
With the rapid advancement of proteomic technologies, there 
has been an increasing number of reports assessing global 
changes in the redox state of thiol proteins in oxidatively 
stressed cells (Garcia-Santamarina et al., 2011; Leonard and 
Carroll, 2011; Nagahara et al., 2009). Moreover, mass spec-
trometry (MS) using chemical indicators sensitive to thiol oxida-
tion has recently been employed in functional investigations of 
posttranslational modification, such as redox proteomics, (Charles 
et al., 2007; Choi et al., 2006; Fu et al., 2009; Qin et al., 2009; 
Yang et al., 2012b). With the advent proteomics, it has become 
possible to identify specific proteins that are susceptible to 
oxidative modification.  

Although a variety of methodologies have been used to as-

Fig. 2. Detection of proteins containing IAM

binding cysteine by immunoprecipitation using

BIAM-streptavidin beads. (A) A representative

gel image of IAM-binding level of COL6A1,

TPSB2 and PDIA3. The cysteine oxidation of

COL6A1, TPSB2 and PDIA3 was confirmed in

the membrane fraction of normal subject, non-

tumoral, and tumoral tissues (see the informa-

tion in Table 2). Samples were run in triplicate.

(B) Histograms of IAM-binidng level of COL6A1,

TPSB2, and PDIA3. The graph is shown along

with the numeric data obtained by densitometry

analysis (n = 5). H, normal tissue of healthy

subject; pN, non-tumor tissues of CRC patients;

pT, tumor tissues of CRC patients. 
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Table 3. Network functions associated with candidate proteins containing oxidation-sensitive cysteines from tumor and non-tumor tissues from 

CRC patients  

Molecules
a
 Score No. of molecules Relative networks 

ACTG1, ACTG2, Actin, ACTN1, Akt, ANXA2, C1orf182, CD3, 

CENPW, COL6A1, Cytokeratin, DGKZ, Dnajb1-Hsp70, 

DNAJC22, DNAJC24, DNAJC25, DNAJC27, ERK, ERK1/2, 

estrogen receptor, F Actin, Hsp70, HSP, HSPA6, HSPA1A/ 

HSPA1B, HSPA1L, Jnk, KRT4, KRT10, KRT17, LMNA, 

MVP, MYH9, NFkB (complex), SLC25A5 

42 

 

 

 

 

 

16 

 

 

 

 

 

Cardiovascular system development  

and Function, Organ morphology,  

Auditory disease 

 

 

 

ACTN3, C2orf47, Ca2+, CAT, CLCA1, EGFLAM, EGFR, FLG2, 

H2AFJ, HADHA, IGHA1, KCNG1, KCTD9, KIAA0391, 

MCOLN3, PDIA3, PDIA6, PLCD3, PLCH1, PLCH2, 

POTEE/POTEF, S100PBP, SH3BGRL3, SH3BGRL, 

SLC24A6, TMCO3, TMEM55A, TMEM55B, TOP1MT, 

TPSAB1/TPSB2, TTC7A, TUBB8, TUBB4B, UBC, UQCRC1

26 

 

 

 

 

 

11 

 

 

 

 

 

Carbohydrate metabolism,  

Lipid metabolism,  

Small molecule biochemistry 

 

 

 

aBold indicates proteins identified in Table 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
sess the redox state of proteins, they all generally entail quanti-
fying the incorporation of labeled IAM or maleimide derivatives 
that alkylate cysteine residues, or monitoring the structural 
modifications of oxidized proteins. In the present study, we 
used IAM to detect endogenous free cysteinyl thiols in the 
membrane fraction of specimens of primary CRC tissue and 
paired specimens of non-tumor tissue. We then identified 31 
proteins containing 37 peptides with cysteines susceptible to 

oxidation (Table 2). Notably, these proteins were more likely to 
be reduced (IAM-binding) in non-tumor than tumor tissue. The 
affected proteins included cytoskeletal proteins (actin, tubulin, 
collagen and keratin), stress-inducible proteins (HSP and PDI) 
and metabolism-related proteins (CLCA1, HADHA, and SLC25A5), 
which are all regulated largely through structural changes. For 
example, Cys406 in the C-terminal domain of PDIA3 affects the 
protein’s DNA-binding activity through a redox-dependent con

Fig. 3. Reciprocal network annotation among

proteins containing oxidation-sensitive cyste-

ines determined using IPA. Candidate pro-

teins containing oxidation-sensitive cysteines

(Tables 2 and 3) are shown as gray-filled

figures; solid lines, protein-protein interac-

tions; solid arrow lines, expression/member-

ship; dotted arrow lines, expression/activa-

tion. 
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Table 4. Upstream regulator analysis of oxidation-sensitive proteins by Ingenuity system  

Molecule type Upstream regulator p-value of overlap
a

Target molecules in dataset 

Chemical-endogenous mammalian Hydrogen peroxide 1.72E-03 ACTG2, ANXA2, HSPA1A/HSPA1B, PDIA3

 
beta-Estradiol 

 

3.82E-03 

 

ACTG2, HSPA1A/HSPA1B, KRT10, 

KRT17, KRT4, LMNA, PDIA3 

 UDP-D-glucose 8.75E-03 PDIA3 

 P1,P4-Di(adenosine-5′) tetraphosphate 1.17E-02 TPSAB1/TPSB2 

 Mannose 1.60E-02 PDIA3 

 Butyric acid 1.69E-02 ANXA2, MVP, PDIA3 

 Sucrose 2.75E-02 PDIA3 

 S-adenosylmethionine 3.31E-02 ACTG2 

 Prostaglandin D2 3.60E-02 HSPA1A/HSPA1B 

Growth factor
b 

 

 

TGFB1  

(includes EG:21803) 

 

1.26E-05 

 

 

ACTG2, ACTN1, ANXA2, COL6A1, 

HSPA1A/HSPA1B, KRT10, KRT17, 

MYH9, TPSAB1/TPSB2, TUBB4B 

 INHA 4.11E-04 ACTG2, COL6A1, LMNA 

 ANGPT2 4.36E-04 HSPA1A/HSPA1B, PDIA3, PDIA6 

 INHBA 1.41E-03 ACTG2, ACTN1, TPSAB1/TPSB2 

 PDGFC 1.31E-02 ACTG2 

 MDK 1.45E-02 ACTG2 

 VEGFA 3.60E-02 LMNA, SLC25A5 

 JAG1 3.74E-02 ACTG2 

 MSTN 3.88E-02 ACTG2 

aThe overlap p-value is a statistically significant overlap between the dataset genes and the genes that are regulated by regulator. It is calculated using 
Fisher’s Exact Test, and significance is generally attributed to p-values < 0.01.  
bTGFB1, transforming growth factor, beta 1; INHA, alpha-inhibin; ANGPT2, angiopoietin 2; INHBA, inhibin, beta A; PDGFC, platelet-derived growth 
factor C; MDK, midkine (neurite growth-promoting factor 2); VEGFA, vascular endothelial growth factor A; JAG1, jagged 1; MSTN, myostatin.  

 

 
 
formational change (Grillo et al., 2007). But, it is not yet dis-
cussed about Cys245 in PDIA3. Redox proteomics analysis 
recently showed actin to be a key target of oxidative stress, as 
the cysteines in actin are highly susceptible to oxidation (Dalle-
Donne et al., 2001), which likely induces cytoskeletal rear-
rangements in mammalian cells (Farah et al., 2011; Milzani et 
al., 2000). The best-studied examples of actin oxidation are in 
erythrocytes from patients with sickle cell anemia, which can be 
considered a disease of redox imbalance (Abraham et al., 
2002; Coyle and Puttfarcken, 1993). In addition, Wang et al. 
(2010) reported that Trx 1 (thioredoxin-1) affects the redox state 
of actin and its polymerization in SH-SY5Y cells. In functionally 
active actin (i.e., polymerized fraction), most of the functional 
groups in cysteine, methionine and tryptophan residues are 
oxidized (Fedorova et al., 2010). However, little is known about 
the mechanisms by which actin’s redox state is regulated. Mod-
ification of the cysteines in tubulin, including oxidation to disul-
fides and S-glutathionylation/nitro-sation, has been identified in 
several proteomics studies using cell lines and tissue samples 
(Brennan et al., 2004; Cumming et al., 2004; Pam-plona et al., 
2005). In the porcine brain, oxidation of the cysteines of micro-
tubule proteins by hypochlorous acid and chloramines is asso-
ciated with a marked reduction in microtubule polymerization 
(Landino et al., 2011), which may promote further oxidative 
damage and cellular dysfunction. 

Using IPA, canonical networks of identified proteins have 
been studied in the context of cancer, and 18 proteins contain-
ing oxidation-sensitive cysteines have been shown to associate 
with tumorigenesis (p-value = 2.94-4): ACTG1, ACTG2, ACTN1, 

ACTN3, ANXA2, COL6A1, HSPA1A/B, KRT4, KRT10, KRT17, 
LMNA, MYH9, PDIA3, PDIA6, SLC25A5, TPSAB1, TPSB2 and 
TUBB4B. Notably, epothilone B, a modulator of human TUBA1C/ 
TUBB2C, is in a phase I clinical trial for the treatment of colon 
cancer (Chen et al., 2003). And although changes in the ex-
pression of COL6A1/COL6A2 have been associated with colon 
cancer (Saaf et al., 2007), no studies of the posttranslational 
modification of these proteins are yet available. Generally, ROS 
deregulate the redox homeostasis and promote tumor forma-
tion by initiating an aberrant induction of signaling networks that 
cause tumorigenesis. In this point, we analyzed the upstream 
stimulants of the oxidation sensitive proteins in Table 2. Of 
these, the upstream regulators thought to be related to oxida-
tive stress in CRC are hydrogen peroxide (Chang et al., 2003), 
beta-estradiol (Miro et al., 2011; Olivieri et al., 2002), butyric 
acid (Domokos et al., 2010; Giardina et al., 1999), prostaglan-
din D2 (Dionne et al., 2010; Kitz et al., 2011), TGFB1 (Samp-
son et al., 2011), PDGFC (Werth et al., 2008), VEGFA (Mona-
ghan-Benson and Burridge, 2009), and myostatin (Mastrocola 
et al., 2008). However, little is currently known, and most of the 
relation between factors and targets under oxidative stress in 
CRC is unclear.  

It was recently reported that anticancer agents could act, at 
least in part, by inducing ROS and RNS (Adachi et al., 2007; 
Kozoni et al., 2007; Matsubara et al., 2003; Stone et al., 2004). 
Among the anticancer compounds that generate ROS/RNS are 
nitric oxide-donating nonsteroidal anti-inflammatory drugs (NO-
NSAIDs), which are promising chemopreventive agents (Adachi 
et al., 2007; Kozoni et al., 2007; Rigas, 2007). NO-donating 
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aspirin (NO-ASA) generates a state of oxidative stress that 
affects redox-sensitive signaling pathways, ultimately leading to 
elimination of neoplastic cells via apoptosis or necrosis (Gao et 
al., 2005). These compounds can also exert anti-cancer effects 
by inducing phase II enzymes such as NAD(P)H:quinone oxi-
reductase (NQO), glutathione S-transferases (GSTs) and UDP-
glucuronyltransferases (UGTs), and by modulating the Keap1-
Nrf2 pathway (Gao et al., 2006), which leads to inhibition of 
proliferation, induction of apoptosis and inhibition of cell cycle 
phase transitions. NO-NSAIDs also have significant effects a 
variety of important signaling molecules, including NF-κB, Wnt, 
MAPK (mitogen activated protein kinase) and NOS (the various 
nitric oxide synthases) (Kozoni et al., 2007). Other anticancer 
compounds, including arsenic trioxide (As2O3), phosphoaspirin 
(a structurally similar anticancer derivative of aspirin), phospho-
sulindac (a derivative of sulindac) and even No-ASA, exert 
significant effects on the regulatory Trx system, which leads to 
redox-induced cell death (Sun and Rigas, 2008). But despite 
much effort, the precise molecular mechanisms underlying the 
effects of these anticancer compounds remain unknown. We 
anticipate that shedding light on the cellular molecular mechan-
isms governing redox-mediated effects will enable better un-
derstanding of the pharmacological activities of these com-
pounds in CRC patients. Our screening for proteins containing 
oxidation-sensitive cysteines and network analysis furthers to 
this effort. 

In summary, using functional proteomics, we have identified 
proteins containing cysteines whose oxidation is paralleled by 
CRC-related changes in biological function or loss of enzyme 
activity. The deleterious changes caused by cysteinyl oxidation 
might foster further production of ROS, increase oxidative dam-
age to cells, and ultimately exacerbate tumorigenesis and cell 
cycle dysregulation, though the precise biological mechanisms 
remain unclear. The present study highlights an initial global 
approach to identifying a subproteome of potential targets; a 
more in depth analysis of each protein may yield specific infor-
mation regarding the redox state and reactivity of individual 
cysteines and proteins. 
 
Note: Supplementary information is available on the Molecules 
and Cells website (www.molcells.org). 
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