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APC+/- alters colonic fibroblast proteome in FAP
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AbstrAct:
Here we compared the proteomes of primary fibroblast cultures derived from 
morphologically normal colonic mucosa of familial adenomatous polyposis (FAP) 
patients with those obtained from unaffected controls. The expression signature of 
about 19% of total fibroblast proteins separates FAP mutation carriers from unaffected 
controls (P < 0.01). More than 4,000 protein spots were quantified by 2D PAGE analysis, 
identifying 368 non-redundant proteins and 400 of their isoforms. Specifically, all three 
classes of cytoskeletal filaments and their regulatory proteins were altered as were 
oxidative stress response proteins. Given that FAP fibroblasts showed heightened 
sensitivity to transformation by KiMSV and SV40 including elevated levels of the p53 
protein, events controlled in large measure by the Ras suppressor protein-1 (RSU-1) 
and oncogenic DJ-1, here we show decreased RSU1 and augmented DJ-1 expression 
in both fibroblasts and crypt-derived epithelial cells from morphologically normal 
colonic mucosa of FAP gene-carriers. The results indicate that heterozygosity for 
a mutant APC tumor suppressor gene alters the proteomes of both colon-derived 
normal fibroblasts in a gene-specific manner, consistent with a “one-hit” effect.

IntroductIon

Abnormal gene expression changes in phenotypically 
normal, cultured epithelial and stromal cells have been 
demonstrated in a number of autosomal dominant cancer 
syndromes, including the Li-Fraumeni syndrome (LFS) 
[1], BRCA1 and 2, [2], the von Hippel-Lindau (VHL) and 
the tuberous sclerosis complex (TSC) [3] and familial 
adenomatous polyposis (FAP) patients [4]. For example, 
FAP mutation carriers are heterozygous for mutations in 

the adenomatous polyposis coli (APC) tumor suppressor 
gene, and wherein the proteome of epithelial cells within 
colonic crypts of normal-appearing colonic mucosa 
differs from that of control individuals with the wild-type 
APC gene [4]. 

Although colon cancer arises from crypt epithelial 
cells, one element of growth regulation of the epithelial 
cells in situ is provided by stromal fibroblasts which form 
a sheath around the colonic crypts. In fact, a tight temporal 
relationship was shown to exist between epithelial and 
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stromal cells in the colon epithelio-mesenchymal matrix 
during cell differentiation [5]. Here we showed that the 
proteome of fibroblasts within crypts of normal-appearing 
colonic mucosa of FAP patients differs from wild-type 
APC gene carriers and that these alterations are shared 
by the colonic crypt epithelial cells, consistent with a role 
for mesenchymal-epithelial interaction and possibly a 
harbinger of epithelial mesenchyme transition (EMT) [5, 
6]. These studies should provide more precise molecular 
markers likely unique for APC alterations which would 
enable mechanism-based early detection and personalized 
prevention strategies for colon cancer.

results

characterization of FAP versus controls

Supplemental Data 1 tabulates characteristics of 
patient samples used for the study. Representative 2D gels 
of FAP and control colonic fibroblasts are shown in Figure 
1. Both control and FAP samples were initially used to 
construct a protein and isoform database for the colonic 

fibroblasts (Supplemental Data 2–4), including mass 
spectrometry identification of about 368 unique protein 
entries and about 400 of their post-translationally modified 
isoforms from 2D gels. Each spot is hyperlinked to a gene 
ontology web site. Size and isoelectric point information 
allowed each spot to be scrutinized for post-translational 
modification. Point-and-click searchable proteomes for 
the colonic fibroblasts for three pH ranges are provided 
in supplemental data and at our web site. Proteins with 
expression changes are indicated in Supplemental Data 
5–7 and tabulated in Supplemental Data 8. Many of the 
observed protein changes affect pathways of energy 
metabolism, cytoskeleton, proteolysis, protein synthesis, 
or RNA metabolism (Supplemental Data 8). Significant 
FAP-specific proteomic changes in common between 
crypt-derived epithelial cells and colonic fibroblasts are 
highlighted in Table 1. 

The cytoskeleton is comprised of three types of 
filaments, each was observed to change in a gene-specific 
way in the FAP fibroblasts. These are the actin filaments, 
the intermediate filaments, and the microtubules (Table 2 
and Supplemental Data 9). 

Actins: Several actin-associated proteins showed 
isoform expression changes (Table 2). Actins with 

Figure 1: 2D gels of FAP and control colonic fibroblasts.Three overlapping pH range 2D gels across pI 4–11 of FAP and 
control colonic fibroblasts. These files are also in the Supplemental Data and at our web site after publication and are searchable and 
hyperlink-enabled to gene ontology on line.

Figure 1. Bhavinkumar Patel et al.
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isoforms changing significantly include beta actin and 
smooth muscle actin, suggesting that these fibroblasts 
are myofibroblasts. Myofibroblasts are implicated in the 
structure and function of colonic crypt [7]. Actin proteins, 
include filamin-A, cross-links actin filaments and can 
affect their structure, strength, and cell proliferation [8]. 
The Septins [9], a family of cytoskeletal GTPases, may 
participate in a protein complex regulating the structure 
and function, elongation, bundling or disruption of the 
actin cytoskeleton and microtubules. Similarly, LASP-1 is 
an important regulatory protein in the actin cytoskeleton 
interacting through the palladin isoforms [10]. Importantly, 
the FAP gene-specific changes in actin filaments activity, 
and cell proliferation is highlighted by alterations in three 
isoforms of caldesmon (Table 2). Caldesmon regulates 
actin-tropomyosin activated myosin MgATPase via 
inhibition of Ca++-dependent smooth muscle contraction 
[11].

The intermediate filaments: The lamin A/C and B1 
isoform changes can regulate the structure and stability of 
the inner nuclear membrane. The vimentin intermediate 
filaments provide mechanical strength to fibroblasts and 
indirectly regulate cell adhesion. Vimentin dynamic 
rearrangement is regulated by dephosphorylation [12]. 
The vimentin changes observed in Table 2 are vimentin 
fragments; the native vimentin level did not appear to 

change. During apoptosis, vimentin is cleaved by multiple 
activated caspases, including caspase-3, -6 and –9, at 
distinct sites to yield proteolytic fragments [13]. Cleavage 
of vimentin also may facilitate nuclear condensation and 
subsequent fragmentation via disruption of the cytoskeletal 
network. The observed vimentin changes may be linked to 
the observed lamin changes in the FAP fibroblasts. Lastly, 
cytoskeletal keratin 7 was observed to up-regulate six fold 
in FAP fibroblasts (Table 2). How this keratin isoform 
induction affects the FAP fibroblasts is not yet clear, but 
its actions may be via cell motility and transformation to 
an epithelial or endothelial phenotype.

The microtubules: Both alpha and beta tubulin 
chains were observed to change in FAP (Table 2). These 
proteins function in a variety of cellular activities and 
are drug targets for cancer treatment [14]. Their role in 
the FAP cytoskeleton may be interactive with at least 15 
isoforms of other proteins that link the cytoskeleton to the 
plasma membrane (listed at the bottom of Table 2). 

Proteins linking the cytoskeleton to membrane 
dynamics up-regulated include Alpha-actinin 4, Annexin 
A1, Integrin-linked protein kinase 1, moesin, zyxin, 
vinculin, rho GDP-dissociation inhibitor 1, T-complex 
protein 1 β subunit, and transgelin (Table 2). 

The changes in cytoskeleton proteome, including 
the induction of a Rho GDP-dissociation inhibitor 1 in 

Table 1: FAP-dependent protein differences found in both crypt epithelial cells & colonic fibroblasts

Colonic 
Fibroblast_FAP fold 
change, control=1

Colonic 
Crypt_FAP 

fold change, 
control=1

ID 2D gel 
pH 

range

Swiss-
Prot ID #

Protein Name Theoretical pI Theoretical 
MW

FAP >2X Control
2.8 4.8 2557 5-8 Q99497 Protein DJ-1 6.3 19891
Only in FAP 

4.4 2097 4-7 P07339 Cathepsin D 5.6 37852
2.0

4.1 1553 5-8 P61163
α-centractin 
(Centractin) 6.2 42614

Only in FAP 

3.2 2165 4-7 P52565

Rho GDP-
dissociation 
inhibitor 1 5.0 23207

10.5/2.6
2.9 1390 5-8 P06733 α-enolase 7.0 47038

Only in FAP 
2.8 1126 5-8 P30101

Protein disulfide-
isomerase A3 5.6 54265

2.9 2.6 1892 4-7 P10768 Esterase D 6.5 31463
2.6

2.1 2454 5-8 P30041 Peroxiredoxin-6 6.0 24904
Control >2X FAP

-2.1
-2.1 2448 5-8 P60174

Triosephosphate 
isomerase 6.5 26538

-3.3
-2.0 2114 5-8 P08758 Annexin A5 4.9 35806
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Cytoskeleton proteins organized according to functional categories

Actin Filaments
FAP Only 1669 4-7 P60709 Actin, cytoplasmic 1 (Beta-actin) 5.3 41606 60 22

-3.3 1049 5-8 P60709 Actin, cytoplasmic 1 (Beta-actin) 5.3 41606 89 32
FAP Only 2232 4-7 P62736 Actin, aortic smooth muscle 5.2 41775 57 29

-2.4 1048 5-8 P63267 Actin, gamma-enteric smooth muscle 5.3 41643 81 24

-2.5 1578 5-8 O15144 Actin-related protein 2/3 complex 
subunit 2

6.8 34333 77 35

FAP Only 894 4-7 P21333 Filamin A (Alpha-filamin) 5.7 280630 67 10
-2 1897 4-7 P52907 F-actin capping protein alpha-1 

subunit 
5.5 32792 62 37

2.3 1819 4-7 P09493 Tropomyosin 1 alpha chain 4.7 32709 198 54
FAP Only 1736 4-7 P09493 Tropomyosin 1 alpha chain 4.7 32709 113 38

2 1448 4-7 P61163 Alpha-centractin (Centractin) 6.2 42614 88 34
4 532 4-7 Q05682 Caldesmon (CDM) 5.6 93250 101 29

FAP Only 750 4-7 Q05682 Caldesmon (CDM) 5.6 93250 86 25
-5.2 1310 5-8 Q05682 Caldesmon (CDM) 5.6 93250 53 14
9.1 1755 4-7 Q14847 LIM and SH3 domain protein 1 (LASP-

1) 
6.6 29717 95 44

FAP Only 1815 4-7 Q14847 LIM and SH3 domain protein 1 (LASP-
1) 

6.6 29717 66 37

-6.3 901 5-8 Q9NVA2 Septin 11 6.4 49267 73 23
2.2 1690 4-7 Q15019 Septin-2 (NEDD5 protein homolog) 6.2 41487 75 31

Intermediate Filaments
2.1 870 4-7 P02545 Lamin A/C (70 kDa lamin) 6.6 74139 211 43

FAP Only 889 4-7 P02545 Lamin A/C (70 kDa lamin) 6.6 74139 222 42
-3.2 658 5-8 P02545 Lamin A/C (70 kDa lamin) 6.6 74139 148 31
2.6 661 4-7 P20700 Lamin B1 5.1 66277 129 30
3.4 1430 4-7 P08670 Vimentin 5.1 53520 219 55
-2.6 1081 4-7 P08670 Vimentin 5.1 53520 148 35

FAP Only 1199 4-7 P08670 Vimentin 5.1 53520 186 39
5.8 1191 4-7 P08729 Keratin, type II cytoskeletal 7 5.5 51287 211 45

Microtubules
FAP Only 1082 4-7 P07437 Tubulin beta-2 chain 4.8 49671 68 21

3.1 1761 4-7 P07437 Tubulin beta-2 chain 4.8 49671 93 19
3 1763 4-7 Q9BQE3 Tubulin alpha-6 chain 5 49895 84 27

FAP Only 1744 4-7 Q9BQE3 Tubulin alpha-6 chain 5 49895 55 20
Proteins link Cytoskeleton and Plasma Membrane

-3.8 396 4-7 P12814 Alpha-actinin 1 5.3 103058 109 21
6.2 429 4-7 O43707 Alpha-actinin 4 5.3 104854 82 18
2.9 1637 5-8 P04083 Annexin A1 6.6 38583 94 35
2.2 1690 4-7 P07355 Annexin A2 7.6 38473 232 53
-3.4 2085 4-7 P08758 Annexin A5 4.9 35806 139 52
-2.6 561 4-7 P15311 Ezrin (p81) 6 69268 150 36
2.4 1321 4-7 Q13418 Integrin-linked protein kinase 1 8.3 51419 75 23
2.3 653 4-7 P26038 Moesin 6.1 67689 200 45
-2.1 961 4-7 P26038 Moesin 6.1 67689 62 20

FAP Only 222 4-7 P18206 Vinculin (Metavinculin) 5.5 123668 125 22
2.1 510 4-7 Q15942 Zyxin (Zyxin 2) 6.2 61277 60 23

FAP Only 2430 4-7 P52565 Rho GDP-dissociation inhibitor 1 5 23076 78 38
FAP Only 1124 4-7 P78371 T-complex protein 1, beta subunit 6 57357 66 18

2.7 2207 5-8 Q01995 Transgelin 8.9 22480 92 40
-5.4 2205 5-8 Q01995 Transgelin 8.9 22480 95 42

Table 2: Differential expression between FAP and normal fibroblast primary cultures. Cytoskeleton proteins organized 
according to functional categories.
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FAP fibroblasts (Tables 1 & 2), and previous observation 
of Ras-dependent viral transformation sensitivity of FAP 
fibroblasts, focused our interest on a potential role for Ras 
activity which depends on membrane localization [15]. 
Consequently, we investigated the subcellular location 
and levels of the Ras suppressor protein RSU1 in the 
colonic fibroblasts. The confocal immunofluorescence 
image in Supplemental Data 10 indicated that RSU1 
antigen is largely associated with the plasma membranes 
in FAP fibroblasts whereas most of the APC protein 
appeared nuclear. Collectively our proteomic data 
illustrate profound cytoskeletal changes in FAP fibroblasts 
in a gene-specific manner.

Measurement of RSU1 expression

Consistent with a potential increase in Ras activity 
[16] we focused on RSU-1 that is a prime regulator of ras 

[17]. Validation of this potentially important biomarker, 
RSU1 was performed on morphologically normal crypt-
derived epithelial cells and primary fibroblast cultures 
both from the morphologically normal mucosa of FAP 
gene carriers and unaffected controls (Figure 2). Spot 
2474, identified as RSU1, averaged more than two-fold 
greater abundance in four control fibroblasts than in four 
FAP fibroblasts (Supplemental Data 11). The RSU1 spot, 
observed in the pH 5–8 gel, has the theoretical mass, yet its 
pI suggests that it may be a phosphorylated protein. Upon 
identification of all visible protein spots in this region of 
a pH 6–11 gel, four RSU1 isoforms of approximately the 
same size were identified (Figure 2A). These RSU1 spots 
in four 2D gels of FAP versus four gels of controls were 
quantified by densitometry scanning and the results are 
shown in Supplemental Data 12. The two RSU1 spots on 
the left side of the gel, significantly decreased in intensities 
in FAP cells (not detectable in FAP and 2.5 fold lower 
in FAP than control, respectively), show pI’s consistent 

Figure 2: RSU-1 expression in colonic fibroblasts. A. pH 6–11 range 2D gel analysis of RSU-1 protein isoforms in control colon 
fibroblasts. All the protein spots observed in this picture were identified with mass spectrometry. Four isoforms of RSU-1 are indicated by the 
arrows. The rightmost spot is unmodified RSU-1. The second spot from the left is lower in intensity in FAP fibroblasts. The right two RSU-1 
spots were outside of the range of the pH 5–8 gels previously used to detect changes in RSU-1 levels. B. Western analysis of RSU1 expression 
in FAP colonic fibroblasts versus control colonic fibroblasts. C. Western analysis of RSU-1 expression in FAP colonic crypt cells versus those 
from control patients.

Figure 2. Bhavinkumar Patel et al.



Oncotarget 2011; 2:  197 - 208202www.impactjournals.com/oncotarget

with modification by post-translational modifications, 
including but not limited to phosphorylation events. 

RSU1 isoforms can also arise from alternate mRNA 
splice forms [18] and SNPs. The isoforms of different 
patients has slightly different electrophoretic mobilities 
(data not shown). Total RSU1 expression was lower in all 
six FAP fibroblast samples compared to non-FAP control 
fibroblasts (Figure 2B). RSU1 levels were also lower in the 
morphologically normal epithelial cell from FAP crypts 
than in control crypts (Figure 2C). It is also likely that 
RSU1 protein has more than one function in the cell, and 
a subset of this protein is modified in the FAP phenotype, 
wherein the lower level has potential to enhance the 
relative activity of the endogenous Ras oncogene.

Oxidative Stress Response in FAP fibroblasts

The FAP fibroblasts exhibit an enhanced oxidative 
stress response (Table 3). Examples include elevation of 
Alpha crystallin B chain which is a heat shock protein that 
accumulates after oxidative stress conferring resistance to 
TNF and oxidative stress in murine fibroblasts [19] , Other 
examples include Tropomyosin-1 which is phosphorylated 
at Ser283 through the Erk/DAPK pathway and promotes 
stress fiber formation in response to oxidative stress 
[20], and DJ-1. Yet another FAP-elevated protein 

is Peroxiredoxin-6, a phospholipase which protects 
mitochondria from ischemia and oxidative stress [21], by 
acting as the substrate for hyperoxidation [22]. Both DJ-1 
and peroxiredoxin-6 are elevated in FAP colonic fibroblast 
cultures and in FAP crypt epithelial cells (Table 1[4]).

Measurement of DJ-1 expression

Our previous data on the potential role of p53 and 
oxidative stress [4] has also led us to focus on the role of 
another potential FAP biomarker, DJ-1. A DJ-1 isoform 
(Figure 3) identified as spot 2549 (in pH 4–7 gel) was up-
regulated by 4.8-fold in FAP crypts-derived epithelial cells 
compared with controls (Supplemental Data 8) and up-
regulated 2.8-fold in FAP colonic fibroblast cultures versus 
control cultures (Supplemental Data 13). Experiments 
using Western blots were performed to investigate DJ-1 
expression changes in colonic crypts versus wild-type 
samples. Figure 3 illustrates the importance of identifying 
the protein spots that showed little change between cases 
and controls, and the need to follow through with 2D 
gel Western blot characterization. Not all isoforms of a 
given protein may show proteomic changes and some 
isoforms may be hidden by other co-migratory proteins. 
Alternatively, two isoforms of a protein may show 
reciprocal changes in expression. The level of DJ-1 did 

Table 3: Differential expression between FAP and normal fibroblast primary cultures in response to oxidative stress. Both 
DJ-1 and Peroxiredoxin-6 were up-regulated in both FAP crypt and fibroblast.

FA
P 

fo
ld

 ch
an

ge
 fr

om
 

Pr
og

en
es

is
, c

on
tr

ol
=1

pH
 ra

ng
e 

sp
ec

ifi
c U

ni
qu

e N
o.

2D
 g

el
 p

H 
ra

ng
e

Sw
is

s-
Pr

ot
 A

cc
es

si
on

 N
o.

Protein Name

Th
eo

re
tic

al
 p

I

Th
eo

re
tic

al
 M

W

M
AS

CO
T 

Sc
or

e

Am
in

o 
Ac

id
 C

ov
er

ag
e 

(%
)

Proteins involved in response to oxidative stress.
FAP >2X Control

4.1 2089 5-8 P02511
Alpha crystallin B chain 
(Rosenthal fiber component) 6.8 20159 138 46

2.8 2549 4-7 Q99497 DJ-1 protein (Oncogene DJ1) 6.3 19891 102 65

2.6 2388 4-7 P30041
Peroxiredoxin 6 (Antioxidant 
protein 2) 6.0 24904 100 42

2.3 1819 4-7 P09493
Tropomyosin 1 alpha chain 
(Alpha-tropomyosin) 4.7 32709 198 54

4.1 2089 5-8 P02511
Alpha crystallin B chain 
(Rosenthal fiber component) 6.8 20159 138 46

2.8 2549 4-7 Q99497 DJ-1 protein (Oncogene DJ1) 6.3 19891 102 65
Protein Found Only in FAP

- 1736 4-7 P09493
Tropomyosin 1 alpha chain
(Alpha-tropomyosin) 4.7 32709 113 38
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not change as judged by 1D gel Western blotting (Figure 
3A). Although 2D gel protein identification by mass 
spectrometry only revealed two isoforms of DJ-1 (Figure 
3B), 2D gel Western blotting experiment revealed at least 
four isoforms of DJ-1 (Figure 3C). The heaviest spot 1 on 
the right side represents the theoretical pI and molecular 
weight of the unmodified DJ-1 protein. Change in this 
spot was not detected in 2D gel images. However, spot 2 
showed a pI value consistent with an increase of a post-
translational modification, including but not limited to a 
phosphorylation event, in the protein molecule. This spot 
showed slight elevation in FAP samples. Spot 3 is the spot 
detected as up-regulated by about 3–4 fold in FAP crypt 
cells and in FAP fibroblasts. Spot 4 was also increased 
in FAP samples, but undetected in 2D gels by protein 
staining because it was hidden under a protein of greater 
abundance. 

Regulation of RSU1 and DJ-1 gene expression

Whether RSU1 was regulated at the mRNA level in 
colonic fibroblasts was investigated by using quantitative 
real-time PCR. The transferrin receptor gene (TFRC) 
was used as the normalization gene. Results are shown 
in Supplemental Data 14. The fold protein levels of two 

RSU1 protein isoforms in FAP fibroblast ranged from not 
detectable in FAP to 2.5 fold lower in FAP than control, 
respectively (Supplemental Data 12B), and about 2.5 fold 
lower than control in Western blotting analysis (Figure 
2B), and the mRNA level of RSU1 was on average 1.15 ± 
0.38 for control and 0.88 ± 0.15 for FAP relative to TFRC. 
This may suggests that expression of the RSU1 protein 
is regulated primarily post-translationally. A similar 
pattern is seen with DJ-1, wherein the DJ-1 mRNA level 
was statistically non-distinguishable by real-time PCR 
when six FAP fibroblast samples were compared with six 
controls (control mean Ct = 26.4, standard error = 0.325. 
FAP mean Ct = 26.3, standard error = 0.498) (Data not 
shown). In contrast, the protein level change of the DJ-1 
isoform spot 3 was 3 to 4 fold greater in FAP fibroblasts.

dIscussIon

We recently reported proteome changes in crypt-
derived epithelial cells isolated from normal appearing 
colonic mucosa of FAP patients versus control individuals 
[4]. About 13% of the protein spots in 2D gels were 
observed to shift in intensity and the changes resided mainly 
among isoforms of each protein [4]. Crypt epithelial cells 
are sheathed by and interactive with colonic fibroblasts 

Figure 3. Bhavinkumar Patel et al.

Figure 3: DJ-1 proteomic changes in colonic crypts. A. 1D gel Western blotting, B. 2D gel pH4–7 12% SDS-PAGE gels, and mass 
spectrometry protein identification, and C. 2D gel Western blotting experiments. The circled protein spots were DJ-1 identified by mass 
spectrometry. Corresponding spots were indicated by arrows in the 2D Western blotting images. For the 2D Western, Control was CP 203, FAP 
was SID 516. 
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[23]. The epithelial-mesenchymal matrix of the colon may 
play a major role during colorectal cancer progression, 
including the development of desmoid tumors that are 
prevalent in FAP patients, especially those with the 
Gardner variant [24]. To increase our understanding, we 
analyzed FAP-dependent protein changes in the colonic 
fibroblasts for systemic expression that may be linked to a 
FAP-specific phenotype.

Previously, we have demonstrated a disruption 
of overall actin organization in skin fibroblasts from 
FAP patients [25], including increased sensitivity to 
transformation by KiMSV and SV-40, and increased 
expression of the p53 protein [26-28]. Accordingly, we 
have focused on two proteins in our present database 
that are mechanistically important to such transformation 
and potentially relevant to the FAP phenotype; the Ras 
suppressor protein (RSU1) and the DJ-1 oncogene. 

RSU1, so named because its absence led to v-Ras 
transformation in mouse cells, is reported to enhance 
Erk-2 activation, inhibit Jun kinase activation [29], and 
inhibit anchorage-independent growth of MCF7 cells 
[30]. More recently, full-length 33 KDa RSU1, but not a 
29 KDa truncated form, was shown to bind to the LIM5 
domain of the adaptor protein PINCH1 and to participate 
in adhesion-related functions [31]. Moreover, the 29 
KDa form is elevated in cancer cell lines where Ras is 
activated. When cells were transformed with activated 
Ras, the RSU1 association with ILK and PINCH decreased 
and cell migration increased [32]. ILK expression was 
reported to be greatly elevated in the abnormal crypts from 
polyps of FAP patients [33]. The relationship of RSU1-
ILK-PINCH1 interaction in the crypts and the potential 
role of RSU1 in cell migration are yet to be established. 
Interestingly, the APC protein itself has been implicated in 
cell-cell adhesion

Ceramide, a pro-apoptotic agent, has been shown 
to induce RSU1, presumably by directly suppressing Ras 
expression [34]. Significantly, we showed that RSU1 
expression was decreased in both FAP fibroblasts and 
crypt epithelial cells, more dramatically in the former 
than the latter. Obviously, the decrease in RSU1 levels 
would allow enhanced endogenous Ras activity. The 
higher endogenous Ras activity may decrease ceramide-
induced apoptosis and explain, in part, the 100- to 
1000-fold enhanced sensitivity of the FAP fibroblasts to 
transformation by KiMSV by allowing full expression 
of the v-Ki-ras oncogene [26]. Consistent with the anti-
apoptotic theme is the congruent observation of an 
isoform of Rho GDP-dissociation inhibitor 1 in FAP 
fibroblasts only and its elevation by 3.2 fold in FAP crypt 
when compared with control (Table 1). Elevation in this 
protein was shown to provide cancer cells with resistance 
to drug-induced apoptosis [35]. 

The second protein we focused on, DJ-1, has an 
isoform that is elevated by about three fold in fibroblasts 
and about five fold in crypt epithelial cells in a FAP 

specific manner (Table 1). DJ-1 has multiple known 
functions (CAP1/RS/PARK7). It was originally cloned 
as a putative oncogene capable of transforming NIH-3T3 
cells in cooperation with H-ras [36]. DJ-1 is an integral 
mitochondrial protein and is a redox-dependent molecular 
chaperone that inhibits α-synuclein aggregate formation 
[37] and in the unfolded protein response countering 
protein damage from cigarette smoke in the human lung 
[38]. Recent research also implicated DJ-1 as important in 
lung [39] and prostate cancers [40]. Increased DJ-1 was 
of particular interest to us because our previous proteomic 
study in FAP crypts revealed an elevation of oxidative 
stress response and attenuation of apoptosis [4]. This 
DJ-1 elevation, linked to oxidative stress, is corroborated 
by the elevation of protein disulfide-isomerase A3 and 
peroxiredoxin-6 (Table 1). Protein disulfide-isomerase 
A3, uniquely present in FAP fibroblasts, and about three 
fold elevated in FAP crypts compared with control (Table 
1) is needed to renature proteins that have been damaged 
by oxidative stress. Peroxiredoxin-6 (antioxidant protein 
2), 2.6 fold elevated in colonic fibroblasts and 2.1 fold 
elevated in colonic crypts, is an anti-oxidative protein 
with phospholipase A2 activity that can promote the 
invasiveness of lung cancer cells [41]. 

Importantly, DJ-1 appears to have both positive 
and negative effects on p53 transcription. The caspase-6-
derived C-terminal fragment of DJ-1 has been proposed 
to account for DJ-1 associated p53-dependent cell death 
[42]. Sumoylation of DJ-1 was also reported to repress 
p53 transcription [43]. On the other hand, sumoylation 
of DJ-1 and p53 reactivates p53 transcription through a 
Topors/p53BPs complex [44]. These mechanisms might 
be responsible for the increased stability of the p53 protein 
in skin fibroblasts from FAP patients due to elevation of 
oxidative stress response as an early event during cancer 
progression [28]. Furthermore, the increased availability 
of p53 in FAP may explain, in part, the increased 
sensitivity of FAP cells to transformation by SV-40 [45] 
that is facilitated by direct interaction of p53 and large 
T-antigen [46]. 

Alterations in Ras and p53 appear critical during 
colorectal cancer development, and changes of RSU1 
and DJ-1 shown here may precede and perhaps facilitate 
mutational activation associated with both Ras and p53 
[47]. These alterations are shared by the colonic crypt 
epithelial cells and colonic fibroblasts, consistent with a 
role for mesenchymal-epithelial interaction and possibly 
a harbinger of epithelial mesenchyme transition [5, 
6]. Importantly, the fibroblasts of a FAP patient were 
observed to undergo spontaneous immortalization [48].
Thus, these alterations may well provide a further 
clarification of optimal targets at the “two-hit” stage of 
cancer development; those revealed in one-hit lesions 
would not include confounding secondary tumor 
effects. Collectively, they appear to be directly related 
to cancer and may be useful as biomarkers for early 
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events in colorectal cancer development, leading to the 
identification of molecular targets and agents for cancer 
chemoprevention. 

MATeRiAlS AnD MeTHODS

Clinical specimens

Eleven FAP patients and 15 control subjects 
(Supplemental Data 1) were recruited with approval by 
the Institutional Review Boards of Fox Chase Cancer 
Center (protocol number: 00-852) and Thomas Jefferson 
University (protocol number: 00-0023). The 2D gel 
analysis included three FAP patients (mean age of 39.3 
years, range 23 to 53 years, S.D. 8.8 years) (Supplemental 
Data 1). The controls were obtained with patient consent 
through pinch biopsy specimens of patients with no 
evidence of disease undergoing screening colonoscopy. 
Control patients for 2D gel analysis included three 
patients (mean age of 60 years, range 53 to 73 years, S.D. 
6.5 years). Validation experiments used samples from six 
FAP patients and six control patients that were not used in 
the 2D gel proteomics analyses. FAP cases for validation 
included men and women previously diagnosed with FAP 
and whose corresponding APC gene mutations had been 
documented by DNA sequencing of circulating white 
blood cells (Supplemental Data 1). Because FAP patients 
often undergo colectomy at an early age, but screening for 
sporadic cancer starts at a later age, it was not possible to 
age-match FAP cases with controls.

Preparation of primary colonic fibroblast cultures

Fibroblast cultures were prepared from colonic 
mucosa of normal appearance verified by a resident 
pathologist. The mucosal layer of colonic biopsy specimens 
was transported on ice in Ham’s F-12 serum-free medium 
containing 100 U/ml penicillin, 100 µg/ml streptomycin, 
10 µg/ml ciprofloxacin, 2.5 µg/ml gentamycin, 2.5 µg/ml 
amphotericin B, and 100 U/ml nystatin. Upon receipt, the 
tissue samples were finely minced, transferred to a 50 ml 
tube containing 15 ml of 0.2% collagenase (Sigma #C-
0130) in the transport medium, and incubated for 1.5 hours 
at 37°C in a rotating water bath. Transport medium (15 
ml) was added to the tube and the cells were collected by 
centrifugation at 1200 × g for 10 minutes. The cell pellet 
was washed four times for five minutes, each time with 25 
ml of transport medium, and once with fibroblast culture 
medium (DMEM supplemented with 15% FBS, 4 mM 
L-glutamine, 110 mg/L pyruvate, 100 U/ml penicillin, 
100 µg/ml streptomycin and 10 µg/ml ciprofloxacin). The 
cells were then placed into a T-12.5 cm2 flask pre-coated 
with fetal bovine serum (FBS). The culture was incubated 
at 37°C in 7% CO2. The cells began to adhere after 24 to 

72 hours and spread to the surface of the flask. Both FAP 
and control samples were treated with the same culture 
conditions, including timing for passaging and harvesting. 
Importantly, all the samples were deidentified, including 
notation on carrier or control status, and no significant 
difference in growth or apoptosis among them was noted. 
At harvest, all the cultures were in log phase. Cells were 
harvested at passage 1 or 7 by washing once with 5 ml 
of phosphate buffered saline (PBS) Ca++ and Mg++, then 
adding 3 ml of 0.04% trypsin for approximately 5 minutes 
or until the cells lifted. After adding 5 ml of culture media 
to stop the trypsin, the cells were transferred to a 15 ml 
tube, pelleted at 900 rpm, and washed twice with 10 ml of 
PBS. The cells were counted by using a hemocytometer. 
The final pellet contained about 10 to 15 million cells.

2D gel proteomics

Gels of three overlapping pH ranges (pH 4–7, 5–8, 
and 6–11) were used to display more than 4,000 protein 
spots for each sample (Figure 1). The first dimension was 
performed using IPG strips of pH 4–7, 5–8 (ReadyStrip; 
0.5 × 3 × 170 mm, Bio-Rad, Hercules, CA, USA) and 6–11 
(ImmobilineTM DryStrip; 0.5 × 3 × 180 mm, Amersham 
Pharmacia Biotech, Uppsala, Sweden) on Protean IEF 
Cell System (Bio-Rad). The second dimension was 12% 
polyacrylamide gel (acrylamide/bisacrylamide 37.5:1, 
2.6% cross-linker; gel dimension, 20 cm × 20 cm × 1 
mm). All gels in this study were run in quadruplicates 
and the two best gels of each sample were used for image 
analysis, all according to Standard Operating Procedures 
[49, 50]. By identifying each protein at least twice from 
replicated gels, we confirmed the fidelity of our sequence 
of electrophoresis, image analysis, robotic spot excision, 
protein digestion, and protein identification by mass 
spectrometry.

immunofluorescence localization of RSU1 protein 
in colonic fibroblasts

2.5x105 cells were seeded on cover slips in 6 cm 
tissue culture dish overnight. Cells were then washed 3X 
with PBS, fixed in ice-cold methanol, and permeabilized 
with 0.1 % Triton X-100 in PBS. Cells were incubated 
in 2% milk in PBS for 1 hour and then probed with 
antibodies anti-APC (ab15270, rabbit polyclonal, 1:20 to 
1:100, Abcam, MA) and anti-RSU1 (chicken polyclonal, 
1:100-1:1000, GenWay, CA), in antibody dilution buffer 
(0.2% milk in PBS). After three washes with PBS, the 
cells were incubated with species-specific secondary 
antibodies conjugated with Alexa Fluor 488, 546, or 555 
(Molecular Probes, CA). The cover slips were mounted 
on glass slides with mounting medium (0.5% N-Propyl 
Gallate, 90% glycerol in PBS), sealed with nail polish, 
and subjected to Z-axis optical sectioning (0.5-0.75 µM/
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section) in a Nikon E800 upright microscope with Zeiss 
Radiance 2000 confocal scanhead using LaserSharp 2000 
software (Bio-Rad, CA).

Real-time PCR

Contaminating DNA in RNA preparations was 
removed using TURBO DNA-free™ (Ambion). RNA 
was quantified using the Agilent 2100 BioAnalyzer in 
combination with a RNA 6000 Nano LabChip. RNA was 
reverse-transcribed using M-MLV reverse transcriptase 
(Ambion) and a mixture of anchored oligo-dT and 
random decamers. Using Taqman chemistry, 5’-nuclease 
assays were run on a 7900 HT sequence detection system 
(Applied Biosystems). Taqman sets were designed using 
Primer Express™ version 2.0 software from Applied 
Biosystems. The 5′ and 3′ probe ends were labeled with 
reporter dye 6-FAM (6-carboxy-fluorescein, Glenn 
Research) and quencher dye BHQ1 (Black Hole Quencher, 
Biosearch Technologies), respectively. All primers and 
probes were synthesized by the Fox Chase Cancer Center 
Fannie Rippel Biochemistry and Biotechnology Facility. 
PCR master mix from Eurogentec was used for PCR. 
Primer and probe concentrations were 400 nM and 100 
nM respectively. Cycling conditions were 95°C, for 15 
min, followed by 40 (2-steps) cycles (95°C, 15 sec; 60°C, 
60 sec). Cycle threshold (Ct) values were converted to 
quantities (in arbitrary units) using a standard curve (4 
points, 5-fold serial dilutions) established with a calibrator 
sample. For each sample, 2 RT reactions were performed 
with inputs of 50 and 10 ng RNA. An aliquot of the cDNA 
was used for PCR. The assay components were: DJ-1: 
forward GATACTGAAGGAGCAGGAAAACC, reverse 
TGAGCCAACAGAGCAGTAGGA, probe (6-FAM)
CCTGATAGCCGCCATCTGTGCAG(BHQ1). RSU1: 
forward GTCATTATTCTTCTTCGGTGGTTCT, reverse 
TCCGTTCTGAGACATACAAATACCT, probe (6-FAM)
TGGCCTGCATGTGTCTGCCGTA(BHQ1).

Statistical analyses

Statistical analysis of 2D gel images using 16 bit 
pixel intensity information was supported by Progenesis 
Discovery Workstation software (Nonlinear Dynamics, 
Inc.). Results were edited by an experienced operator. 
With 12 gels in the image analysis of pH 5–8 range, we 
rejected any spot that was missing in more than 2 gels. The 
dynamic range of the spot intensities in this presentation 
was about 600. A cut-off value for 1.5 fold change was 
used to output a list of significant protein changes.

Protein identification

Robotic cutting of protein spots, trypsin digestion, 

automated MALDI-TOF mass spectrometry, and protein 
identification from Swiss-Prot database were previously 
described in detail [49, 50]. The identity and function of 
the genes separating FAP fibroblasts from control were 
explored at the gene ontology databases FatiGO+(http://
babelomics.bioinfo.cipf.es/functional.html) and Database 
for Annotation, Visualization and Integrated Discovery 
(DAVID http://david.abcc.ncifcrf.gov/). The fibroblast 
differential proteome was further compared with the 
FAP crypt differential proteome [4] to determine protein 
changes in common between crypt and fibroblast that 
may suggest protein changes related to APC heterozygous 
mutation.

Western blotting validation of biomarkers. 

Western blotting in samples of colonic crypt cells 
and colonic primary fibroblast cultures were performed 
for RSU1 and DJ-1 to validate their signatures as primary 
proteomic alterations in the FAP heterozygous state. For 
each sample, 100 µg of protein was resolved on a 1D or 
a 2D gel. Blotting was performed at 200 mA for 2 hours. 
Antibodies used were Anti-RSU1 (chicken polyclonal, 
1:100–1:1000, GenWay, CA) and anti-DJ-1 (E2.1, 
monoclonal, 1:10, Zymed, Inc., CA). Blocking was done 
in 5% non-fat dry milk/TBS, first antibody anti-DJ-1 
1:200, second antibody goat anti-mouse (Zymed Inc) 
1:2000. Imaging was obtained on Kodak BioMax film 
developed with Bio-Rad ECL reagent.

ACknOWleDgMenTS.

We gratefully acknowledge the physicians who 
enrolled the majority of FAP and control cases: Dr. 
Jonathan Terdiman, University of California at San 
Francisco, Dr. Daniel Chung, Massachusetts General 
Hospital, and Dr. James Church, Cleveland Clinic. The 
assistance of the FCCC Biochemistry and Biotechnology 
Facility, the Cell Culture Facility, and the Molecular 
Imaging Facility in this work are acknowledged.

FInAncIAl suPPort:

Supported by the National Cancer Institute, Contract 
No. NO1-CN-15103 (A.K), and N01-CN-43309, Grant 
DK063014 (B.B), Institutional Core Grant P30CA006927, 
CA119242 and the Ewing Trust (T.Y), the Fannie E. Rippel 
Foundation, The Shöller Foundation, Tobacco Settlement 
Funds from the Commonwealth of Pennsylvania, the Pew 
Charitable Trust, and the Kresge Foundation.

conFlIct oF Interest stAtement

The authors have declared that no conflict of interest 
exists.



Oncotarget 2011; 2:  197 - 208207www.impactjournals.com/oncotarget

reFerences

1. Herbert BS, Chanoux RA, Liu Y, Baenziger PH, Goswami 
CP, McClintick JN, Edenberg HJ, Pennington RE, Lipkin 
SM, Kopelovich L: A molecular signature of normal breast 
epithelial and stromal cells from Li-Fraumeni syndrome 
mutation carriers. Oncotarget 2010, 1(6):405-22.

2. Bellacosa A, Godwin AK, Peri S, Devarajan K, Caretti 
E, Vanderveer L, Bove B, Slater C, Zhou Y, Daly M et 
al: Altered gene expression in morphologically normal 
epithelial cells from heterozygous carriers of BRCA1 
or BRCA2 mutations. Cancer Prev Res (Phila Pa) 2010, 
3(1):48-61.

3. Stoyanova R, Clapper ML, Bellacosa A, Henske EP, Testa 
JR, Ross EA, Yeung AT, Nicolas E, Tsichlis N, Li YS et 
al: Altered gene expression in phenotypically normal renal 
cells from carriers of tumor suppressor gene mutations. 
Cancer Biol Ther 2004, 3(12):1313-21.

4. Yeung AT, Patel BB, Li XM, Seeholzer SH, Coudry 
RA, Cooper HS, Bellacosa A, Boman BM, Zhang T, 
Litwin S et al: One-hit effects in cancer: altered proteome 
of morphologically normal colon crypts in familial 
adenomatous polyposis. Cancer Res 2008, 68(18):7579-86.

5. Serova M, Astorgues-Xerri L, Bieche I, Albert S, Vidaud 
M, Benhadji KA, Emami S, Vidaud D, Hammel P, Theou-
Anton N et al: Epithelial-to-mesenchymal transition and 
oncogenic Ras expression in resistance to the protein kinase 
Cbeta inhibitor enzastaurin in colon cancer cells. Mol 
Cancer Ther 2010, 9(5):1308-17.

6. Pohl M, Radacz Y, Pawlik N, Schoeneck A, Baldus SE, 
Munding J, Schmiegel W, Schwarte-Waldhoff I, Reinacher-
Schick A: SMAD4 mediates mesenchymal-epithelial 
reversion in SW480 colon carcinoma cells. Anticancer Res 
2010, 30(7):2603-13.

7. Richman PI, Tilly R, Jass JR, Bodmer WF: Colonic 
pericrypt sheath cells: characterisation of cell type with 
new monoclonal antibody. J Clin Pathol 1987, 40(6):593-
600.

8. MacPherson M, Fagerholm SC: Filamin and filamin-
binding proteins in integrin-regulation and adhesion. Focus 
on: “FilaminA is required for vimentin-mediated cell 
adhesion and spreading”. Am J Physiol Cell Physiol 2010, 
298(2):C206-8.

9. Spiliotis ET, Nelson WJ: Here come the septins: novel 
polymers that coordinate intracellular functions and 
organization. J Cell Sci 2006, 119(Pt 1):4-10.

10. Rachlin AS, Otey CA: Identification of palladin isoforms 
and characterization of an isoform-specific interaction 
between Lasp-1 and palladin. J Cell Sci 2006, 119(Pt 
6):995-1004.

11. Yen TH, Chen Y, Fu JF, Weng CH, Tian YC, Hung CC, 
Lin JL, Yang CW: Proliferation of myofibroblasts in the 
stroma of renal oncocytoma. Cell Prolif 2010, 43(3):287-
96.

12. Turowski P, Myles T, Hemmings BA, Fernandez A, Lamb 
NJ: Vimentin dephosphorylation by protein phosphatase 
2A is modulated by the targeting subunit B55. Mol Biol 
Cell 1999, 10(6):1997-2015.

13. Hashimoto M, Inoue S, Ogawa S, Conrad C, Muramatsu 
M, Shackelford D, Masliah E: Rapid fragmentation of 
vimentin in human skin fibroblasts exposed to tamoxifen: a 
possible involvement of caspase-3. Biochem Biophys Res 
Commun 1998, 247(2):401-6.

14. Chu SW, Badar S, Morris DL, Pourgholami MH: Potent 
inhibition of tubulin polymerisation and proliferation of 
paclitaxel-resistant 1A9PTX22 human ovarian cancer cells 
by albendazole. Anticancer Res 2009, 29(10):3791-6.

15. Hancock JF, Parton RG: Ras plasma membrane signalling 
platforms. Biochem J 2005, 389(Pt 1):1-11.

16. Takayama T, Ohi M, Hayashi T, Miyanishi K, Nobuoka A, 
Nakajima T, Satoh T, Takimoto R, Kato J, Sakamaki S et al: 
Analysis of K-ras, APC, and beta-catenin in aberrant crypt 
foci in sporadic adenoma, cancer, and familial adenomatous 
polyposis. Gastroenterology 2001, 121(3):599-611.

17. Cutler ML, Bassin RH, Zanoni L, Talbot N: Isolation 
of rsp-1, a novel cDNA capable of suppressing v-Ras 
transformation. Mol Cell Biol 1992, 12(9):3750-6.

18. Chunduru S, Kawami H, Gullick R, Monacci WJ, 
Dougherty G, Cutler ML: Identification of an alternatively 
spliced RNA for the Ras suppressor RSU-1 in human 
gliomas. J Neurooncol 2002, 60(3):201-11.

19. Mehlen P, Preville X, Chareyron P, Briolay J, Klemenz 
R, Arrigo AP: Constitutive expression of human hsp27, 
Drosophila hsp27, or human alpha B-crystallin confers 
resistance to TNF- and oxidative stress-induced cytotoxicity 
in stably transfected murine L929 fibroblasts. J Immunol 
1995, 154(1):363-74.

20. Houle F, Poirier A, Dumaresq J, Huot J: DAP kinase 
mediates the phosphorylation of tropomyosin-1 downstream 
of the ERK pathway, which regulates the formation of 
stress fibers in response to oxidative stress. J Cell Sci 2007, 
120(Pt 20):3666-77.

21. Eismann T, Huber N, Shin T, Kuboki S, Galloway E, 
Wyder M, Edwards MJ, Greis KD, Shertzer HG, Fisher 
AB et al: Peroxiredoxin-6 protects against mitochondrial 
dysfunction and liver injury during ischemia-reperfusion 
in mice. Am J Physiol Gastrointest Liver Physiol 2009, 
296(2):G266-74.

22. Kim SY, Jo HY, Kim MH, Cha YY, Choi SW, Shim JH, 
Kim TJ, Lee KY: H2O2-dependent hyperoxidation of 
peroxiredoxin 6 (Prdx6) plays a role in cellular toxicity 
via up-regulation of iPLA2 activity. J Biol Chem 2008, 
283(48):33563-8.

23. Powell DW, Adegboyega PA, Di Mari JF, Mifflin RC: 
Epithelial cells and their neighbors I. Role of intestinal 
myofibroblasts in development, repair, and cancer. Am J 
Physiol Gastrointest Liver Physiol 2005, 289(1):G2-7.

24. Gardner EJ: Follow-up study of a family group exhibiting 



Oncotarget 2011; 2:  197 - 208208www.impactjournals.com/oncotarget

dominant inheritance for a syndrome including intestinal 
polyps, osteomas, fibromas and epidermal cysts. Am J Hum 
Genet 1962, 14:376-90.

25. Kopelovich L, Conlon S, Pollack R: Defective organization 
of actin in cultured skin fibroblasts from patients with 
inherited adenocarcinoma. Proc Natl Acad Sci U S A 1977, 
74(7):3019-22.

26. Pfeffer LM, Kopelovich L: Differential genetic susceptibility 
of cultured human skin fibroblasts to transformation by 
Kirsten murine sarcoma virus. Cell 1977, 10(2):313-20.

27. Kopelovich L, Sirlin S: Human skin fibroblasts from 
individuals genetically predisposed to cancer are sensitive 
to an SV40-induced T antigen display and transformation. 
Cancer 1980, 45(5 Suppl):1108-11.

28. Kopelovich L, DeLeo AB: Elevated levels of p53 antigen 
in cultured skin fibroblasts from patients with hereditary 
adenocarcinoma of the colon and rectum and its relevance 
to oncogenic mechanisms. J Natl Cancer Inst 1986, 
77(6):1241-6.

29. Masuelli L, Cutler ML: Increased expression of the Ras 
suppressor Rsu-1 enhances Erk-2 activation and inhibits 
Jun kinase activation. Mol Cell Biol 1996, 16(10):5466-76.

30. Vasaturo F, Dougherty GW, Cutler ML: Ectopic expression 
of Rsu-1 results in elevation of p21CIP and inhibits 
anchorage-independent growth of MCF7 breast cancer 
cells. Breast Cancer Res Treat 2000, 61(1):69-78.

31. Dougherty GW, Chopp T, Qi SM, Cutler ML: The Ras 
suppressor Rsu-1 binds to the LIM 5 domain of the adaptor 
protein PINCH1 and participates in adhesion-related 
functions. Exp Cell Res 2005, 306(1):168-79.

32. Dougherty GW, Jose C, Gimona M, Cutler ML: The Rsu-
1-PINCH1-ILK complex is regulated by Ras activation in 
tumor cells. Eur J Cell Biol 2008.

33. Marotta A, Tan C, Gray V, Malik S, Gallinger S, Sanghera 
J, Dupuis B, Owen D, Dedhar S, Salh B: Dysregulation of 
integrin-linked kinase (ILK) signaling in colonic polyposis. 
Oncogene 2001, 20(43):6250-7.

34. Ohmori M, Shirasawa S, Furuse M, Okumura K, Sasazuki 
T: Activated Ki-ras enhances sensitivity of ceramide-
induced apoptosis without c-Jun NH2-terminal kinase/
stress-activated protein kinase or extracellular signal-
regulated kinase activation in human colon cancer cells. 
Cancer Res 1997, 57(21):4714-7.

35. Zhang B, Zhang Y, Dagher MC, Shacter E: Rho GDP 
dissociation inhibitor protects cancer cells against drug-
induced apoptosis. Cancer Res 2005, 65(14):6054-62.

36. Nagakubo D, Taira T, Kitaura H, Ikeda M, Tamai K, 
Iguchi-Ariga SM, Ariga H: DJ-1, a novel oncogene which 
transforms mouse NIH3T3 cells in cooperation with ras. 
Biochem Biophys Res Commun 1997, 231(2):509-13.

37. Shendelman S, Jonason A, Martinat C, Leete T, Abeliovich 
A: DJ-1 is a redox-dependent molecular chaperone that 
inhibits alpha-synuclein aggregate formation. PLoS Biol 
2004, 2(11):e362.

38. Kelsen SG, Duan X, Ji R, Perez O, Liu C, Merali S: 
Cigarette smoke induces an unfolded protein response in 
the human lung: a proteomic approach. Am J Respir Cell 
Mol Biol 2008, 38(5):541-50.

39. Kim RH, Peters M, Jang Y, Shi W, Pintilie M, Fletcher GC, 
DeLuca C, Liepa J, Zhou L, Snow B et al: DJ-1, a novel 
regulator of the tumor suppressor PTEN. Cancer Cell 2005, 
7(3):263-73.

40. Tillman JE, Yuan J, Gu G, Fazli L, Ghosh R, Flynt AS, 
Gleave M, Rennie PS, Kasper S: DJ-1 binds androgen 
receptor directly and mediates its activity in hormonally 
treated prostate cancer cells. Cancer Res 2007, 67(10):4630-
7.

41. Ho JN, Lee SB, Lee SS, Yoon SH, Kang GY, Hwang SG, 
Um HD: Phospholipase A2 activity of peroxiredoxin 6 
promotes invasion and metastasis of lung cancer cells. Mol 
Cancer Ther 2010, 9(4):825-32.

42. Giaime E, Sunyach C, Druon C, Scarzello S, Robert G, 
Grosso S, Auberger P, Goldberg MS, Shen J, Heutink P 
et al: Loss of function of DJ-1 triggered by Parkinson’s 
disease-associated mutation is due to proteolytic resistance 
to caspase-6. Cell Death Differ 2010, 17(1):158-69.

43. Fan J, Ren H, Fei E, Jia N, Ying Z, Jiang P, Wu M, 
Wang G: Sumoylation is critical for DJ-1 to repress p53 
transcriptional activity. FEBS Lett 2008, 582(7):1151-6.

44. Shinbo Y, Taira T, Niki T, Iguchi-Ariga SM, Ariga H: DJ-1 
restores p53 transcription activity inhibited by Topors/
p53BP3. Int J Oncol 2005, 26(3):641-8.

45. Herzig M, Novatchkova M, Christofori G: An unexpected 
role for p53 in augmenting SV40 large T antigen-mediated 
tumorigenesis. Biol Chem 1999, 380(2):203-11.

46. Pipas JM, Levine AJ: Role of T antigen interactions with 
p53 in tumorigenesis. Semin Cancer Biol 2001, 11(1):23-
30.

47. Kopelovich L: Genetic predisposition to cancer in man: in 
vitro studies. Int Rev Cytol 1982, 77:63-88.

48. Forsyth NR, Morales CP, Damle S, Boman B, Wright WE, 
Kopelovich L, Shay JW: Spontaneous immortalization of 
clinically normal colon-derived fibroblasts from a familial 
adenomatous polyposis patient. Neoplasia 2004, 6(3):258-
65.

49. Li XM, Patel BB, Blagoi EL, Patterson MD, Seehozer 
SH, Zhang T, Damle S, Gao Z, Boman B, Yeung AT: 
Analyzing alkaline proteins in human colon crypt proteome. 
J Proteome Res 2004, 3(4):821-33.

50. Patel BB, Li XM, Dixon MP, Blagoi EL, Seeholzer SH, 
Chen Y, Miller CG, He YA, Tetruashvily M, Chaudhry 
AH et al: Searchable High-Resolution 2D Gel Proteome of 
the Human Colon Crypt. In: J Proteome Res. vol. 6; 2007: 
2232-38.


