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Figure 6. Effect of SMP1 on GFP-eIF2 association with eIF2B bodies. (A) Inset shows a typical image of yeast YMKS883 cell expressing GFP-eIF2,
with its localization in large cytoplasmic eIF2B bodies (34). YMKS883 transformants carrying an empty vector (Vec, column a), YEpL-TIF5-FL (he
yelF35, column b), pEMBL-FL-5MP1 (5MP1, column ¢) and pEMBL-FL-5MP1-7A (5MP1-7A, column d) (Supplementary Table S1) were grown in
SCGal-ura medium to a mid-log phase. Then, fluorescent images of the cells were taken under a confocal microscope, and quantified for the amount
of GFP-eIF2 signal localized in the bodies compared to one in the whole cell. Graph indicates the proportions of the groups of cells (in each column)
with no, weak, medium and strong GFP-eIF2 signals in the bodies, as defined in each row of the graph. (B) Table summarizing the plasmid used
(Row 1), the number of transformed cells measured (Row 2), percentage of cells with med to strong GFP-eIF2 signals in the body (the sum of
percentage values in Rows 3 and 4 of graph in A) (Row 3), and percentage of GFP-eIF2 signals localized in the bodies, averaged for the entire
population of the cells carrying the same plasmid (Row 4), together with its standard error of the mean (SD/n'; Row 5).

measurement of both cell growth and the expression of a
Gendp transcriptional target (HIS4) during histidine star-
vation conditions induced by the inhibitor 3-aminotriazole
(BAT). As shown in Figure 7A, Row 1, the growth of a
gen24 strain is sensitive to 3AT because the absence of
elF2 phosphorylation prevents the preferential translation
of GCN4 and the subsequent transcriptional induction of
those genes required to alleviate the nutrient starvation.
We envisaged that SMP1 overexpression might mimic
the effect of eIF2 phosphorylation to confer 3AT resist-
ance to the gen24 strain. However, SMP1 expression from
the constitutive SUII promoter or GAL promoter did not
confer 3AT resistance to gen24 strains (data not shown),
although the abundance of SMP1 expressed from SUI/
and GAL promoters was ~12 (Figure 7B) and ~25-fold
(see above) higher than that of yelF2, respectively. We
reasoned that eIF2B mutations known to limit TC levels
could sensitize gecn24 strains to a reduction in elF2
activities, which might be caused by 5MP1 expression.
Indeed, alteration of either S576 or the AA-box 2 of the
elF2B¢g catalytic domain (in the ged6-S576N gen24 and
ged6-74 gen2A mutant strains, respectively) sensitizes the
strains such that SMP1 expression now increases the 3AT
resistance (Figure 7A, Rows 3 and 8; Figure 7C, Row 3).
It should be noted that these gcd6 mutant strains are
slightly resistant to high doses of 3AT (Figure 7A, Rows
2 and 7; Figure 7C, Row 2) (8,36) and that expression of
5MP1 provides further increase in this 3AT resistance.
This growth of S5MPl-expressing strains suggests a
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modulatory role for SMP1 in the regulation of translation
initiation. However, its effect on yeast translation is only
kinetic, as examined below, but may not be clearly
physiological.

The overexpression of yelF5 conferred much stronger
growth in the presence of 3AT in the gen24 ged6 strains
than did 5SMP1 (Figure 7A, Rows 5 and 10; Figure 7C,
Row 5). This result may reflect either the fact that yelF5 is
expressed at a higher level than SMP1 (Figure 7B), or that
the yelF5/yelF2 interaction is stronger than SMP1/yelF2
interaction (Figure 2), or both. The enhanced resistance to
histidine starvation shown by both excess eIF5 and SMP1
was accompanied by corresponding increase in HIS4-lacZ
expression, whose transcription is activated by Gendp
(Figure 7D). Furthermore, both growth and HIS4-lacZ
effects of SMP1 are alleviated by the SMP1 AA-box 2
mutation 74 (Figure 7A, C and D) without decreasing
5SMP1 abundance (Figure 7B). Overall, these results
suggest that SMP1 has the capacity to impact upon
GCN4 translation in a manner dependent upon its
AA-box 2. Given the exquisite sensitivity of the GCN4
system to changes in TC recruitment to the ribosome,
these results further suggest that SMP1 impacts upon the
level or recruitment of TC to the pre-initiation complex.

5MP1 promotes elF2 TC formation and inhibits MIFC
formation in yeast

A key question arising from the experiments described
above is whether 5MP1 impacts upon the levels of
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Figure 7. SMP1 overexpression increases GCN4 translation in gen24 ged6 backgrounds. (A) Yeast dilution assays. Transformants of KAY16 (Row
1), GP3578 (Rows 2-5), KAY33 (Row 6) and KAY34 (Rows 7-10) carrying an empty vector (Vec), YEpL-FL-5MP1 (5MP1 in Row 3), YEpL-FL-
SMPI-7A (SMP1-7A in Row 4), YEpTIF5-FL (yelF5 in Row 5), YEpU-FL-5MP1 (SMP1 in Row 8), YEpU-FL-5MP1-7A (SMPI-7A in Row 9),
and YEpU-TIFS (yeIF5 in Row 10) were grown in SC-His-Leu or SC-His-Ura medium. Fixed amounts (4go = 0.15) of the culture and its 10-fold
serial dilutions were spotted onto the agar plates of the same medium without or with indicated amounts of 3AT and incubated at 30°C for 2 and 6
days, respectively. (B) Expression check. Indicated amounts of WCE prepared from KAY16 transformants carrying the plasmids used in (A) Rows
1-5 were subjected for immunoblotting with antibodies listed to the left. Bottom; molar amounts of FLAG-tagged proteins present in WCE were
determined using 40ng purified FL-SMP1 (lane 9) as standard, and compared to known amount of yeIF2 present in WCE (21). (C) Cultures of
KAY33 (Row 1) or KAY34 (Rows 2-5) transformants carrying an empty vector (Vec), pEMBL-FL-5MP1 (5MP1), pEMGL-FL-5MP1-7A
(SMPI-7A) and YEpU-TIFS (yelFS) were spotted and incubated as in (A), except that they were grown in SCGal-His-Ura medium. D)
Expression from chromosomally integrated HIS4-lacZ in transformants used in Panel A, Rows 1013 and 5-8 were presented by B-galactosidase
units. P-values for the differences indicated by arrows are: *, 0.004; **, 0.035; *** and **** <0.00001.

complexes such as the TC or the multi-factor complex. To
assess this, we quantified the abundance of
yelF2-containing complexes. For this purpose, the
HA-tagged SMP1 (HA-5MP1) was overexpressed in a
strain encoding yeIF2B-FL (encoded by SUI3-FL), and
the initiation components which co-immunoprecipitated
with FLAG-eIF2 were quantitatively analyzed (21).
Immunoblotting indicated that HA-5MP1 was expressed
at approximately four to five times higher levels than
yelF5 (data not shown). As shown in Figure 8A, the ex-
presssd HA-5MP1 significantly increased TC levels
(P=0.019, n=7), as determined by the amount of
tRNAM®" immunoprecipitated (see graph 1 to the right).
The reason for this increase will be discussed below.
Importantly, this TC increase was accompanied by a
decrease in yelF5 and yelF3b that are co-associated with
FL-yelF2 (Figure 8A, graph 2 and 3, respectively,
P < 0.05, n = 3). This decrease in the interaction of both

elFS and elF3 with FL-yelF2 implicates HA-5MP1 in the
inhibition of MFC formation.

To confirm and extend these observations, we next
examined the impact of S5MP1 expression on the
yelF3-containing complexes. Hence, we overproduced
FL-5SMP1 in a strain encoding the HA-tagged yelF3i
subunit. As shown in Figure 8B, less yeIF2a co-precipitated
with HA-yeIF3 in the presence of FL-5MP1 (lane 7) than in
its absence (lane 6). Because eIF2/elF3 association depends
on bridging by eIF5, this is the hallmark of MFC forma-
tion. Thus, these results confirm that FL-5MP1 indeed
inhibits MFC formation. The more dramatic effect on
MFC relative to Figure 8A is likely due to a higher expres-
sion level of this FL-5MPI1 construct than that of
HA-5MP1. The SMP1-mediated inhibition of MFC forma-
tion was alleviated by the AA-box 2 mutation 74
introduced to FL-5MP1 (Figure 8B, lane 8). Since SMP1
expression did not reduce the interaction of HA-yelF3 with

239

T10T ‘9T 11dY U0 UIS-NSILIMY0Y] 0YSO], 18 /310°S[eumofproyxo 1eu//:dyy WoIj popeofumo(



Nucleic Acids Research, 2011, Vol. 39, No. 19 8325

A ) , o L [IVIANAMe (2 olF3b  (3) eiF5
input JoFLAGIPY G % " gy (MFC)  (elF2/elFS)
O VEMPEC VanPy P %’ 00 - S—
Mo HABMPL § » 1t T - | % % 80 3 ?fmé 0o
isc SUIB-FL * "g % 100 503
s TIF34-3HA N i
28 H :
s A S 0 g - oL
HNARS 7 % ySup v sMp v oMP
ﬁisﬁﬂ B ‘
2iF3b In-put oHA P
&IFs C YV EMPITAL C Y BMPITA
HA-EHP m;-"s_?spggféf aE me -1 - |WTI7A
e TIFB4-GHA] - | ¥ |+ |+ ] -1+ |+ 1+
eiF33HA
8iF3
8iIF2¢

1 283 4 88 7 8
C Two possible routes o increased TC sbundance

Model 1. 5MP1 anlagonises MFC formation Model 2. BMP1 overcomes alF5 GDI

@etP

Met-iRNAI i

l MettANAI

TC

Figure 8. Effect of 5SMP1 on the abundance of eIF complexes in yeast. (A) Quantitative anti-FLAG IP. An amount of 1 mg of WCE prepared from
KAY107 (TIF34-3HA) transformant carrying an empty vector (C), KAY128 (SUI3-FL) transformants carrying an empty vector (V) or pPEMBL-HA-
SMP1 (SMP) was used for anti-FLAG IP and 80% (top gel) and 20% (bottom gels) of the precipitated fractions (lanes under «FLAG IP) were
analyzed by northern and western blotting, respectively, with 2% in-put amount (lanes under In-put), as described (21). HA or FLAG-tagged alleles
present in the transformants are indicated across the top. Graphs to the right summarize the relative amount of indicated components associated with
FLAG-eIF2, after correction by the amount of elF20; precipitated. (B) Co-IP with HA-eIF3. An amount of 200 pg of WCE prepared from KAY127
(SUI3-FL) transformant carrying an empty vector (C), KAY113 (T7F34-3HA) transformants carrying an empty vector (V), pEMBL-FL-5MP1
(HP), or pEMBL-FL-5MP-7A (7A) was used for anti-HA IP, and entire IP fractions and 10% in-put amounts were analyzed by immunoblotting
with antibodies raised against HA-epitope (top) and yeast elF2a (bottom). (C) Possible models to explain increased TC abundance by SMP1 in
yeast. Numbers in circles refer to eIFs (e.g. 1, eIF1). Gray squares, SMP1. Model 1. SMP1/TC interaction slows down MFC formation (dotted
arrow). The accumulation of SMP1/TC complex contributes to increase in overall TC abundance (both free TC and TC/5MPI). Model 2. 5SMP1/
elF2-GDP interaction antagonizes the GDI function (stopped bar to GDP) of eIF5. The steps of GDI and GEF are highlighted with light gray
round squares.

yelF5 (Figure 8B), it seems that SMP1 does not compete GCN4 translation in the gen24 ged6 mutant strains
with yeIF3 binding to yelF5 in yeast, consistent with the (Figure 7).

weak interaction observed between FL-SMP1 and yelF3
(Figure 5D and E). These observations suggest that
5MP1 inhibits TC binding to the 40S subunit, primarily
by sequestering TC away from yeIF5 and yelF3, which DISCUSSION

otherwise promote TC binding to the 40S subunit In this article, we have assessed the function of the human
(Figure 8C, Model 1). This would mean that an inhibition MA3-W2 HEAT repeat protein previously called BZW?2
of TC recruitment would explain why 5MP1 enhanced and here renamed as 5SMP1. We have shown that the
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human 5MP1 directly interacts with eIF2 via the B subunit
in vitro (Figure 2). Together with the finding that the
5MP1 Drosophila homolog, Kra, interacts with eIF2p,
this result strengthens the idea that translation factors
and regulators with the W2-type HEAT domains (i.e.
elF5, elF2Be and p97/NAT1/DAP5) can generally
interact with eIF2. We also showed that 5MP can
modulate overall translation (Figure 4C) and transla-
tion of a luciferase reporter gene in RRL (Figure 3A).
These observations suggest that SMP binding to elF2
(and perhaps eIF3) can modulate the efficiency of
protein synthesis.

How does SMP regulate protein synthesis?

SMP interacts directly with eIF2 or eIF3 (Figure 2), and
therefore could competitively inhibit or even replace the
functional interactions of any of the W2-domain contain-
ing proteins such as eIF5 or eIF2Bg. Our in vitro studies
directly examining the effect of SMP on GDP binding to
elF2 showed that the human 5MPI1 is not a GEF, but
instead has weak GDI activity for eIF2 (Figure 5A).
GDI activity was recently ascribed to yeast eIF5 as a
second function in addition to its GAP activity (4).
Therefore elF5 GAP activity switches elF2 into an
inactive GDP-bound state, and its GDI activity prevents
reactivation of elF2 by the GEF elF2B. Similarly the
observed inhibition of GDP release by 5MP1 (GDI
activity) could contribute to locking eIF2 in an inactive
state; however, because SMP1 GDI activity is weak,
SMP1/elF2-GDP binding may antagonize elF5 GDI
and therefore promote GDP release. Consistent with this
idea, we made an interesting observation that 5MPI
overexpression increases TC (eIF2-GTP-Met-tRNA;M
abundance (Figure 8A). These observations led us to
propose one mechanism for SMP function (Figure 8C,
Model 2). In this model, SMP1 expression would
compete directly with eIF5 GDI function, resulting in an
increase in TC abundance by preventing elF5
antagonizing the GEF activity of eIF2B. However an al-
ternative explanation is also possible (see below).

The ability of SMPI to interact with both eIF2 and eIF3
.(Figure 2A, B and D) strengthened the idea that SMP1
could function as a competitive inhibitor and structural
mimic of elF5 functions in pre-initiation multifactor
complex (MFC) assembly necessary for efficient transla-
tion initiation by the standard scanning model. This model
is supported by a number of experimental observations.
First, 5SMP1 can bind eIF2f in competition with eIF5
(Figure 2C). Second, 5MP1 can compromise eIF5
co-migration with 40S ribosomes in the RRL
(Figure 3B). Third, 5MP1 complex with yeast eIF2 does
not include eIF5 (Figure 5D) and finally it can antagonize
the binding of eIF2 TC to elF3, which is necessary
for MFC formation in yeast (Figure 8B). This latter
observation provides an alternative explanation for
the observed increase in TC levels following 5MP1
expression (Figure 8A). The observations are consistent
with a fraction of TC becoming sequestered into a
TC/5SMP1 complex and being unavailable for MFC
assembly. This idea is also shown diagrammatically in

Figure 8C (Model 1). Thus, 5SMP can act as a competitive
inhibitor of eIFS functions in promoting the assembly of
the ribosomal pre-initiation complex, or act to antagonize
elF5 GDI function and thereby act positively to promote
GEF function. Fither or both of the models together
could account for the observed increase in TC. We also
acknowledge that the effect of the human 5MP1 on yeast
translation is overall weak and not clearly physiological,
perhaps owing to the evolutionary distance from the
model organism. To take better advantage of the yeast
system, it would be attractive to study the effect of
SMP from lower eukaryotes (16), those from fungi
(Basidiomycota), in particular.

Is SMP a part of inhibitory mRNP complexes?

The models proposed in Figure 8C consider the inhibitory
effect of SMP1 on elF2, as observed in yeast. Because
SMP1 can also interact with eIF3 (Figure 2D), its effect
on translation in mammalian cells could be more complex.
For example, with a link to eIF3, 5MP1 that lacks the
GAP domain might replace eIF5 recruitment to the 408
subunit (Figure 3B) and thereby prevent 60S subunit
joining. An alternative, but not mutually exclusive, idea
consistent with its partial effect on translation in mamma-
lian cells (Figure 4C) is that effective translational control

by this protein requires additional binding proteins in

complex with SMP1, eIF2 and eIF3. In agreement with
this idea, evidence was provided previously that the
Drosophila homolog Kra binds simultaneously to eIF2
and Shot, a cytoskeletal element. Furthermore, Kra
co-expresses with the mRNA-specific binding factors
Pumilio and Staufen in certain areas of the central
nervous system, suggesting that Kra is a component of
multiple inhibitory mRNA/protein (mRNP) complexes
(20). Specific expression of Kra in cholinergic local
neurons of antennal lobe has been established and a
krasavietz enhancer trap line is frequently used to study
Drosophila CNS function (37). Together these findings
suggest an intriguing possibility that 5MP1 and elF2
form part of a larger translationally repressed mRNA
complex that are undergoing cytoskeleton-mediated intra-
cellular transport. The observed GDI activity of 5SMP1
(Figure 5A), if it occurs in vive, would inhibit GDP dis-
sociation during the transport process in favor of transla-
tional inhibition. A 5MP interaction with cytoskeletal
elements in humans was suggested previously by the
physical interaction of human BZWI1/5MP2 with
PSTPIP1 (38), which in turn interacts with Wiskott-
Aldrich Syndrome Protein (39). The latter two proteins,
which regulate F-actin formation, are expressed predom-
inantly in hematopoietic cells, where higher levels of
BZW1/5MP2 transcripts are also observed (40).
Although work to address these ideas is beyond the
scope of the present manuscript, it is one avenue to
pursue in the future.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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Since metastasis is one of the most important prognostic factors in colorectal cancer, development of
new methods to diagnose and prevent metastasis is highly desirable. However, the molecular mechanisms
leading to the metastatic phenotype have not been well elucidated. In this study, a proteomics-based search
was carried out for metastasis-related proteins in colorectal cancer by analyzing the differential expression
of proteins in primary versus metastasis focus-derived colorectal tumor cells. Protein expression profiles
were determined using a tissue microarray (TMA), and the results identified Rho GDP-dissociation inhibitor
alpha (Rho GD!) as a metastasis-related protein in colon and prostate cancer patients. Consequently, Rho
GDI may be useful as a diagnostic biomarker and/or a therapeutic to prevent colon and prostate cancer

metastasis.

1. Introduction

Colorectal cancer is known as a major metastatic cancer, and
40-50% of patients already have a metastatic focus at pre-
sentation. Moreover, the 5-year survival of these patients is
under 10% (Davies et al. 2005). Thus, metastasis is one of the
most important prognostic factors in colorectal cancer. In order
to improve rates of cancer remission, it will be necessary to
clarify the detailed molecular mechanisms of cancer metasta-
sis and to utilize this information to establish new diagnostic
and therapeutic techniques. Many researchers have searched for
metastasis-related molecules (Liu et al. 2010; Shuehara et al.
2011) using proteomics techniques (Hanash 2003). Compre-
hensive mapping of the molecular changes during metastasis
would greatly improve our understanding of the recurrence and
management of cancer. However, the knowledge gained so far in
these studies has not been sufficient to improve cancer remission
rates.

Here we show the potential of Rho GDI as a metastasis-related
protein in colon and prostate cancer patients. In order to iden-
tify metastasis-related proteins, the protein expression patterns
of human colorectal cancer cells with different metastatic char-
acters were compared. Because these cells were derived from
the same patient (SW480: a surgical specimen of a primary
colon adenocarcinoma, SW620: alymph node metastatic focus),
cancer metastasis-related protein candidates could be effec-
tively sought without background variations due to differences
between individuals. Furthermore, by analyzing the expression
of candidate proteins in many clinical samples using a TMA,
we attempted to validate the association of these candidates
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Fig. 1: 2D-DIGE image of fluorescently-labeled proteins from different metastatic
human colorectal cancer cells. SW480 is human colorectal cancer cell line
derived from a primary tumor and SW620 is derived from a metastatic focus
from the same patient. Proteins from the colon cancer cells (SW480, SW620)
were labeled with Cy3 and Cy$5 respectively, and analyzed by 2D
electrophoresis. The differentially-expressed spots (white circles) were then
identified by LC-UHR TOF/MS

with metastasis. TMA is a slide glass containing many clini-
cal tissues, and it enables one to carry out a high-throughput
analysis by evaluating the relationship between expression pro-
files of each candidate molecule and clinical information such
as metastasis. (Imai et al. 2011; Yoshida et al. 2011).
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Table 1: High expression proteins in SW620 compared to SW480

Accession Protein name MW (kDa) pI Ratio (SW620 / SW480)
1 P12109 collagen alpha-1(VI) chain 108.6 5.3 1.53
2 Q15459 splicing factor 3A subunit 1 88.9 52 1.61
3 P13797 T-plastin 70.9 55 1.59
4 P60709 actin cytoplasmic 1 42.1 53 1.50
5 P63104 14-3-3 zeta/delta 279 4.7 1.63
6 P52565 Rho GDP-dissociation inhibitor 1 (Rho GDI) 233 5.0 1.90
7 P30041 Peroxiredoxin-6 (PRDX6) 25.1 6.0 1.86

2. Investigations, results and discussion

In order to search for metastasis-related proteins, we ana-
lyzed differentially-expressed proteins between SW480 and
SW620 by two-dimensional differential in-gel electrophoresis
(2D-DIGE) (Fig. 1). As aresult, 7 spots with at least a 1.5-fold-
altered expression level were found by quantitative analysis,
and these spots were identified by mass spectrometry (Table 1).
Three molecules having a high SW620/SW480 expression ratio
indicating a strong association with cancer metastasis were
identified: Rho GDP-dissociation inhibitor alpha (Rho GDI),
peroxiredoxin-6 (PRDX6) and 14-3-3 zeta/delta.

The expression profiles of these proteins were analyzed by
immunohistochemistry using the TMA with colon cancer and
multiple cancer tissues. Results of this analysis indicated that
expression of PRDX6 and 14-3-3 zeta/delta had no relationship
to the clinical status of cancer metastasis (data not shown). On
the other hand, in positive cases of lymph node metastasis, the
expression ratio of Rho GDI was significantly higher than in
the negative cases. Furthermore, the same trend was seen when
tissues from prostate cancer patients were analyzed (Table 2).
To confirm these results, the expression levels of Rho GDI pro-
tein in colon cancer cell lines with different metastatic potential
(SW480 < SW620 < SW620-0K1 < SW620-OK2: Characteris-
tics of SW620-OK1 and SW620-OK2 are described in
Experimental) were investigated by western blot analysis
(Fig. 2). The expression of Rho GDI was found to be up-
regulated with the development of metastatic characteristics.
These results suggested that Rho GDI is correlated with cancer
metastasis.

Rho GDI has been identified as key regulator of Rho family
GTPases. Activation of growth factor receptors and integrins can
promote the exchange of GDP for GTP on Rho proteins (Bishop
etal. 2000). Furthermore, GTP-bound Rho proteins interact with
arange of effector molecules to modulate their activity or local-
ization, and this leads to changes in cell behavior. It is clear
that Rho family GTPases are involved in the control of cell mor-
phology and motility (Etienne-Manneville et al. 2002; Hall et al.
1997; Van Aelst et al. 1997). The importance of Rho protein and
Rho GDIin cancer progression, particularly in the area of metas-
tasis, is becoming increasingly evident. Recently, some reports
have indicated that the expression of Rho GDI was correlated
with colorectal and breast cancer metastasis (Zhao et al. 2008;
Kang et al. 2010). Thus, our findings are consistent with these
reports and further suggest that the expression of Rho GDI is
also correlated with prostate cancer metastasis. Consequently,
Rho GDI should be considered as a diagnostic marker or new
therapeutic target for cancer metastasis.

3. Experimental
3.1. Celllines

SW480 is a human colorectal cancer cell line derived from a primary focus
and SW620 is derived from a metastatic focus of the same patient. These
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cells were purchased from American Type Culture Collection and main-
tained at 37 °C using Leibovitz’s L-15 medium (Wako) supplemented with
10% FCS. SW620-0OK1 and -OK2 were established by the following pro-
cedure: 1 x 106 SW620 cells were injected into the spleens of nu/nu mice.
After 8 weeks, SW620-OK 1 was established from a liver metastatic focus.
Furthermore, SW620-OK2 was established from SW620-OK1 using the
same procedures.

3.2. 2D-DIGE analysis

Cell lysates were prepared from SW480 and SW620 and then solubilized
with 7 M urea, 2 M thiourea, 4% CHAPS and 10 mM Tris-HCl1 (pH 8.5). The
lysates were labeled at the ratio of 50 pg proteins: 400 pmol Cy3 or Cy5
protein-labeling dye (GE Healthcare Biosciences) in dimethylformamide
according to the manufacturer’s protocol. Briefly, the labelled samples were
mixed with rehydration buffer (7M urea, 2M thiourea, 4% CHAPS, 2%
DTT, 2% Pharmalyte (GE Healthcare Biosciences)) and applied to a 24-cm
immobilized pH gradient gel strip (IPG-strip pH 4~7 NL) for separation in
the first dimension. Samples for the spot-picking gel were prepared without
labelling by Cy-dyes. For the second dimension separation, the IPG-strips
were applied to SDS-PAGE gels (10% polyacrylamide and 2.7% N,N’-
diallyltartardiamide gels). After electrophoresis, the gels were scanned with
a laser fluoroimager (Typhoon Trio, GE Healthcare Biosciences). The spot-
picking gel was scanned after staining with Deep Purple Total Protein Stain
(GE Healthcare Biosciences). Quantitative analysis of protein spots was
carried out with Decyder-DIA software (GE Healthcare Biosciences). For
the antigen spots of interest, spots of 1 mm x 1 mm in size were picked using
Ettan Spot Picker (GE Healthcare Biosciences).

3.3. In-gel tryptic digestion

Picked gel pieces were digested with trypsin as described below. The gel
pieces were destained with 50% acetonitrile/50 mM NH4HCO3 for 20 min
twice, dehydrated with 75% acetonitrile for 20 min, and then dried using a
centrifugal concentrator. Next, 5 pl of 20 wl/ml trypsin (Promega) solution
was added to each gel piece and incubated for 16 h at 37 °C. Three solutions
were used to extract the resulting peptide mixtures from the gel pieces. First,
50 ! of 50% (v/v) acetonitrile in 0.1% (v/v) formic acid (FA) was added
to the gel pieces, which were then sonicated for 5 min. Next, we collected
the solution and added 80% (v/v) acetonitrile in 0.1% FA. Finally, 100%
acetonitrile was added for the last extraction. The peptides were dried and
then re-suspended in 10 wl of 0.1% FA.

3.4. Mass spectrometry and database search

Extracted peptides were analyzed by liquid chromatography Ultra High
Resolution time-of-flight mass spectrometry (LC-UHR TOF/MS; maXis,
Bruker Daltonics). The Mascot search engine (http://www.matrixscience.
com) was initially used to query the entire theoretical tryptic peptide database
as well as SwissProt (http://www.expasy.org/, a public domain database pro-

Table 2: Expression profile of Rho GDI in primary cancers
with or without lymph node metastasis

Number of Rho GDI positive cases (positive ratio)

in metastasis negative cases in metastasis positive cases

Colon cancer*
Prostate cancer*

11/14 (79%)
18/23 (78%)

19/19 (100%)
11/11 (100%)

* p<0.05: Mann Whitney U test
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Fig. 2: Rho GDI expression levels in colon cancer cell lines with different metastatic abilities. Rho GDI expression levels in colon cancer cell lines (SW480, SW620,
SW620-0K 1, SW620-OK2) analyzed by western blotting (A). SW620-OK1, SW620-OK2 have been established as high metastatic sub-lines of SW620 using a mouse
metastasis model. Intensity of the western blotting images was quantified by densitometry (B)

vided by the Swiss Institute of Bioinformatics). The search query assumed
the following: (i) the peptides were monoisotopic (ii) methionine residues
may be oxidized (iii) all cysteines are modified with iodoacetamide.

3.5. TMA I hemical

TMA slides with human colon cancer samples or multiple cancer samples
(Biomax) were de-paraffinated in xylene and rehydrated in a graded series of
ethanol washes. Heat-induced epitope retrieval was performed while main-
taining the Target Retrieval Solution pH 9 (Dako) at the desired temperature
according to manufacturer’s instructions. After the treatment, endogenous
peroxidase was blocked with 0.3% H0O, in Tris-buffer saline (TBS) for
5 min. After washing twice with TBS, TMA slides were incubated with 10%
BSA blocking solution for 30 min. The slides were then incubated with the
anti-Rho GDI (Santa Cruz Biotechnology) for 60 min. After washing three
times with wash buffer (Dako), each series of sections was incubated for
30 min with Envision + Dual Link (Dako). The reaction products were rinsed
twice with wash buffer and then developed in liquid 3, 3’-diaminobenzidine
(Dako) for 3 min. After the development, sections were counterstained with
Mayer’s hematoxylin. All procedures were performed using AutoStainer
(Dako).

]

3.6. TMA Immunohistochemistry scoring

The optimized staining conditions for TMAs corresponding to human colon
as well as muitiple cancers were determined based on the co-existence of
both positive and negative cells in the same tissue sample. Signals were
considered positive when reaction products were localized in the expected
cellular component. The criteria for scoring of stained tissues were as
follows: the distribution score was 0 (0%), 1 (1-50%) or 2 (51-100%),
indicating the percentage of positive cells among all tumor cells present in
one tissue. The intensity of the signal (intensity score) was scored as 0 (no
signal), 1 (weak), 2 (moderate) or 3 (marked). The distribution and inten-
sity scores were then summed into a total score (TS) of TS0 (sum =0), TS1
(sum=2), TS2 (sum=3), and TS3 (sum =4-5). Throughout this study, TSO
or TS1 was regarded as negative, whereas TS2 or TS3 were regarded as
positive.

3.7. Western Blot

Expression of Rho GDI in colon cancer cells was detected by anti-Rho GDI
(Santa Cruz Biotechnology) and HRP conjugated anti-mouse IgG antibody
(Sigma) using the ECL-plus system. Equal amounts of protein loading were
confirmed by parallel B-actin immunoblotting, and signal quantification was
performed by densitometric scanning.
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A monoclonal antibody (Mab), due to its specific binding ability to a target protein, can potentially be one of the
most useful tools for the functional analysis of proteins in recent proteomics-based research. However, the production
of Mab is a very time-consuming and laborious process (i.e., preparation of recombinant antigens, immunization of
animals, preparation of hybridomas), making it the rate-limiting step in using Mabs in high-throughput proteomics
research, which heavily relies on comprehensive and rapid methods. Therefore, there is a great demand for new methods
to efficiently generate Mabs against a group of proteins identified by proteome analysis. Here, we describe a useful
method called ““Antibody proteomic technique’” for the rapid generations of Mabs to pharmaceutical target, which were
identified by proteomic analyses of disease samples (ex. tumor tissue, efc.). We also introduce another method to find
profitable targets on vasculature, which is called ‘“Vascular proteomic technique”’. Our results suggest that this method
for the rapid generation of Mabs to proteins may be very useful in proteomics-based research as well as in clinical appli-

cations.

Key words——monoclonal antibody; proteomics; biomarker; biologics
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Receptor A10 (EphAl10) EIFIN B 5 FEEEL
7= (Table 1). Z DT, A AMIMEIZREHIZ
HHT L, BEOANALDOEN S FELTHLN
% Her-2 X0 HEWEMERZ/RL, Her-2 2MEEE
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infection )
@{:::m‘, ; Drarget discovery using proteomic Didentification using
1Eh panning + analysis {ex. 20-DIGE) mass specirometry
ibody for @functional analysis of target proteins
Fig. 1. Schematic Protocol of Antibody Proteomics
Table 1. Protein Expression of Identified Drug Target Candi-

dates Using Tissue Microarray

Positive ratio

Target didat
rget can ¢ él{: ;Iglgl Breast cancer
Her2 (Control) 0/15( 0%) 53/189(28%)
IkappaBR 3/15(20%)  22/189(12%)

0/15( 0%)
0/15( 0%)

0/189( 0%)
0/189( 0%)

SPATAS protein
beta actin variant

TRAIL-R2 0/15( 0%) 119/189(63%)
RREB-1 1/15( 6%)  83/189(44%)
FLJ31438 protein 0/15( 0%)  0/189( 0%)
hPAKG65 0/15( 0%)  0/189( 0%)

0/15( 0%) 137/189(73%)
0/189( 0%)
0/189( 0%)

93/189(49%)

Cytokeratin 8
XRNI1 protein 0/15( 0%)
Jerky protein homolog-like  0/15( 0%)
EPH receptor A10 (EphA10) 0/15( 0%)

ORPLEEICHBTHRESY -7y hELTHERME
DENWSFTHBZENHESMNIL> 7= (Fig. 2).
3. mE/OFAIIX
ZOXIIAES—T v &L TOHFRERIZS
OFFIVAOFEEHANSZLITIEOTHEFRATH
D, SBELOENS FERRTEDWRELR 2R
BLTW53, £0—FT, BEOHAERDERS
FOFEALED, BEY NI EROBWMEY VNI E
EENELESTFENBEETHIEENS D,
HEEZHAVSRY, BRECEMERETIE, Mg

253

EphAl0
Positive
44%*

*100% as Her-2 negative patient

Fig. 2. EphA10 Expression in Breast Cancer Patients

WNIZEET DY NNV EEENCTZDEHEL< D
MERNDDEZEZLNTND. 10 LERST, i
HERORFEZ SHEHICE<HEIL, By N 7E
RWY N B EENICT B ENEALIZBN
THRODEETHDEEALND, FIT, Mgy
PINDE, RUHMIESA< U7 ZEO5WME 2 INY
HORBEGHOMKTOLDIZ, 2HOMEEZEFF
MERFBITTINIEL, REEBRICH 2 MENE
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7' Biotinagents

Biotinylation

Fig. 3.

Schematic Protocol of Vasculature Proteomics

MRS > N7 BWMNC WS NI B 2R K
< [EUY - $EBITATEEZS in vivo biotinylation ¥ % &
Ui 7 054 —L%&fT> I &iT L. 1 Figure 3
ZZFOWMEERT. O invivo biotinylation £
13, MRS XD B RN 2B, BERA
EINTWBHBHHEOES >N E2EINT 57

HBEFRERD, EEEBRROINMINS I N)VLE
7578, MNIBEOCIAZFIFX—aDURT %

EMTES, SYROZ L5, MEsADES >N
DEEERBRIICETTF > IRIVT B0, BT
ENGELNEY NV BEMICHTSE/ 70—
FIUFURIL, BEOFETTOTF—L@ITL TH
sy NV BB E<0HE, YyRorsd
SINTERE—Ray I I NI EEWD A
W& 2NZHE) T 2HRL0 b, EEE R
RESHRERAEICENTNWSZEEIES>ETHR
W, Z05 A, MEMMSEFTFLL TS
D, T omBENEMESK DRI SV
EINTHD, FEREZORRICIIMD TH ARG E
ThHHEZEZLNS.

ZOMmMETOTH I AEEBATTAETIVIC
LTI, EREY DNEOBRBEICMT ZHED
FR2TO 2.2 BRI, HUED S NIUEEI
AWasEFF U AbiREZR, invivo TEERE - R
HBIBHZET, HBRICHEET2MEZERET UL
L7z, ZOfRE, BEEONE TORIENINETIZD
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Fig. 4. BST-2 Expression in Metastatic Lymphoma

(A) Liver metastatic tumor; (B) Spleen metastatic tumor; (C) Normal
liver; (D) Normal spleen. Immunohistochemistry were performed by using
anti-BST-2 polyclonal antibody. Tumor vascular regions were stained (dark
gray) but not normal tissues.

L XN T W5 Transferrin ZRMEKNFE S N/-—
5, IRETHSTWENS ZH LW AIMmER
BHHEELUTBST2 0B ZLVWH L & (Fig.
4) .12 BST-2 13, FFECMEEICEE LY > NED
MBI RMICRBEL THBD, IThzENel
ENAUBEBEEORENHIREEINS. EERIZ, 20
BST-2 1T 2hifkzE# 592 I & T, BEEDOEHE
BHH SN BERDRVHLTRBD, B ING%E
FIALPEEROBRBHHIFIND LA TH 5.
4. fEmEEE

Pk 7054 I 7 AFEMII T 053 7 X EHiE
TH#0OEMZEASDE, ISIEB~rI707 L
(I BNYF = a r R REICTD 2 ET, EH

SFERECNYF—a v TEBHEMNTHS. 2
OEMICED, ZNE TENSTFOBRERN S FHERF

METOBEREBREETIZ, DT 2-3 BEEE
ORI TER TE 5 THRREME UTHRET
HZEMTER. FRERLEZLDICME T OTF
AR, ERLANVTOTOTFA I A EAREE
T5I %, MlEESY >IN EROMENAT U T X
LEDNWY NI BERINT T NIETE SR
THY, MPEERNY NI EOIAIIF— a3y
ZEBWTES LW EFHNBAIREEL TV, Z
D2OOTOTFFIVAEMEMETSHILET, B
BICBT RIS -7y hORIEIREE5T, #Hl
WHIREROBEFREE L THHATZ 2 &2FEATNY
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5. 5%, AFEEEAVWTHESNEFEREICHTS
FRZERTHZET, N F—H— DB
MICFATES D EHFEIND EEHIT, ¥
U B DFBZEMEN, WOCREIEELEZ2REDED
TWBEZATHY, TOFF IV RITLDMHE
B OWEITFT 2% - BEESBBTOTFET
»5.

B AWIER, 2 OHRAMEEDOEEFIC
WXEZHD DD, KRAFEENENEEZNE
MOEREBHAINAFRE T OO 27 hORF
W FEOEIANEEDITHELZDDOTT.
DOHEEBHEOLT, LDEXOEILZHRHL BT X3, &
51T, T F— LI H T2 0 BB 6
I Torv s s HEH BREL b B
BRECIHAIELL EEbIT, MESOFFHIZ R
WAL T, A ZAERTHREF2—-U v ER
(ETHZ) OF VU F - RUBEOZHH 2B E LI
ERAMROHETH =0, BEFEHNETEE
&M NI SUIR R EM A B HIe OB 2B L
Jo. ZTITHBEL BT ET.
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ORIGINAL ARTICLE

Serum Leucine-rich Alpha-2 Glycoprotein Is a Disease Activity
Biomarker in Ulcerative Colitis

Satoshi Serada, PhD,* Minoru Fujimoto, MD, PhD,* Fumitaka Terabe, MD, PhD,* Hideki lijima, MD, PhD,"
Shinichiro Shinzaki, MD, PhD,’ Shinya Matsuzaki, MD,* Tomoharu Ohkawara, MD,* Riichiro Nezu, MD, PhD,%
Sachiko Nakajima, MD, PhD," Taku Kobayashi, MD, PhD,! Scott Eric Plevy, MD, PhD,)

Tetsuo Takehara, MD, PhD," and Tetsuji Naka, MD, PhD*

Background: Reliable biomarkers for monitoring disease activity have not been clinically established in ulcerative colitis (UC). This study
aimed to investigate whether levels of serum leucine-rich alpha-2 glycoprotein (LRG), identified recently as a potential disease activity marker in
Crohn’s disease and rheumatoid arthritis, correlate with disease activity in UC.

Methods: Serum LRG concentrations were determined by enzyme-linked immunosorbent assay (ELISA) in patients with UC and healthy con-
trols (HC) and were evaluated for correlation with disease activity. Expression of LRG in inflamed colonic tissues from patients with UC was an-
alyzed by western blotting and immunohistochemistry. Interleukin (IL)-6-independent induction of LRG was investigated using IL-6-deficient
mice by lipopolysaccharide (LPS)-mediated acute inflammation and dextran sodium sulfate (DSS)-induced colitis.

Results: Serum LRG concentrations were significantly elevated in active UC patients compared with patients in remission (P < 0.0001) and
HC (P < 0.0001) and were correlated with disease activity in UC better than C-reactive protein (CRP). Expression of LRG was increased in
inflamed colonic tissues in UC. Tumor necrosis factor alpha (TNF-&), IL-6, and IL-22, serum levels of which were elevated in patients with
active UC, could induce LRG expression in COLO205 cells. Serum LRG levels were increased in IL-6-deficient mice with LPS-mediated acute
inflammation and DSS-induced colitis.

Conclusions: Serum LRG concentrations correlate well with disease activity in UC. LRG induction is robust in inflamed colons and is likely
to involve an IL-6-independent pathway. Serum LRG is thus a novel serum biomarker for monitoring disease activity in UC and is a promising
surrogate for CRP.

(Inflamm Bowel Dis 2012 ;000:000-000)
Key Words: IBD, ulcerative colitis, biomarker, leucine-rich alpha-2 glycoprotein, DSS
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TABLE 1. Characteristics of Patients with Ulcerative Colitis (UC)

Characteristics

Patients with Appendicitis

Patients with UC and Diverticulitis

Number (male:female)
Age, yr, mean (SD)
Age at diagnosis, yr, mean (SD)
Bowel surgery (including appendectomy), N (%)
Treatment
Salazosulfapyridine or mesalazine, N (%)
Steroids, N (%)
Immunomodulators, N (%)
Disease location (V)
Extensive colitis/left-sided colitis/proctitis
CRP, mg/dL, mean (SD)
WBC cells/pl, mean (SD)
CAI, mean (SD)
Matts’s score, mean (SD)

82 (41:41)
40.1 (15.7)
34.7 (15.6)

7 (8.54)

17 (8:9)
33.1 (13.7)
33.1 (13.7)

66 (80.5)
16 (19.5)
337

37/30/15
0.884 (1.967)
6716 (2317)

4.71 (4.89)
2.27 (0.89)

8.47 (7.69)
12307 (3603)

disease activity, only modest to absent CRP responses are
observed in systemic lupus erythematosus (SLE), dermato-
myositis, Sjogren’s syndrome, or UC, although active
inflammation is present.’~'! In UC, endoscopic disease ac-
tivity may predict future clinical symptoms,'? but direct en-
doscopic or radiologic visualization of the degree of
inflammation is rarely performed in outpatients with inac-
tive or mild disease. Therefore, alternative biomarkers,
which can conveniently and precisely monitor disease ac-
tivity during therapy in inflammatory diseases, are required
for the determination of adequate treatment.

By using a quantitative proteomic approach, we have
previously reported that serum levels of leucine-rich alpha-
2 glycoprotein (LRG) were elevated in patients with active
RA and serum LRG levels were correlated with disease ac-
tivity of not only RA but also CD, suggesting that serum
LRG is a serological biomarker for monitoring disease ac-
tivity.!* LRG is an ~50 kDa glycoprotein and contains re-
petitive sequences with a leucine-rich motif, first purified
from human serum.'*!S LRG has been reported to be
expressed by the liver cells and neutrophils’®!’; however,
its function remains unclear. To date, the relationship
between serum LRG levels and disease activity in UC has
not been assessed. In this study we investigated serum
LRG expression levels in UC patients and evaluated their
correlation with clinical disease activity. Serum LRG levels
were significantly increased in the active UC patients. LRG
expression was upregulated in the inflamed colonic mucosa
of UC possibly through stimulation by various cytokines
including tumor necrosis factor alpha (TNF-«), interleukin
(IL)-6, and I1.-22, the expression of which are increased in
active UC. Moreover, we show that serum LRG correlates
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more strongly than CRP with disease activity in UC.
Therefore, serum LRG may be a useful disease activity
biomarker for UC.

MATERIALS AND METHODS

Patients and Sera

Sera were obtained from patients with UC (n = 82), ap-
pendicitis (n = 13), and diverticulitis (» = 4) and surgical or
biopsy samples were obtained from patients with UC (n = 10)
from Osaka University Hospital (Osaka, Japan) and the
Department of Surgery, Osaka Rosai Hospital, respectively.
Sera from healthy controls (HCs) (n = 50), age/sex-matched
with UC patients, were used. Diagnosis of UC was based on
conventional clinical, radiological, endoscopic, and histopatho-
logical criteria. Clinical activities were determined using the
Clinical Activity Index (CAI) for UC.’® Clinical remission
was defined as CAI <6."° In addition to CAI, the endoscopic
findings were also graded according to Matts® criteria.?’ Endo-
scopic remission was defined as Matts’ score <2. Detailed
patient characteristics are presented in Table 1. For Caucasian
patients with UC, sera (n 30) were obtained from the
Department of Medicine, University of North Carolina Hospi-
tal (Chapel Hill, NC). Sera from HCs (n = 19), age/sex-
matched with UC patients, were used. Detailed patient charac-
teristics are presented in Table 2, while data of disease activ-
ity of UC is not available.

Quantification of Serum LRG and Cytokines

Human serum LRG and mouse serum LRG were quanti-
tated by human LRG assay kit (IBL, Fujioka, Japan) and
mouse LRG assay kit (IBL, Fujioka, Japan). These enzyme-
linked immunosorbent assay (ELISA) assays were performed




