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This study evaluated the biological responses to multi-walled carbon nanotubes

(MWCNTSs). Human monoblastic leukemia cells (U937) were exposed to as-grown

MWCNTs and MWCNTSs that were thermally treated at 1800 °C (HTT21800) and 2800

°C (HTT2800). Cell proliferation was highly inhibited by as-grown but not HTT2800.

However, both as-grown and HTT1800, which include some impurities, were cytotoxic.

Proteomics analysis of MWCNT-exposed cells revealed 37 protein spots on

2-dimensional electrophoresis gels that significantly changed (p < 0.05) after exposure

to HTT1800 with a little iron and 20 spots that changed after exposure to HTT2800.

Peptide mass fingerprinting identified 45 proteins that included heat shock protein -1,

neutral a-glucosidase AB, and DNA mismatch repair protein Msh2. These altered

proteins play roles in metabolism, biosynthesis, response to stress, and cell

differentiation. Although HTT2800 did not inhibit cell proliferation or cause

cytotoxicity in vitro, some proteins related to the response to stress were changed.

Moreover, DJ-1 protein, which is a biomarker of Parkinson’s disease and is related to

cancer, was identified after exposure to both MWCNTSs. These results show that the

cytotoxicity of MWCNTSs depends on their impurities, such as iron, while MWCNTSs

themselves cause some biological responses directly and/or indirectly in vitro. Our



proteomics-based approach for detecting biological responses to nanomaterials is a

promising new method for detailed safety evaluations.
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Introduction

Nanomaterial technology, such as sp>-based carbon nanotubes (CNTSs), has been
developed during this century. The nanoscale size and extraordinary physicochemical
properties of CNTs are very useful in applications such as in nanocomposites, sensors,
energy storage, energy-conversion systems, field-emission displays, radiation sources,
medical applications and other nanodevices (Endo et al., 2008; Usui et al., 2008). CNTs
can be mass produced by the chemical vapor deposition method, especially the floating
reactant method (Endo, 1988). Simultaneously, the occupational and public exposure to
manufactured nanomaterials has increased significantly. Although biocompatibility is
usually better in carbon materials, CNTs possess a unique nanoscale size and a high
aspect ratio (above 100); thus, CNTSs, like asbestos, may yield extraordinary hazards to
human health (Borm et al., 2006; Nel et al., 2006; Kostarelos, 2008).

The human body can be exposed to CNTSs through five possible routes: inhalation of
airborne CNTs, dermal penetration by skin contact, injection of engineered CNTSs,
implantation of composited CNTs, and ingestion of drinking water or food additives.
Safety evaluations of CNTs have been performed with in vitro and in vivo models. In in
vivo experiments, the pulmonary toxicity of CNTs was evaluated by intratracheal
instillation, and the carcinogenicity of CNTs such as asbestos was tested by
intraperitoneal injection into rats or mice (Muller et al., 2005; Inoue et al., 2008; Poland
et al., 2008; Takagi et al., 2008). These experiments found that CNTs can induce
inflammation, fibrosis, and granulomas in the lungs and that CNTs have a carcinogenic
effect in the abdominal cavity. In vitro experiments evaluated the effects of CNTs on

lung epithelial cells, keratinocytes, and immune cells such as macrophages



(Monteiro-Riviere et al., 2005; Kagan et al., 2006; Sarkar et al., 2007; Hirano et al.,
2008; Jacobsen et al., 2008; Herzog et al., 2009; Yang et al., 2009). These studies found
that CNTs might be cytotoxic and induce cytokine production or oxidative stress.
However, some reports have found that CNTs did not cause any significant biological
responses (Flahaut et al., 2006; De Nicola et al., 2007; Pulskamp et al., 2007; Yang et
al., 2008). The conflicting results may be caused by differences in the type of CNTs
(diameter, length, single-walled or multi-walled), exposure amount, exposure period,
and dispersion medium. Another important factor is the influence of the impurities
included in CNTSs, especially the iron that is used as a catalyst during CNT production.
In fact, the carcinogenic potency of asbestos is increased by iron, which accelerates the
generation of oxygen radical species (Gulumian and van Wyk, 1987; Jiang et al., 2006).

Recently, we have proposed a proteomics-based method to evaluate the safety of
nanomaterials (Haniu et al., 2009). This method is an attempt to predict delayed toxicity
or chronic toxicity by comparing the altered proteins in cultured cells which closely
related CNTs-exposure tissues with a database of known disease-related proteins.

In the present study, we used a proteomics approach to evaluate the effects of
multi-walled CNTs (MWCNTS) on the protein expression in U937 cells, which can
differentiate into macrophages when exposed to a differentiation-inducing agent. We
also examined alterations in the expression pattern of intracellular proteins depending
on differences in the impurities within the nanotubes by thermally treating highly

contaminated as-grown tubes at 1800 °C and 2800 °C in argon.

Materials and methods



Materials

MWCNTs were synthesized in a vertical tubular reactor, via the floating reactant
method, using an organic metallic compound (e.g., ferrocene) as a catalyst precursor,
toluene as a carbon feedstock, and hydrogen as a carrier gas in a semi-continuous
system (Oberlin et al., 1976; Endo, 1988). Benzene solution containing an organic
metallic compound was fed into the reactor using a micro-feeding pump. The reaction
was performed at 1200 °C to obtain as-grown MWCNTs. Then, we performed
high-temperature thermal treatment of as-grown tubes at 1800 °C (HTT1800) and 2800
°C (HTT2800) for 30 min using a graphite resistance furnace in argon (Table 1). The
three grades of MWCNTSs (e.g., as-grown, HTT1800 and HTT2800) were sterilized
with ethylene oxide gas overnight, suspended with 10% gelatin, and sonicated with a
water-bath sonicator for 2 h. Before use, the suspended materials were heated at 40 °C

and mixed vigorously.

Cell culture and MWCNT exposure

The U937 human monoblastic leukemia cell line was purchased from Riken (lbaraki,
Japan) and grown in an RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum at 37 °C in a 5% CO, atmosphere. The cells were seeded at 5 x 10*
cells/ml and split approximately twice per week. Fifty microliters of MWCNTSs (10
mg/ml) was added to 5 ml of culture medium that contained 2.5 x 10° cells. The same
volume of 10% gelatin was added to culture medium as a control. The cells were
counted at 24-h intervals and a cytometer was used to determine the cell proliferation

rate. We did not use the MTT assay or other spectroscopic analyses to determine cell



proliferation because carbon nanotubes interact with these dyes (Casey et al. 2007). The

cells were stained with trypan blue dye to assess cytotoxicity.

Preparation of samples for proteomic analysis

The U937 cells cultured with MWCNTS for 96 h were centrifuged, washed 3 times with
250 mM saccharose in 10 mM Tris-HCI (pH 7.0) and solubilized by lysis solution
containing 7 M urea, 2 M thiourea, 4% CHAPS, 5% p-mercaptoethanol (5-ME), and
0.5% IPG buffer (pH 3-10; Bio-Rad, Hercules, CA). The cells were ground with a
mini-grinder for 1 min on ice and then sonicated for 10 min at 10 °C in a water-bath
sonicator. The samples were centrifuged at 21,600 g for 15 min at 10 °C. The
supernatant was transferred to a new microtube and kept at -80 °C until use. The protein

concentration was determined using a protein assay solution (Bio-Rad).

Two-dimensional gel electrophoresis (2-DE) and image analysis

After rehydration of IPG strips (11 cm, nonlinear pH 3-10; Bio-Rad) overnight at room
temperature, 200 ug of protein was loaded onto each strip. Isoelectric focusing was
performed by a program of progressively increasing voltage for a total of 30,000 V-h
with cooling at 15 °C. The focused IPG strips were then equilibrated for 30 min with
slow shaking in an equilibration solution containing 2% sodium dodecyl sulfate (SDS),
16.7 mM Tris-HCI (pH 6.8), 10% glycerol and 5% B-ME. The equilibrated IPG strips
were laid on the second dimension gels (12% SDS-polyacrylamide gels; 13.8 cm x 12
cm x 1 mm) and a current of 20 mA was applied for 6 h. Each gel was then fixed in a
solution of 50% methanol and 10% acetic acid for a minimum of 30 min and stained for

a minimum of 60 min with Quick-CBB (Wako, Osaka, Japan). Gels were destained



with distilled water overnight and then sandwiched between cellophane soaked in 5%
methanol and 5% glycerol and scanned with a transmission scanner (CanoScan 9950F;
Canon, Tokyo, Japan) at a resolution of 300 dpi. The scanned gel images were analyzed
with PDQuest Advanced software (Bio-Rad, version 8.0) to quantify the protein spots.
Four sets (n = 4) of independent 2-DE gel analyses were conducted and averaged. We
selected the protein spots with more than a two-fold expression change compared to the

protein spots of the control.

Protein identification by MALDI-TOF MS

In-gel digestion of 2-DE gel spots was performed as previously described (Haniu et al.,
2006). Briefly, protein spots excised from the 2-DE gel were destained with 100 mM
ammonium bicarbonate in 50% acetonitrile. The gel pieces were dried and digested with
sequencing-grade modified trypsin (Promega, Madison, WI). The peptide solution was
recovered, and residual peptide was extracted by shaking with 5% trifluoroacetic acid
(TFA) in 50% acetonitrile. The combined solution was concentrated using a lyophilizer.
The tryptic peptides dissolved in 0.2% TFA were mixed with a matrix solution
(a-cyano-4-hydroxycinnamic acid 10 mg/ml in 50% acetonitrile/0.1% TFA) and applied
to a target plate. MS spectra were obtained by MALDI-TOF MS (Voyager Elite,
Applied BioSystems, Foster City, CA). The MS spectra were analyzed in the
positive-ion mode. The peptide mass fingerprinting (PMF) search was performed
through MASCOT (http://www.matrixscience.com) using the NCBInr database. The
PMF search parameters were: animal species, Homo sapiens; enzyme specificity,
trypsin (maximum missed cleavage = 1); modification, propionamide (cysteine),

N-acetyl (protein), oxidation (methionine), and pyro-glutamate (N-terminal glutamate



and glutamine); and mass tolerance, 0.5 Da. Protein identification was based on the
combination of the probability-based MOWSE score for PMF. We declared protein
identities based on the criteria that the probability-based PMF MOWSE score exceeds
65 (p < 0.05). The identified proteins were categorized according to three ontological
aspects using the  Generic  Gene  Ontology (GO)  TermMapper

(http://go.princeton.edu/cgi-bin/GOTermMapper) (Boyle et al., 2004).

Statistical analysis
Unpaired two-tailed Student’s t-tests were used for the statistical analyses of the
differences in cell count data and raw quantitative data for each protein spot on the

2-DE gels. P values of 0.05 or less were considered statistically significant.

Results

Cell proliferation

Although U937 cells have the capacity to differentiate into macrophage-like cells when
treated with a differentiation-inducing agent (e.g., phorbol 12-myristate 13-acetate),
MWCNT exposure did not induce differentiation. Figure 1 illustrates the cell
proliferation in the control group and the MWCNT-exposed groups. U937 cells treated
with as-grown showed a significant suppression in cell proliferation (p < 0.05) at 24, 72
and 96 h compared with the control and at 72 and 96 h compared with HTT2800. On
the other hand, HTT1800- and HTT2800-exposed U937 cells tended to have suppressed
proliferation, but the suppression was not statistically significant except for the

suppression at 48 h mediated by HTT1800.



Cytotoxic assay

Cells stained by trypan blue were observed at 48 h, and they appeared to contain
phagocytosed MWCNTSs (Fig. 2). Many trypan blue-stained cells exposed to as-grown
or HTT1800 contained asbestos-like bodies. Cells exposed to HTT2800 were adhered
on MWCNTS, but most of the cells were not stained. After 48 h, there was no distinctive

change in cytotoxicity.

Two-dimensional gel electrophoresis

Two-DE was used to investigate the altered expression of proteins in U937 cells
exposed to MWCNTSs for 96 h. We could not obtain a proteome map from the as-grown
group because the as-grown strongly suppressed cell proliferation. Representative
images of the proteome map of each group are shown in Fig. 3a~c. The images obtained
from running electrophoresis four times for each group contained a total of more than
700 protein spots. To determine expression differences, the quantity among all matched
spots was compared with the control. A comparison between the control and
HTT1800-exposed cells yielded 37 protein spots with a two-fold or greater change in
expression level and quantitatively significant differences (p < 0.05), while a
comparison between the control and HTT2800-treated cells yielded 20 protein spots. Of
the 37 spots on the HTT1800 gels, 18 were up-regulated and 19 were down-regulated.
In the HTT2800 gels, 8 of the 20 spots were up-regulated, and 12 spots were
down-regulated. Seven of the significantly changed spots were common to both

HTT1800 with HTT2800 gels, and most of the other spots were in the same pattern in
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both types of gels. However, some spots in the HTT2800 gels were more greatly

changed than in the HTT1800 gels.

Protein identification by PMF

The altered protein spots were cut from the gels and subjected to PMF. Forty-five
proteins were identified. These proteins are illustrated by spot number in Fig. 3 and
listed accordingly in Table 2. The listed proteins were categorized into 17 groups
according to their ontological characteristics using GO TermMapper (Table 3). Many of
the proteins on the HTT1800 gels were related to the nucleic acid metabolic process,
transport, cell death, cell proliferation and transcription. On the other hand, almost equal
numbers of proteins related to carbohydrate and protein metabolic process and

translation were identified on the HTT1800 and HTT2800 gels.

Discussion

In this study, we investigated the in vitro biological responses of cells to three grades of
MWCNTSs (e.g., as-grown, HTT1800 and HTT2800) with different purities. Table 1
shows the physicochemical properties of these MWCNTSs. The proliferation of U937
cells exposed to as-grown was suppressed by more than 50% at 96 h. As-grown
contains a lot of iron, polycyclic aromatic hydrocarbons (PAHSs), and disordered
carbons as compared to HTT1800 and HTT2800. These impurities are inevitable in
catalytically grown CNTs. Therefore, it is important to determine if these impurities
have toxic effects. Disordered carbons are the same as carbon black from the view point
of microtexture (Donnet et al., 1993). That is, disordered carbons are thought to yield a

biological response that is similar to that of carbon black. Carbon black is usually used

-11 -



as a negative control and does not exhibit significant toxicity (Bottini et al., 2006). In
our previous report, carbon black did not suppress U937 cell proliferation (Haniu et al.,
2009). In the present study, HTT1800 and HTT2800 did not inhibit cell proliferation.
The iron and PAHs in HTT1800 and HTT2800 were removed by thermally treating
as-grown tubes at temperatures greater than 1800 °C in argon. Iron and PAHs have been
reported to contribute to the oxidation reaction (Baulig et al., 2003; Kagan et al., 2006;
Guo et al., 2007; Byrne and Baugh, 2008; Liu et al., 2008). Thus, we thought that the
impurities (iron and PAHS) in MWCNTS cause the inhibition of cell proliferation. These
impurities were removed by thermal treatment; in fact, MWCNTSs treated at
temperatures greater than 1800 °C did not inhibit cell proliferation. There were no
apparent differences between HTT1800 and HTT2800 except for the iron content. The
remaining iron consisted of pure iron and iron oxide in HTT1800, while HTT2800
contained ca. 20 ppm of iron. This residual iron may cause cytotoxicity accompanied by
a positive reaction with trypan blue. Choi et al. (2009) reported that iron oxide caused
cell death associated with membrane damage, which is consistent with our result that no
cells exposed to HTT2800 were stained by trypan blue.

We obtained 2-DE images from U937 cells exposed to HTT1800 or HTT2800 and
control cells; we could not test the as-grown nanotubes group because it contained too
many dead cells. To raise the biological reliability of our proteomics data, we extracted
only the proteins with expression levels that had changed by more than two-fold and
that were significantly different (p < 0.05) as compared to the control. As a result, we
extracted 50 protein spots, 45 of which were identified by PMF. The expression levels
of 35 of these proteins were significantly changed by HTT1800 exposure, and the

expression levels of 16 proteins were significantly changed by HTT2800 exposure. Six
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proteins with more than two-fold change and statistical significance were common to
both HTT1800 exposure and HTT2800 exposure, and an additional 8 proteins with only
a statistically significant difference were common to both MWCNTSs. The exact
mechanism responsible for the changes in the expression levels of these 14 proteins is
not clear. It is thought that the direct interaction of the cells with MWCNTSs and CNTs
induces indirect cytotoxicity (Casey et al., 2008; Guo et al., 2008). Guo et al. found that
SWCNTs adsorb folate and that the resulting folate deficiency reduces viability.
Moreover, a proteomics analysis of cells cultured without folate (Duthie et al., 2008)
identified 13 proteins that correspond with our results. Nine of these 13 proteins are
contained in the group of 14 proteins that are common to HTT1800 and HTT2800
exposure. We must carefully distinguish the direct influences of CNTs from their
indirect influences and consider that the CNTs with such nutriment absorption ability
are phagocytosed by the cell (Jin et al., 2009). It is possible that unknown factors are
responsible for the remaining protein differences in cells exposed to HTT2800 (Warheit,
2006). One factor may be the size of aggregated MWCNTs (Soto et al., 2007).
Although our three grades of MWCNTs have very similar physical and chemical
properties, their dispersal states in culture medium are apparently different. With
increasing thermal-treatment temperatures, the size of the aggregated MWCNTSs
decreases (data not shown).

According to the ontological characteristics used by GO TermMapper, many proteins
related to metabolism were contained in the group of 14 proteins common to HTT1800
and HTT2800. The functions of these metabolism proteins are: signal transduction/cell
communication, response to stress, transport, cell differentiation, cell cycle and cell

death. It is noteworthy that there are proteins related to the response to stress or cell
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death that are altered in the HTT2800 group without the suppression of cell proliferation
or the induction of cytotoxicity, whereas the proteins that function in cell proliferation
and transcription were changed only in the case of HTT1800. In particular, the
remarkable differences in interferon-induced protein 53 and calreticulin after HTT1800
exposure and HTT2800 exposure may promote cell proliferation. Heat shock protein 60
induces the production of cytokines that were induced by CNT exposure in previous
reports (Cohen-Sfady et al., 2005; Witzmann and Monteiro-Riviere, 2006; Osterloh et
al., 2007; Shvedova et al., 2007; Shvedova et al., 2008a; Shvedova et al., 2008b). Thus,
our proteomics approach can detect intracellular changes with great sensitivity, which
may allow us to predict slowly progressing diseases.

Protein DJ-1 (DJ-1) is significantly decreased in both the HTT1800 and HTT2800
groups. According to the Swiss-Prot database, DJ-1 may act as a redox-sensitive
chaperone and as a sensor for oxidative stress, and it may protect neurons against
oxidative stress and cell death. Moreover, DJ-1 is a biomarker in Parkinson's disease
(Kubo et al., 2006; Wood-Kaczmar et al., 2006). Although the HTT2800 contained
almost no iron, DJ-1 was down-regulated more than in HTT1800, which contains a
small amount of iron. We previously found that carbon black, which contains the same
type of carbon as CNT, did not change DJ-1 expression (Haniu et al., 2009). Petrak et al.
(2006) have reported that iron overload in human hepatoma cells did not significantly
change DJ-1 expression. These results led to the conclusion that DJ-1 expression was
not decreased by the iron oxidative stress, and the authors suggested the possibility that
direct contact between U937 cells and MWCNTS causes a reduction in the level of DJ-1.
DJ-1 appears to play an important role in carcinogenesis in breast cancer, non-small cell

lung carcinoma and prostate cancer (Le Naour et al., 2001; MacKeigan et al., 2003;
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Hod, 2004). The DJ-1 expression level is up-regulated in most kinds of cancer cells. In
contrast, our results show the down-regulation of DJ-1. It is possible that an anti-cancer
drug could be developed by clarifying the mechanism responsible for the
CNT-mediated suppression of DJ-1 expression, although it is necessary to confirm this
change in normal cells because we studied a tumor cell line. In this study, the exact
function of DJ-1 in the U937 human monoblastic leukemia cell line is not clear. Thus,
future studies should examine if CNTs influence neurons.

Witzmann and Monteiro-Riviere (2006) have previously used a proteomic approach
to study the biological response of human keratinocytes to MWCNTSs. They identified
altered expression patterns of 36 proteins after 24-h exposure to MWCNTSs and altered
expression patterns of 106 proteins after 48-h exposure. Seven of these proteins,
including proteasome subunit 3 type-1, annexin A2, heat shock 27-kDa protein 1, heat
shock 70-kDa protein 5, and calreticulin precursor, were also changed in the present
study, although the origin of the cells and the exposure times were different.
Interestingly, the majority of the 7 proteins were significantly changed in only
HTT1800, and most of the 7 proteins are related to response to stress and cell death.
The sensitivity of the method used in the previous study to measure iron content is
lower than that of our method. Thus, we speculated that their MWCNTS contained a
small amount of iron and that the toxicity of the iron contributed to their results. This
result suggests the possibility that impurities in the material can be detected by
measuring the biological response with a proteomic approach.

In the present study, we performed a comprehensive, proteomics-based analysis of
the biological response to nanomaterials in order to obtain safety information. Protein

matching will be an efficient method to evaluate the possibility of whether MWCNTS
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cause disease, if the protein database related to all diseases is established, like the gene
database related to genomic disease. To contribute to the protein database, we are
gathering data regarding the changes in protein expression caused by exposing cells to
various compounds. At the same time, we are verifying the biological response using a
proteomics approach in vivo. These data will allow us to assess safety issues regarding
CNTs and other nanomaterials in a more accurate way. In addition, the
proteomics-based approach is likely to detect impurities, secondary influence, and

response mechanism.
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Figure Legends
Figure 1. Proliferation of U937 cells. U937 cells (5 x 10* cells/ml) were exposed to
three grades of MWCNTSs (0.1 mg/ml) for 96 h. The cells were stained with trypan blue

and counted at 24-h intervals. n = 4. *p < 0.05.

Figure 2. Cytotoxicity of MWCNTSs. U937 cells stained with 0.4% trypan blue at 48 h.

(a) Control, (b) as-grown, (c) HTT1800, and (d) HTT2800.
Figure 3. Two-DE gels. (a) Control, (b) HTT1800, and (c) HTT2800. Numbered spots

were changed by over two-fold with statistically significant differences (p < 0.05) in

HTT1800 or HTT2800 compared to the control. n = 4.
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Table 1. Basic properties of multi-walled carbon nanotubes

As-grown HTT1800 HTT2800 Testing method
Diameter (nm) 100-150 100-150 100-150 FE-SEM
Length (um) 10-20 10-20 10-20 FE-SEM
dooz (A) - - 0.339 X-ray diffraction
R value (1 4/1)? 1.041 0.855 0.051 Raman spectroscopy
Specific surface area (m/g) - 26 13 N, adsorption
Real density (g/cm®) - - 2.09 Pycnometer
Iron content (ppm) 12,000 80 <20 ICP-MS
Soluble iron content (%)" 0 91 100 ICP-MS
Polycyclic aromatic hydrocarbons (wt%)° 0.19 None None GC-MS spectroscopy
Oxidation temperature (°C)° 630 720 820 TGA

a R refers to the intensity of D band over the intensity of G band.
b We have determined the dissolved amount of iron by refluxing 5 g of nanotubes in hydrochloric acid (0.6 N) for 25 h.
¢ We have measured acetone-soluble components.

d We have determined the oxidation temperatures via the derivation of TGA curve.



Table 2 Identified proteins

Ratio SwissProt

spot Protein Name Theoritical Theoritical MOWSE Coverage HTT HTT Accesson
No. MW ol Score o &
1800 2800 No.
1 heterogeneous nuclear ribonucleoprotein 37478 8.97 141 43% 212 ¥1.45 P22626
2 small nuclear ribonucleoprotein polypeptide A' 28540 8.72 97 29% 0.23 055 P09661
3 proteasome subunit B type-1 26757 8.27 82 27% “0.36 059 P20618
4  annexin A2 38864 7.57 114 28% "358 250 P07355
5 vasodilator-stimulated phosphoprotein 39977 9.05 78 24% "320 158 P50552
6 heterogeneous nuclear ribonucleoprotein M 77819 8.84 186 32% 201 125 P52272
7  phosphatidylethanolamine-binding protein 1 21186 7.01 107 45% " 0.35 0.44 P30086
8 flavin reductase 22248 7.13 74 40% 013 042 P30043
9 pyruvate kinase isozymes M1/M2 58664 7.60 129 16% 262 129 Pl14618
10 transketolase 68687 7.58 242 30% 222 1.84 P29401
11 proteasome subunit o type-2 26024 6.92 76 17% " 0.47 056 P25787
12 triosephosphate isomerase 27008 6.45 134 42% " 0.43 0.45 P60174
13 phosphoglycerate mutase 1 28928 6.67 84 20% " 0.49 051 P18669
14 actin related protein 2/3 complex subunit 2 34454 6.84 72 19% 059 050 015144
15 6-phosphogluconate dehydrogenase, 53745  6.80 71 12% 058 "049 P52200
decarboxvlatina
16 far upstream element-hinding protein 2 73542 6.84 140 22% 235 206 Q92945
17 cytosolic malate dehydrogenase 36687 6.91 87 20% 049 *0.65 P40925
18 lamin A/C 65167 6.40 193 34% 1.73 " 247 P02545
19 mitochondria import receptor subunit 68264 6.75 69 12% 234 1.81 094826
20 polyribonucleotide nucleotidyltransferase 1 86664 7.87 86 13% 232 1.82 Q8TCS8
21 §-1-pyrroline-5-carboxylate synthetase 88171 6.66 87 9% 2107179 P54886
22 transadolase 37730 6.36 167 36% 045 058 P37837
23 squalene synthetase 48724 6.10 68 17% 047 0.65 P37268
24  o-ketoglutarate dehydrogenase 117353 6.40 119 12% "4.13 "410 Q02218
25 protein DJ1 20092 6.33 114 43% 042 "0.35 Q99497
26 heat shock protein -1 22840 5.98 90 26% %059 "042 P04792
27 transadolase 1 37730 6.36 150 29% "0.35 046 P37837
28 serine/Fhreonin?—protein phosphatase PP1-a 38411 594 120 34% *052 029 P62136
catalvtic subunit
29 leukocyte elastase inhibitor 42857 5.90 133 32% 0.65 "0.48 P30740
3o S¥indthreonine-proteinphosphatase 2A 55 gongg 582 103 16% 072 *049 P63151
kDa regulatorv subunit B o isoform
31 interferon-induced protein 53 49247 6.03 76 10% "0.43 0.80 P23381
32 DNA mismatch repair protein Msh2 105600 558 69 10% "3.13 "3.78 P43246
33 neutral a-glucosidase AB 107375 5.74 183 19% “3.09 “3.05 Q14697
34 F-actin capping protein subunit 3 31036 5.69 104 26% "0.36 042 P47756
35 heat shock protein 60 61229 570 172 28% 270 143 P10809
36 lamin-B2 67790 5.29 183 31% “244 171 Q03252
37 14-3-3 proteiny 28498 4.80 150 36% 050 048 P61981
38 elongation factor 1-9 31245 4.90 124 34% 0.33 "0.18 P29692
39 78 kDaglucose-regulated protein 72431 5.07 176 27% 233 127 P11021
40 DNA damage-binding protein 1 128470 5.16 84 7% 210 "2.82 Q16531
41 14-3-3 protein € 29369 4.63 150 43% 041 059 P62258
42 proliferating cell nuclear antigen 29177 4,57 115 28% 047 0.63 P12004
43 gplicing factor SC35 25461 11.86 100 38% 027 030 Q01130
44  ribonuclease inhibitor 52214 471 68 15% 044 0.61 P13489
45 cdreticulin 48325 4.29 68 13% "4.88 152 P27797

*p < 0.05 and more than 2-fold change, # p < 0.05 only



Table 3 Functions of classified proteins
Nucleobase, nucleoside, nucleotide and nucleic acid metabolic process
small nuclear ribonucleoprotein polypeptide A', heat shock pratein 60, proliferating cell nuclear antigen, ribonuclease inhibitor,
phosphoglycerate mutase 1, heterogeneous nuclear ribonucleoprotein A2/B1’, interferon-induced protein 53, calreticulin,
transaldolase, cytosolic malate dehydrogmase*, DNA mismatch repair protein M sh2', 6-phosphogl uconate dehydrogenase
decarboxylati ng”, heterogeneous nuclear ribonucleoprotein M, triosephosphate isomerase , splicing factor SC35, DNA damage-
binding protein 1, polyribonucleotide nucleotidyltransferase 1, far upstream element-binding protein 2
Protein metabolic process
actin related protein 2/3 complex subunit 2" heat shock protein B-l*, heat shock protein 60, proteasome subunit § type-l*, careticulin,
interferon-induced protein 53, proteasome subunit o type-2, elongation factor 1-8%, F-actin capping protein subunit , 14-3-3 protein
epsilon, serine/threonine-protein phosphatase PP1-a catalytic subunit , serine/threoni ne-protein phosphatase 2A 55 kDa regulatory
subunit B a isoform”, DNA damage-binding protein 1*
Catalytic process
ribonuclease inhibitor, pyruvate kinase isozymes M 1/M2, phosphoglycerate mutase 1, proteasome subunit f3 type-1 " proteasome
subunit a type-2, transaldolase, cytosolic malate dehyd.rogenase*, 6-phosphogl uconate dehydrogenase decarboxylati ng#,

tri osephosphateisomerase*, a-ketoglutarate dehydrogenase*, DNA damage-binding protein 1#, polyribonucleotide
nuclectidyltransferase 1

Biosynthetic process
heat shock protein B-l*, proliferating cell nuclear antigen, interferon-induced protein 53, calreticulin, elongation factor 1-8, squalene
synthetase, DNA mismatch repair protein Msh2", 6-phosphogluconate dehydrogenase decarboxylating”, 5-1-pyrroline-5-carboxylate
synthetase’, triosephosphate isomerase
Signal transduction/cell communication
heat shock protein 60, 78 kDa glucose-regulated protein, proliferating cell nuclear antigen, calreticulin, elongation factor 1-5*, DNA
mismatch repair protein Msh2', 14-3-3 protein y*, 14-3-3 protein &, serine/threonine-protein phosphatase 2A 55 kDa regulatory
subunit B a isoform#, protein DJ1

Multicellular organismal development
annexin A2, heat shock protein 60, ribonuclease inhibitor, calreticulin, DNA mismatch repair protein Msh2”, triosephosphate
isomerase, 14-3-3 protein y*, serine/threonine-protein phosphatase PP1-a catalytic subunit’, 14-3-3 protein &
Carbohydrate metabolic process
pyruvate kinase isozymes M 1/M2, phosphoglycerate mutase 1, transaldolase, cytosolic malate dehydrogenase , 6-phosphogluconate

dehydrogenase decarboxylati ng#, triosephosphate isomer ase serine/threonine-protein phosphatase PP1-o catalytic subunit’, o-
ketoglutarate dehydrogenase*, neutral a-glucosidase AB’

Response to stress
heat shock protein [3-1*, annexin A2, heat shock protein 60, 78 kDa glucose-regulated protein, proliferating cell nuclear antigen, DNA
mismatch repair protein Msh2’, DNA damage-binding protein 1%, protein DJ-1
Transport
mitochondrial import receptor subunit TOM 70, proliferating cell nuclear antigen, heterogeneous nuclear ribonucleoprotein A2/B1’,
calreticulin, 14-3-3 protein y*, 14-3-3 protein &, far upstream element-binding protein 2, protein DJ-1
Cell differentiation
heat shock protein B-1", hest shock protein 60, 78 kDa glucose-regul ated protein, calreticulin, DNA mismatch repair protein Msh2',
14-3-3 protein y*, 14-3-3 protein &
Cell cycle
proteasome subunit 3 type—l*, proteasome subunit o type-2, calreticulin, DNA mismatch repair protein Msh2", sering/threonine-
protein phosphatase PP1-a catalytic subunit’, DNA damage-binding protein 1*
Cell death

heat shock protein B-l*, heat shock protein 60, 78 kDa glucose-regulated protein, calreticulin, DNA mismatch repair protein Msh2'
Organelle organization and biogenesis

actin related protein 2/3 complex subunit 2*, mitochondrial import receptor subunit TOM 70, calreticulin, DNA mismatch repair
protein Msh2’, F-actin capping protein subunit p
Translation
heat shock protein B-l*, interferon-induced protein 53, calreticulin, elongation factor 1-8"
Cell proliferation
heat shock protein 60, proliferating cell nuclear antigen, interferon-induced protein 53, calreticulin
Transcription
careticulin, far upstream element-binding protein 2
Lipid metabolic process
squal ene synthetase, triosephosphate isomerase’

*p < 0.05in HTT1800 and HTT2800 compared to control
#p <0.05in HTT2800 only compared to control
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