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nique electronic, biocompatible, and
l 'molecular-recognition properties of

small sized nanogold particles (AuNPs)
make them easy for biomolecule conjuga-
tion.' > Due to the long history of gold-based
compounds used for therapeutic purposes,
such as rheumatoid arthritis, cancer, AIDS,
bronchial asthma, and malaria,* AUNPs are
considered biocompatible and deemed as
attractive therapeutic platforms.>® AuNPs
conjugated with vascular endothelial growth
factor have been shown to exert antiangio-
genic activities against macrophage infiltra-
tion and subsequent inflammation.” More-
over, AuNPs have been explored with a great
deal of interest as effective and promising
agents of cancer chemotherapy.>® Use of
AuNPs had been demonstrated to reduce
the systemic toxicity in the tumor necrosis
factor (TNF)-mediated antitumor treatment.”
Owing to the unique and tunable surface
plasmon resonance properties, AuNPs are
also well-suited for applications in photo-
thermal cancer therapy.'®"

Since there is considerable potential use
in nanomedicines, the cytotoxicity as well as
the elicited cellular mechanism by AuNPs
has to be evaluated with extreme care. The
cytotoxicity of AUNPs has been widely inves-
tigated and extensively reviewed. The cyto-
toxicity of the chemically synthesized AuNPs
is considered to be attributed to particle size
and surface-modified ligands; that is, smaller
AuNPs generally comprise a higher cyto-
toxicity, and AuNPs conjugated with cationic
ligands, such as cetyltrimethylammonium
bromide (CTAB), are more toxic to cells
than those conjugated with biotin, cysteine,
citrate, glucose, and PEG.5'>"® Recently, the
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ABSTRACT

Omic approaches

Systems biology analysis

Cellular mechanism

Growth inhibition and apoptotic/necrotic phenotype was observed in nanogold particle (AuNP)-

treated human chronic myelogenous leukemia cells. To elucidate the underlying cellular

mechanisms, proteomic techniques including two-dimensional electrophoresis/mass spectrometry

and protein microarrays were utilized to study the differentially expressed proteome and

phosphoproteome, respectively. Systems biology analysis of the proteomic data revealed that

unfolded protein-associated endoplasmic reticulum (ER) stress response was the predominant

event. Concomitant with transcriptomic analysis using mRNA expression, microarrays show ER stress

response in the AuNP-treated cells. The ER stress protein markers' expression assay unveiled AuNPs

as an efficient cellular ER stress elicitor. Upon ER stress, cellular responses, including reactive oxygen

species increase, mitochondrial cytochrome c release, and mitochondria damage, chronologically

occurred in the AuNP-treated cells. Condlusively, this study demonstrates that AuNPs cause cell

death through induction of unmanageable ER stress.

KEYWORDS: nanogold particles - proteomics - transcriptomics - systems

biology - endoplasmic reticulum stress

cytotoxicity of the physically synthesized
AuNPs using the molecular beam epitaxy
technique has been studied. Concomitantly,
these ligand-free AuNPs show a size-
dependent toxicity in cells.'® Thus, it becomes
apparent that the plain AuNPs but not
the surface-modified ligands induce death
signals in cells. Intriguingly, even though
numerous studies have shown the cytotoxicity
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Figure 1. Characterization of the sizes and toxicity of different AuNPs. (A) Examples of TEM images, XRD spectra, and DLS
profiles of three tested AuNPs including small AuNPs (AuNPs-S), medium AuNPs (AuNPs-M), and large AuNPs (AuNPs-L). Insets
in the TEM images show the distribution of AuNPs. (B) Viability of K562 cells cultured 48 h in the media containing different

AuNPs from 0.1 to 10 ppm.

TABLE 1. Size Distribution of Three Kinds of AuNPs
Estimated by TEM, XRD, and DLS

size distribution (nm)

TEM XRD DLS
mean (range) mean/SD’ mean/SD (vol %)
AuNPs-S 22(1-3) 3.5/0.1 1.0/0.1 (99%)
AuNPs-M 5.9 (5—6) 6.7/0.3 6.4/1.4 (97%)
AuNPs-L 17.0 (15—20) 14.3/0.8 29.1/5.4 (71.3%)

149.4/53.6 (28.7%)

“SD: standard deviation.

of AuNPs in vitro and in vivo, the cellular mechanism
underlying AuNP-induced toxicity remains elusive.
Proteomics is a fast growing discipline, which ana-
lyzes the expression and function of the whole gene
products, namely, the proteome, within an organism.
High-resolution protein separation and identification
techniques, such as two-dimensional electrophoresis
(2-DE) and mass spectrometry (MS), are widely utilized
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in proteomic research.'®~'® In addition, protein micro-
array is considered as another powerful tool for proteo-
mic research.'>° Incorporating probes (e.g., antibodies)
recognizing the protein of interest and protein micro-
arrays (e.g., antibody microarray) allows a high-throughput
identification of expression and/or post-translational
modification of proteins in one single experimental
procedure.?'?? Nowadays, the above proteomic ap-
proaches have been demonstrated as useful tools for
exploring cellular mechanisms.?*%*

Systems biology is an interdisciplinary subject that
focuses on the systematic study of complex interac-
tions in biological systems, using a perspective holism
instead of reductionism to study them.?>® Compared
to most scientific methods used primarily toward
reductionism, one of the goals of systems biology is
to discover new emergent properties arising from the
systemic view used by this discipline in order to
understand the entirety of processes undergoing in
a biological system. The investigations of systems
biology require large-scale perturbation methods,
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Figure 2. Comparison of the growth and viability for the
AMT and AuNP-treated K562 cells. (A) Morphology of K562
cells (40x microscopic enlargement) cultured 48 h in the
regular medium (top left panel) and the medium contain
containing 0.4 uM AMT (top right panel), 5 ppm AuNPs
(down left panel) or 0.4 uM AMT, 5 ppm AuNPs (bottom
right panel). The viability of cells is indicated in the top left
corner of each panel. The viability of K562 cultured under
different concentrations of (B) AMT (closed circles) and (C)
AuNPs (opened circles) was also examined. The half lethal
dosage (LDsp) of AuNPs to K562 cells was indicated.

particularly the transcriptomic approaches using oligo-
nucleotide microarrays.?”?® Data obtained using proteo-
mic approaches, such as 2-DE, MS, and protein micro-
arrays, can also be interpreted using systems biology
analysis.2%3°

In this study, different omic approaches were used to
identify the differentially expressed proteins/genes
and phosphorylated proteins in the human leukemia
K562 cells treated with AuNPs synthesized by the mole-
cular beam epitaxy process. Systems biology analysis
was employed alongside to systematically analyze the
omic data for exploring the AuNP-elicited cellular
mechanisms. It is found that AuNPs elicit endoplasmic
reticulum (ER) stress responses in K562 cells. Unma-
nageable ER stress induced by AuNPs may result in
cell death.
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Figure 3. Growth inhibition and cell death phenomena in
the AuNP-treated K562 cells. The growth curve (solid lines)
and the ratio of propidium iodine (red bars) and annexin V
(green bars) viable cells in the 0, 12, 24, and 48 h cultured
cells. Treatment condition: (A) control; (B) 0.4 uM AMT; (C) 5
ppm AuNPs; (D) 0.4 «uM AMT and 5 ppm AuNPs. (E) Expres-
sion of intact caspase 3 in the 48 h cultured K562 cells with
different treatment. (F) Expression of intact caspase 3 of the
0, 12, 24, and 48 h AuNP-treated K562 cells. 3-Actin was
used as a loading control.

RESULTS

Size Characterization of AuNPs. Size distribution of three
kinds of AuNPs with different diameters was initially
examined using three different techniques (Figure 1A
and Table 1). Transmission electron microscopy (TEM)
analysis revealed the major diameter ranges of three
kinds of AuNPs as 1—3 nm (small AuNPs, AuNPs-S),
5—6 nm (medium AuNPs, AuNPs-M), and 15—20 nm
(large AuNPs, AuNPs-L). X-ray diffraction (XRD) analysis
showed the diameter ranges of three kinds of AuNPs as
3.5 + 0.1 nm (AuNPs-S), 6.7 £ 0.3 nm (AuNPs-M), and
14.3 £ 0.8 nm (AuNPs-L). Analyzed by dynamic light
scattering (DLS), the diameter ranges of three kinds of
AuNPs were 1.0 £ 0.1 nm (AuNPs-S), 64 £+ 1.4 nm
2011 ACS
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Figure 4. 2-DE analysis of the differentially expressed proteomes in the AuNP-treated K562 cells. (A) 2-DE gel images of
intracellular proteomes of the untreated control (control) and the AuNP-treated K562 cells (+AuNPs). Seven image section
pairs (I-VII) were cropped and enlarged. (B) Two-fold enlarged images of the cropped image sections in panel A. Up-
regulated proteins in the untreated control and the AuNP-treated cells are indicated as C1—-C8 and G1—G15, respectively; 7
indicates the constitutively expressed protein selected as the landmark for image normalization.

(AuNPs-M), and 29.1 4+ 5.4 (71%) and 149.4 + 53.6
(29%) nm (AuNPs-L). Difference of size estimation
occurs among the three techniques, probably because
the analyzed samples were in different states (dry
crystal form and liquid form). As suggested by the
DLS technique that reveals the distribution of particles
in liquid, AuNPs-S and AuNPs-M may comprise a higher
homogeneity than AuNPs-L.

Determination of the Cytotoxicity of AuNPs. The cytotoxi-
cities of AuUNPs-S, AuNPs-M, and AuNPs-L were investi-
gated using human chronic myelogenous leukemia K562
cells. Three kinds of AuNPs caused different degrees of
cytotoxicity in K562 cells in a dose-dependent manner
(Figure 1B). AuNPs-S showed more evident cytotoxicity
than AuNPs-M and AuNPs-L. Considering the safety issue
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that AuNPs-S are too toxic to cells, AuNPs-M (denoted as
AuNPs afterward) were used for subsequent studies.
Interestingly, AUNPs more effectively inhibited growth
of K562 cells than the commonly used antifolate
aminopterin (AMT). Compared with the untreated con-
trol (Figure 2A, top left panel), the AuNP-treated K562
cells exhibited a profound growth inhibition and cell
death (Figure 2A, bottom left panel). However, AMT did
not affect the growth of K562 cells (Figure 2A, top right
panel). The combination of AUNPs and AMT treatment
also bestowed an obvious growth inhibition and cell
death in K562 cells (Figure 2A, bottom left panel). The
half lethal dosage (LDso) of AuNPs in K562 cells was
determined as 5.2 ppm (Figure 2C). Instead, as high as
10 uM AMT treatment did not affect the viability of
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TABLE 2. Identity and Expression of the Differentially Expressed Proteins in the AuNP-Treated K562 Cells®

spot no. accession no.
a 4i[292160

Q 4il6005942
G1 o gij292059
G2 gil62897075
G3 g8
a1 gi7331218
a2 gij292059
43 gil5031753
G gil7331218
61 gi30es7s
62 gij193785255
63 gi28317
G6-4  gij292059
65 qij386854
-1 qijas06667
(72 gi[189054178
61 g8
82 qij189054178
63 gij139784
G gif306891
612 gijs3318444
613 qi|189054178
G4 gij1082886
61 gi[194388088
62 qi7331218
63 qi3se7ss
@4 g
@1 gi340219
G2 qi|189054178
@3 gij2836
G4 qiporia
@G5 gi157835338
G-6  qij157835340
G-7  qij113584
G- gij189054178
@2 gi3serss
651 qi|189054178
652 g8
661 gij189054178
662 gil6694937
& gi[7331218
68 4i|188492
61 qi[7331218
62 gil31an
693 gil5729877
61 qifss3734
612 gil4505591
G4 gif349905
TSAI ET AL.

protein description

heat shock protein 70

valosin-containing protein

MTHSP75

heat shock 70 kDa protein 9B
precursor variant

keratin 1

keratin 1

MTHSP75

heterogeneous nuclear
ribonucleoprotein H1

keratin 1

C protein

unnamed protein product

unnamed protein product

MTHSP75

type Il keratin subunit
protein

ribosomal protein PO

unnamed protein product

unnamed protein product

unnamed protein product

chain A, canine Gdp-Ran
Q691 mutant

90 kDa heat shock protein

HSP90AAT protein

unnamed protein product

TRAP-1

unnamed protein product

keratin 1

heat shock protein

unnamed protein product

vimentin

unnamed protein product

mutant /3-actin

lysozyme precursor
(EC3.2.1.17)

chain A, mutant human
lysozymes

chain A, human lysozyme

Ig a-1 chain C region

unnamed protein product

heat shock protein

unnamed protein product

unnamed protein product

unnamed protein product

nudix hydrolase NUDT5

keratin 1

heat shock-induced protein

keratin 1

ran/TC4 binding protein

heat shock 70 kDa protein
8 isoform 1

putative protein

peroxiredoxin 1

chain F, mutant recombinant
human Cu, Zn superoxide
dismutase

M/pl

observed

97.9/5.10
89.7/5.17
70.5/5.54

47.8/5.80

47.7/5.95
39.3/491

34.4/5.65

26.0/7.27

86.7/5.21

70.5/4.90

42.9/4.47

36.6/5.00

36.6/5.11

31.9/4.82

283/5.10

27.4/4.91
27.5/5.14

26.0/4.80
24.2/8.41
19.7/5.74

theoretical

78.9/5.13
89.3/5.14
73.7/5.97
73.6/5.87

66.0/8.16
66.0/8.16
73.7/5.97
49.5/5.89

66.0/8.16
31.9/5.10
32.3/4.99
59.5/5.17
73.7/5.97
52.8/5.31

343/5.71
66.0/7.62
59.5/5.71
66.0/7.62
57.9/8.04

83.2/4.97
68.3/5.11
66.0/7.62
75.3/8.43
63.9/5.39
66.0/8.16
69.9/5.42
70.8/5.67
53.7/5.03
66.0/7.62
41.8/5.22
16.5/9.38

14.7/9.28

14.7/9.28
37.6/6.08
66.0/7.62
69.8/5.42
66.0/7.62
59.5/5.17
66.0/7.62
24.2/4.74
66.0/8.16
70.4/5.76
66.0/8.16
23.6/5.15
70.8/5.37

NA
22.1/8.27
15.7/5.70

MOWSE score

39
554
978
951

256
95
61
38

49
286
7
122

82

L)

307
18
228
155

84

375
314
18

95
269
265
261
123
339
210

64

57

57

57
39
156
104
470
200
364
156
127
10
144
87
51

33

183
66

VOL. 5

no. of peptides

queried matched

M
54
97

4

40

M

85

61

132

126

14

140

133

14

108
99

62
57
4

1
14
28
27

[ N I VY] _ N oW,

w &~ BN o

N = U1 N W N o = B~ oo

= N W W NN YR O N W N

coverage (%)

1
18
36
36

s~ N B~

14
14

- o B~ O W

NA
39
18

NO.12 = 9354-9369

ratio

0.01
0.01
0.18

0.01

0.01
0.01

0.36

0.01

7.15

6.35

2.69

730

10.00

10.00

4.26

352
179

10.00
3.66
1.70
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TABLE 2. Continued

G15 4i[5031635
Im 0i[2981743

18.5/8.48
16.7/7.61

18.5/8.22 220 55 7 31 2.00
17.8/1.82 251 47 9 33 1

cofilin 1 (nonmuscle)
chain A, secypa complexed with
hagpia 5 (pseudo-symmetric monomer)

“The identities and expression of individual protein targets were analyzed by MS and 2-D gel image analysis software as described in methods. The accession number (no.),
protein description, observed and theoretical molecular weight (M,), isoelectric point (p/), identification MOWSE score, and the number of queried and matched peptides in MS
experiments, sequence coverage (%) of identified protein targets are shown. In response to AuNP treatment, the relative expression ratio (AuNPs/con) of (1—(8 and G1—G15
spots was obtained by normalizing to the expression of corresponding spot pairs in the untreated control. NA, not available.

TABLE 3. Possible protein networks in response to AuNPs treatment. The most significant protein networks and canonical
pathways in response to AuNPs treatment by analyzing the differentially expressed protein targets listed in Table 2 using IPA. In
each suggested protein network, the top three suggested categories associated with different biological functions, the cor-
responding P value, and the involved molecules are shown. In each suggested canonical pathway, the ratio of involved protein
targets to the total molecules in the pathway is expressed as ratio (%). In response to AuNPs treatment, the expression trend of
involved protein targets (indicated in bold) is expressed by upward or downward arrows for up- and down-regulation respectively

Network 1 (score = 49)

top three categories top functions in category P value involved molecules
cellular function and maintenance  endoplasmic reticulum stress response 2.3 x 107 ATXN3, THSP90AA1, THSP90AB1, THSPA6, THSPA1A, THSPATL, IVCP
cellular compromise endoplasmic reticulum stress 442 x 1077 ATXN3, HSP9OAAT1, THSP90AB1, THSPAG, THSPA1A, tHSPAIL
response of cells
post-translational modification folding of protein 111 x 1077 BAG4, BAGS, tHSP90AA1, THSP90AB1, THSPAS, HSPBP1

Network 2 (score = 17)

top three categories top functions in category P value involved molecules
cell signaling quantity of calcium 203 x 107" ANGPT2, Ca®", EPOR, GH1, GNRH1, JAK3, 1LYZ, MYC,
prostaglandin E2, prostaglandin F2a, 1S0D1
molecular transport quantity of reactive oxygen species 174 x 1077 (a**, EPOR, IFNB1, MYC, PRDX1, prostaglandin F2o.
vitamin and mineral metabolism flux of calcium 224 x 1077 ANGPT2, Ca®™, EPOR, GH1, GNRH1, GRINT, prostaglandin E2, 1S0D1

Canonical Pathways

top three pathway ratio (%) involved protein targets
glucocorticoid receptor signaling 2.85 THSPAS, |HSPA4, THSPA1L, THSP90AB1, tHSPA1A, VHSPA9, tHSPA6, tHSP90AA1
Huntington's disease signaling 2.54 THSPAS, VHSPA4, THSPA1L, THSPA1A, |HSPA9, tHSPA6
NRF2-mediated oxidative stress response 2.16 1s0D1,'PRDX1,'ACTB\VCP

K562 cells (Figure2B). Because most K562 cells are gen-
erally susceptible to the AMT treatment at nanomolar
range,®' the utilized K562 cells might have generated
antifolate resistance.

Characterization of the AuNP-Induced Cell Death. A time
course study was performed to investigate the AuNP-
induced death. The apoptotic and necrotic phenotypes
were examined for the AuNPs/AMT-treated K562 cells.
The untreated control and the AMT-treated cells grew
exponentially with a minimal level of necrotic and
apoptotic phenotypes detected (Figure 3A,B). Results
show that the AuNP treatment inhibited growth of
K562 cells, whereas K562 cells were insensitive to AMT.
A significant growth inhibition as well as necrotic and
apoptotic phenotypes was observed in the 12 h AuNP-
treated K562 cells (Figure 3C). An apparent cell death,
which accounts for 30% of the annexin and 60% of the
propidium iodine viable cells, was detected in the 48 h
AuNP-treated K562 cells. The combined treatment with
AuNPs and AMT resulted in a similar growth inhibi-
tion and cell death phenomena in K562 cell (Figure 3D).

TSAI ET AL.

The AuNP-induced apoptosis was further confirmed by
examining the activation of caspase 3 (Figure 3E).
Cleavage of intact caspase 3 was detected 24 h after
AuNPs treatment (Figure 3F).

Analysis of the Differentially Expressed Proteins in Response
to AuNP Treatment. Proteomic approaches using 2-DE
and MS were employed to identify the differentially
expressed proteomes in response to AuNP treatment.
In comparison to the untreated control, a distinct change
of intracellular proteome was detected in the AuNP-
treated K562 cells (Figure 4A). Fifteen proteins were
found up-regulated (indicated as G1—G15 in Figure 4B),
while eight proteins were down-regulated in response
to AuNP treatment (indicated as C1—C8 in Figure 4B).
Aforementioned regulated protein targets were iden-
tified using MS analysis (Table 2). Results showed that
several heat shock protein cognates were found differ-
entially expressed in response to AuNP treatment.
Presumably, AuNPs induce stress in K562 cells.

Systems biology analysis using the ingenuity path-
way analysis (IPA) software was employed to interpret
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New network 1 (score 67)

New network 2 (score 15)

Figure 5. Protein networks in response to AuNP treatment.
Protein networks suggested by IPA. (A) Most significant pro-
tein networks associated the differentially expressed pro-
teome listed in Table 2. (B) Connection between the protein
networks in panel A and differentially phosphorylated RTKs
shown in Figure 6. RTKs and the corresponding connec-
tion are indicated by the orange color. (C) Most significant
protein networks associated the differentially expressed
proteome listed in Table 2 and differentially phosphory-
lated RTKs shown in Figure 6. RTKs and the corresponding
connection are indicated by the blue color.

the biological significance of the above differentially
expressed protein targets. Results of IPA revealed two
most significant networks associated with different cate-
gories of distinct biological functions (Table 3). In net-
work 1, the top three suggested categories are cellular
function and maintenance, cellular compromise, and
post-translational modification. These three categories
closely relate to the functions of endoplasmic reticu-
lum (ER) stress response and protein folding. In net-
work 2, the top three suggested categories are cell
signaling, molecular transport, and vitamin and miner-
al metabolism. The above categories closely relate to
the functions of flux of calcium and quantity of reactive
oxygen species (ROS). The protein interactions in net-
work 1 and 2 are shown in Figure 5A.

Because protein folding is also the major event in
response to ER stress,>? 3 all suggested functions in
network 1 relate to ER stress response. Additionally, as
ER stress is reported to alter calcium homeostasis leadi-
ng to ROS induction and apoptosis,***° all suggested

TSAI ET AL.
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Figure 6. Protein microarray analysis of the differentially
phosphorylated RTKs in the AuNP-treated K562 cells. (A)
Hybridization results of RTK protein microarrays of the
untreated control (control) and the AuNP-treated K562 cells
(+AuNPs). Black and dashed squares indicate the positions
of positive and negative controls, respectively. Red square
indicates the position of differentially phosphorylated RTKs.
(B) Phosphorylation level of the eight differentially phos-
phorylation RTK was quantitated by normalizing the image
volume of individual spot to the one of positive control
(arrows indicate). The expression fold of eight RTK in the
AuNP-treated cells was obtained by normalizing to the
corresponding spot pairs in the untreated control.

functions in network 2 relate to ER stress response, as
well. The above results suggest the involvement of ER
stress in response to AuNP treatment.

Analysis of the Differentially Phosphorylated Proteins in
Response to AuNP Treatment. The phosphorylation status
of protein receptor tyrosine kinase (RTK) was also
examined in the AuNP-treated K562 cells using protein
microarrays that simultaneously detect the phosphor-
ylation level of 71 human RTK. It was found that the
phosphorylation status of eight RTKs, including AXL,
JAK1, MATK, TNK1, HCK, ACK1, BMX, and FGR2, was up-
regulated in response to AuNP treatment (Figure 6A,B).

When employing the connect function of IPA to
elucidate the relationship between the identified RTKs
and networks 1 and 2, IPA, HCK, AXL, TNK 2, and JAK1 were
linked to network 1; while JAK 1 and BMX belonged to
network 2 (Figure 5B). Reperforming a new IPA analysis by
simultaneously submitting the differentially phosphory-
lated RTKs and the differentially expressed proteins, eight
RTKs targets were categorized into two new networks
(Figure 5C). Notably, seven RTKs were allocated in the new
network 1, which also highly associates with ER stress
response (data not shown). The above results support the
involvement of ER stress in response to AuNP treatment.

Analysis of the Differentially Expressed Genes in Response to
AuNP Treatment. Transcriptomic approaches using human
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Figure 7. Expression of the ER stress marker proteins in the AuNP- and thapsigargin (TG)-treated K562 cells. (A) Expression of
ER stress marker proteins, including PDI, Ero1-Lo, HSP90B, calnexin, BiP, IRE1c, the phosphorylated PERK (p-PERK), CHOP,
cleaved caspase 3inthe 0, 3,6, 12,24, and 48 h thapsigargin- (200 nM) and AuNP (5 ppm)-treated K562 cells were examined by
immunostain. 5-Actin was used as the loading control. (B) Expression profiles of ER stress and apoptotic marker proteins in the
TG- and AuNP-treated K562 cells. The expression of proteins was quantitated as described in Methods. The relative expression
ratio of individual marker protein was obtained by normalizing the expression to the untreated control (0 h treatment). A 15
scale heat map was used to compare the expression profile. Green and red squares indicate up- and down-regulation of
proteins, respectively; white squares indicate consistent expression of proteins. Dashed line boxes highlight the expression of
ER stress marker proteins in the 0 to 12 h treatment. (C) Expression trends of ER stress marker proteins in the TG- and AuNP-
treated K562 cells. X-axis, treatment period (h); Y-axis, relative expression ratio of marker proteins. Green and red arrows
indicate the trends of up- and down-regulation, respectively. The functions of marker proteins are also indicated.

mMRNA microarrays were employed to identify the dif-
ferentially expressed genes in the AuNP-treated K562
cells. Differentially expressed genes with significance
were submitted for the analysis using another systems
biology software, GeneGo. Two databases, the public
gene ontology (GO) database and the commercial GeneGo
database, were utilized to annotate the possible cel-
lular processes in response to AuNP treatment.

As shown in Table 4, when employing a moderate
criteria for gene data submission (differential expres-
sion where log, = 1.0), annotations using the GO

TSAI ET AL.

database revealed response to protein stimulus as
the fifth most significant cellular process. When em-
ploying a high stringent criteria for gene data submission
(differential expression where log, = 1.5 or 2.0), re-
sponse to protein stimulus was identified as the most
significant cellular process. Response to unfolded pro-
tein was also revealed by GO. On the other hand,
annotations using the GeneGo database revealed pro-
tein folding response to unfolded proteins as the most
significant cellular process, regardless of the submis-
sion criteria. Notably, mitochondria and ER-related
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apoptosis was also suggested. The above results in-
dicate that AuNPs may induce ER stress which may
result in mitochondria and/or ER damages and also
apoptosis of cells.

Expression of the ER Stress Marker in Response to AuNP
treatment. Results from the above omics data and
systems biology analysis poise the picture that AuNP
treatment induces ER stress in K562 cells. Using a time
course study, we further examined the expression of ER
stress marker proteins, including PDI (protein disulfide
isomerase), Ero1-La (ER oxidase1-Lat), HSP90B, calnexin,
BiP (immunoglobulin binding protein), IRETa (inositol-
requiring protein-1a), p-PERK (phosphorylation of pro-
tein kinase RNA-like ER kinase), and CHOP (C/EBP
homologous protein), in the AuNP-treated K562 cells.
The expression of cleaved caspase 3 was also investi-
gated. The treatment of standard ER stress inducer,
thapsigargin (TG), was compared in parallel.

Either TG or AuNPs induced differential expression
of ER stress marker proteins in K562 cells (Figure 7A).
Particularly, TG and AuNPs induced a similar expression
profile of ER stress marker proteins at the early phase of
treatment (Figure 7B, 0—12 h, dashed line boxed).
Additionally, the data showed that AuNPs induced
higher degree of apoptosis than that by TG in K562
cells. Prompt up-regulation of CHOP and cleaved cas-
pase 3, the two ER-stress-mediated apoptotic signals,
was only detected in the AuNP-treated cells (Figure 7A,B).
Moreover, analyzing the expression trends of marker
proteins, AUNPs but not TG treatment showed apparent
down-regulation of BiP, IRET1ca, and p-PERK, the proteins
responsible for self-rescuing under ER stress, at the late
phase of treatment (Figure 7C, 12—48 h). The above
results advocate AuNPs as a kind of ER stress inducer
that elicits unmanageable ER stress and then apoptosis
in cells.

Investigation of Other Cellular Responses Induced by AuNPs.
Systems biology analysis of omic data also implied the
involvement of calcium flux, ROS quantity, and mito-
chondria damage in response to AuNP treatment. We
also performed a time course study to examine the
level of cytosolic calcium, ROS, cytochrome c release,
mitochondria damage, apoptosis, and necrosis in the
AuNP-treated K562 cells. The TG treatment was inves-
tigated in parallel.

In K562 cells, cytosolic calcium, the hallmark of the
TG-induced ER stress, was increased transiently in 6 h
after TG treatment (Figure 8A). Alternatively, AuNP
treatment did not alter the level of cytosolic calcium
in K562 cells. It suggests that AuNPs and TG comprise
different mechanisms inducing ER stress. Additionally,
a significantincrease in cellular ROS was observed in 12
h after AuNP or TG treatment (Figure 8B). Evident
cytochrome ¢ release from mitochondria to cytosol
was observed in 12 h after AuNP or TG treatment
(Figure 8C). Considerable mitochondria damage was
then detected in 12 and 24 h after AuNP and TG

TSAI ET AL.
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Figure 8. Time course study of cellular responses elicited by
AuNP and TG treatment. Level of different cellular re-
sponses in the 0, 3, 6, 12, 24, and 48 h TG- (200 nM) and
AuNP (5 ppm)-treated K562 cells. (A) Cytosolic calcium. (B)
ROS. (C) Cytochrome c release (cytosolic cytochrome c). (D)
Mitochondria damage (JC-1 viable). (E) Apoptosis (Annexin
V viable, green bars) and necrosis (Pl viable, red bars). Data
shown in panels A and C are expressed as expression folds
normalized to the untreated control (0 h treatment). Data
shown in panels B, D, and E are expressed as percentage
individually normalized to total counted cells.

treatment, respectively (Figure 8D). Furthermore, both
AuNPs and TG induced apoptosis as well as necrosis in
K562 cells. More apoptotic phenotypes were detected
in the early phase, while more necrotic phenotypes
were found in the late phase of AuNP treatment
(Figure 8E).

Considering that in K562 cells significant down-
regulation of calnexin/BiP and up-regulation of p-PERK
was detected in 3 h after AuNP treatment (Figure 7A,B),
the time course study suggests that increase of ROS,
cytochrome c release, and mitochondria damage are
consequences of the AuNP-induced ER stress (see
Discussion).

Cellular Interaction and Organelle Distribution of AuNPs.
AuNPs may strongly interact with K562 cells. Significant
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VOL.5 = NO.12 = 9354-9369 = 2011 A@@L%{\)

WWW.acsnano.org

9363


http://pubs.acs.org/action/showImage?doi=10.1021/nn2027775&iName=master.img-008.jpg&w=198&h=376

A AuNPs treatment

Figure 9. Cellular interaction and organelle distribution of
AuNPs. (A) Visualization of the 0, 12, 24, and 48 h AuNP-
treated K562 cells. The harvested cell pellets were exten-
sively washed by PBS five times before photographing.
(B—E) TEM images taken from the 3 h AuNP-treated cells;
(F,G) TEM images taken from the 12 h AuNP-treated cells. (H,l)
TEM images taken from the 24 h AuNP-treated cells. Panels
E and G are the enlarged image sections of the dash line
boxed areas in panels D and F, respectively. Arrows indi-
cate the locations of AuNP clusters. Abbreviations used:
pm, plasma membrane; nu, nucleus; endo, endosome; er,
endoplasmic reticulum; cyto, cytosol.

retention of AuNPs was visually detected in the 12 h
AuNP-treated cells (Figure 9A). Extensive washing by
either phosphate buffer saline (PBS) or 10% SDS
solution failed to detach AuNPs from the K562 cells
after treatments (data not shown). Cellular interaction of
AuNPs was further demonstrated using TEM. Clusters of
AuNPs were found to associate with the plasma mem-
brane (Figure 9B) or be endocytosed by K562 cells
(Figure 9Q).

Internalized AuNPs were detected in various orga-
nelles of K562 cells. At the early phase of treatment,
AuNPs were generally found inside the single mem-
brane organelles, presumably endosomes (Figure 9D,E).
At the middle phase of treatment, AuNPs could be de-
tected inside the nucleus or ER (Figure 9F,G). At the late
phase of treatment, probably owing to the loss of mem-
brane integrity, AuNPs were ubiquitously detected
inside the cytoplasm of necrotic cells (Figure 9H,I).

TSAI ET AL.

DISCUSSION

In this study, a successful application of perspective
holism to interpret the omic data was demonstrated.
Using several omic approaches and systems biology
analysis, ER stress responses were identified as one of
the major cellular responses elicited by the physically
synthesized AuNPs using the molecular beam epitaxy
technique. Notably, IPA also indicated involvement of
the canonical pathways, including glucocorticoid re-
ceptor signaling, Huntington's disease signaling, and
NRF2-mediated oxidative stress response, with AuNP
treatment (Table 3, IPA canonical pathways). Indeed,
there is a close correlation between ER stress and the
above-mentioned steroid signaling,>® neurodegenera-
tion,>”*® or NRF2-mediated signaling pathway.*° As
either the physically or the chemically synthesized
AuNPs induced ER stress responses in different cell
lines such as human chronic myelogenous leukemia
K562, human embryonic kidney cells, human lympho-
ma cells, and mouse myeloma cells (unpublished
results), the involvement of ER stress responses under
AuNP treatment is confirmed.

ER is the major signal transducing organelle that
senses and responds to changes of the homeostasis. ER
stress is a well-studied cellular event with diverse sig-
naling pathways (Supporting Information Figure 1).32734
In the lumen of ER, unfolded proteins may cause stress
response and subsequently induce self-rescuing or
destruction responses in cells. There are three major
responses to ER stress, including ER associated degra-
dation (ERAD), unfolded protein response (UPR), and
apoptosis.>*** ERAD is generally regarded as a self-
rescuing response by which misfolded proteins are
removed from the ER into the cytoplasm where they
are degraded by the ubiquitin proteasome system.
Recently, the lysosome-dependent ERAD was also
suggested.*® When unfolded proteins accumulate in
the ER, the resident chaperones such as BiP engage for
protein folding, leading to a release of transmembrane
proteins PERK, ATF6 (activating transcription factor-6),
and IRE1 (inositol-requiring protein-1) responsible for
the UPR. Depending on the elicited signaling pathway,
UPR can be a self-rescuing or destruction response. For
example, the PERK-mediated signaling pathway can
either benefit cell survival through autophagy*' or
cause apoptosis in cells via the translational up-regula-
tion of ATF4/CHOP.**** The IRE1a.- and ATF6-mediated
signaling pathways are reported to rescue cells
through XBP1 (X-box binding protein-1)-dependent
transcriptional up-regulation of some ER chaperones
and foldases for protein refolding.**~*® The IRE1f5-
mediated signaling pathway turns on apoptosis inter-
vening by the cleavage of 28s rRNA.*’ In ER stress, ERAD
or the self-rescuing UPR signaling pathway is re-
garded as a means to prevent from adopting the worst
scenario, cell death. If ER stress persists for a certain
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period, the caspase-dependent apoptosis is generally
triggered with a result in cell death.>® Recently, the ER-
stress-induced necrosis has also been reported.*®4°

It has been reported that AuNPs induce a prompt
expression of pro-inflammatory genes in cells. For exam-
ple, up-regulation of IL-1, IL-6, and TNF-at is detected in
the 2 h AuNP-treated macrophages.™ In the present
study, prompt up-regulation or down-regulation of ER
stress marker proteins was detected in the AuNP-treated
K562 cells (Figure 5). Up-regulation of PDI and Ero1-La
suggests the activation of IRE1o- and ATF6-mediated
self-rescuing response.** ¢ Prompt down-regulation
of calnexin, HSP90B (also known as GRP94), and BiP
(also known as GRP78) indicates the rapid consump-
tion of ER chaperones, which refold the misfolded
proteins or direct their destruction through ERAD.>*3*
A transient protein ubiquitination was only observed in
the 6 h AuNP-treated K562 cells (data not shown). A
consistent down-regulation of calnexin is considered
as an antiapoptotic signaling because calnexin regu-
lates ER-stress-mediated apoptosis in a chaperone func-
tion independent manner.>>" Up-regulation of BiP in
6 h after AUNP treatment also suggests the activation
of IRE1a- and ATF6-mediated self-rescuing response.** 46
Nevertheless, down-regulation of the ER chaperones,
HSP90B and BiP, indicates that the whole protein re-
folding responses were insufficient in the prolonged
AuNP-treated cells. To relieve AuNP-induced ER stress,
the PERK-mediated response, up-regulation of p-PERK,
was also transiently activated. Additionally, several ER
stress responsive genes with the binding site of XBP-1
in the promoter®® were found up-regulated in the mRNA
microarray experiments (Supporting Information Table 1).
Nevertheless, the above-mentioned self-rescuing re-
sponses in ER stress seems to be insufficient to rescue
the AuNP-treated K562 cells, resulting in up-regulation
of CHOP and cleaved caspase 3, as well as apoptotic
and necrotic phenotypes. For the first time, a time course
inspection of ER stress responses in the AuNP-treated
cells was demonstrated in this study.

It is worthwhile to note that gold compounds can
induce cellular responses other than ER stress. An in
vitro antitumor effect of gold salts is associated with
antimitochondrial activity and induced cell apoptosis,
and thioredoxin reductase is suggested to be attribu-
table to the effect.®>>> Qur results show that AUNPs
exert similar effects. IPA suggested alteration of the
calcium homeostasis and induction of ROS in the
AuNP-treated K562 cells (Table 3). GeneGo suggested
mitochondria and ER-related apoptosis (Table 4). In the
time course study of AuNP treatments, because appar-
ent ER stress was detected at the early stage of treat-
ment (Figure 7) while significant increase of ROS and
cytosolic cytochrome ¢ followed by mitochondria da-
mage was detected at the middle or late stage of
treatment (Figure 8), it is likely that the AuNP-induced
ER stress may confer unfolded protein stress that

TSAI ET AL.

subsequently elicited ROS in cells. ROS may be sca-
venged by cytochrome c released from mitochondria.
Overfluxing of cytochrome ¢ by the persistent ER stress
may induce mitochondria damage and thus apoptosis/
necrosis in the long-time AuNP-treated cells. Coinci-
dentally, ER stress has also been reported to alter
calcium homeostasis leading to induction of ROS and
subsequent apoptosis.>**> The possible interaction
between ER stress and other cellular responses was
illustrated (Supporting Information Figure 2).

Notably, the apparent cytotoxicity and cellular re-
sponses induced by AuNPs varied among different
groups.>'#'3 For example, Khan et al. have reported
that 2 nM of the 18 nm citrated-coated AuNPs induced
neither cell death nor ER stress in the human cervical
cancer Hela cells.>*® As shown in Supporting Informa-
tion Table 2, when considering the atomic radius of Au
as 144 pm, the dosage of AuNPs by Khan et al. is
equivalent to 100 ppm. Therefore, the utilized ligand-
free AuNPs demonstrated a higher cytotoxicity than
some chemically synthesized AuNPs (Figure 1B). In-
deed, it has been reported that the conjugated ligands
on the chemically synthesized AuNPs may affect the
cytotoxicity of AuNPs.>” % Ligand-free AUNPs exam-
ined in present study were harvested in distilled water
from a molecular beam epitaxy process; therefore, the
detected cytotoxicity and the elicited cellular mechan-
isms should be considered as plain AuNPs.

The cellular interaction and uptake of AuNPs is
another topic of interest in nanomedicines. AuNPs
had been identified colocalizing with ER and Golgi
apparatus in cells.5" Similar observation was made in
this study (Figure 9F,G). The ER-mediated phagocytosis
has been identified as a new mechanism by which
macrophages take up pathogens against infectious
diseases.®? Fusion of the ER membrane with the macro-
phage plasmalemma, underneath phagocytic cupsis a
source of membrane for phagosome formation in
macrophages.®®> Presumably, AuNP clusters resemble
a microorganism and can be phagocytosed into ER of
cells by the above scenario. On the other hand, the
serum-protein-mediated endocytosis of AuNPs has
also been proposed.'*%°%* A peptide—BSA—AuNPs endo-
cytosis in HeLa and 3T3/NIH cells had also been ob-
served.®’ In this scenario, the clathrin- and COPI-coated
vesicles may mediate the plasma membrane/endo-
some/Golgi apparatus/ER transportation of AuNPs.6%57
However, results from our AuNP affinity chromatogra-
phy experiment demonstrated that no apparent inter-
action between the AuNPs and bovine and human
serum albumin; other serum proteins may tightly inter-
act with AuNPs in vitro (unpublished results). Possible
AuNP transportation is also illustrated in Supporting
Information Figure 2.

Nevertheless, the toxicity of AuNPs in normal cells
is always a concern in nanomedicines. The utilized
AuNPs (AuNPs-M) had an insignificant toxicity to the
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peripheral blood mononuclear cells (PBMCs), which
can be regarded as the normal counterpart of K562
cells. As high as 10 ppm, the utilized AuNPs did not
reduce the viability of the in vitro culture PBMCs
(Supporting Information Figure 3). Furthermore, it
was observed that the utilized AuNPs may not induce
structural chromosome aberration in Chinese hamster
ovary CHO-K1 cells and had no detectable acute
toxicity (14 day test) and subacute toxicity (28 day
test) in mice and rats, which had been daily fed with
AuNPs at the dose level of 5 mg/kg (5 ppm). A potential
use of the utilized AuNPs in nanomedicines could be
expected.

METHODS

Preparation of AuNPs. AuNPs purchased from Gold NanoTech
Inc. (Taipei, Taiwan) were prepared by a molecular beam epitaxy
process as previously described.'® Briefly, in a system of ultra
high vacuum (1078 Pa), gold was evaporated and slowly depos-
ited as AuNPs in distilled water. The sizes of AuNPs were
managed depending on the evaporation time and electric
current used. The concentration of AuNPs was determined
using the inductively coupled plasma mass spectrometer (ICP-
MS, PE-SCIEX ELAN 6100 DRC, Waltham, MA, USA).

Size Measurement of AuNPs. Particle sizes of AuNPs were
analyzed using the transmission electron microscopy (TEM),
the X-ray diffraction (XRD), and the dynamic light scattering
(DLS) techniques. For TEM experiments, the JEM-1400 (JEOL,
Japan) was operated at 110 kV. For XRD experiments, the
MultiFlex X-ray diffractometer (Rigaku, Japan) with Cu Kay
(A = 0.15406 nm) and Cu Ko, (1 = 0.15444 nm) radiations was
used. To investigate the particle sizes of AuNPs, a AuNP solution
was spread on a glass plate and then dried at room temperature
before the XRD scan. Particle sizes of AuNPs were estimated
using full width at half-maximum (fwhm) of the major XRD
reflection signals (111) with Scherrer's equation

09
"~ Pcos 6

where Dis the particle size, 4 is the X-ray radiation wavelength, 6
is the angle of XRD peak, and /3 (in radians) is the fwhm of the
XRD peak. Values 6 and 3 were determined using the PeakFit
software (Systat, San Jose, CA) with the sum of Gaussian and
Lorentzian profiles to fit the XRD peaks. Scherrer's equation has
often been used to determine the mean (or average) sizes of
nanoparticles by fitting the fwhm of the major XRD reflection
peak.%8%° The corresponding results were found to be consis-
tent with TEM technique.®® For DLS experiments, the Malvern
Zetasizer Nano S90 (Worcestershire, United Kingdom) was used.

Cell Culture and Viability Assays. Human chronic myelogenous
leukemia K562 cells were cultured in the DMEM (Invitrogen,
Grand Island, NY) based media containing 4 mM L-glutamine,
1 mM sodium pyruvate, 1% penicillin/streptomycin, and 10%
fetal calf serum (FCS, PAA Laboratories, Pasching, Austria) at
37 °Cwith 5% CO, supplied. Cells were treated by AuNPs or/and
aminopterin (AMT, Sigma, St. Louis, MO) at various concentra-
tions as indicated. The growth of cells was examined by
counting in 6-well cultures. The cell viability was examined
using Trypan blue stain to exclude the dead cells and normal-
ized the number of living cells to the total counted cells. The
apparent half lethal dosages (LDsp) of AUNPs and AMT to K562
cells were measured as follows. Cells were initially treated by
various concentrations of AuNPs or AMT for 2 days and mea-
sured for the cell viability as described above. After plotting the
viability of treated cells against the corresponding concentra-
tion of treatment, the LDs, of AUNPs and AMT to cells was then
obtained using the nonlinear regression algorithm. The necrosis
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Our results indicate that the AuNP-treated cells
may die from unmanageable ER stress. Undoubtedly,
there is always an interest of utilizing AuNPs for cancer
therapy. On the other hand, given that ER stress has
been implicated engaging in the major pathogenesis of
various chronic diseases, including Alzheimer's disease,
Parkinson's disease, amyotrophic lateral sclerosis, polyglu-
tamine disease, prion disease, stroke, bipolar disease,
heart disease, atherosclerosis, type 1 and 2 diabetes,
cancers, and autoimmune disease,>>>* the present study
also sheds light on using AuNPs to induce an adaptive ER
stress response for controlling the progress of chronic
diseases.

and apoptosis of AuNP-treated cells was examined using the
annexin V-FITC apoptosis detection kit (Strong Biotech Corp.,
Taipei, Taiwan) to microscopically count the annexin V and
propidium iodine viable cells. All experiments were performed
in triplicate to calculate the experimental averages and stan-
dard deviations.

2-DE Experiments. 2-DE was performed as reported previously
with minor modification.”® Briefly, trichloroacetic acid (TCA)-
precipitated proteins from the 48 h AuNP-treated K562 cells and
the control were dissolved into the standard 2-DE rehydration
buffers containing 8 M urea, 2% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS), 0.5% IPG buff-
er, and 18 mM dithiothreitol (DTT). Protein samples (200 «g)
were applied to IPG strips (13 ¢cm, pH 3—10, linear range, GE
Healthcare, Piscataway, NJ) using a rehydration loading method.
The optimal IEF program was calculated using the IEF opti-
mizer (Visual Protein, Taipei, Taiwan) as follows. After 12 h of
rehydration, IEF was performed using 500 V for 1 h; 1000 V for
1 h; linearly ramping to 8000 V for 1 h, and finally 8000 V for 2.5 h
on the IPGphor Il system (GE Healthcare). The second dimen-
sional electrophoresis was performed using 12.5% SDS-PAGE in
the SE-600 electrophoresis system (GE Healthcare) at 40 mA
constant current per gel after the strip equilibration procedure.
All 2-D gels were stained by Sypro ruby protein stain (Invitrogen),
and the 2-D gel images were documented using a xenon arc
lamp-based CCD camera system (ProXPRESS, Perkin-Elmer,
Waltham, MA, USA) with excitation/emission wavelength at
488 and 610 nm, respectively. The documented 2-D gel images
were analyzed by Phoretix 2D Elite software (Nonlinear, Durham,
NC). The expression of a protein spot target was calculated by
normalizing the image volume to the corresponding one of
landmark protein spot (Im) in individual 2-D gel image.

MS Protein Identifications. MS sample preparation was per-
formed as reported previously.”® Briefly, after restaining the
Sypro ruby stained gels by VisPro 5 min protein stain kit (Visual
Protein), protein targets on 2-D gels were manually excised at
approximately 1 mm in diameter and processed according to
the standard MS sample preparation protocol.”’ In-gel diges-
tion of the excised protein gel spots was carried out using MS-
grade trypsin gold (Promega, Madison, WI, USA) overnight at
37 °C. Tryptic digests were extracted using 10 uL of Milli-Q water
initially, followed by two extractions with a total of 20 uL of 0.1%
trifluoroacetic acid (TFA). The combined extracts were dried in a
vacuum concentrator at room temperature, and then dissolved
in 1 uL of 5% acetonitrile with 0.5% TFA. The prepared MS
samples were analyzed by ESI-QUAD-Tof MS analyzer (Q-TOF 2,
Waters, Milford, MA). For each analyzed sample, all peak lists
were generated for raw MS data using Masslynx (version 4.0
SP4) with signal-to-noise (S/N) thresholdof 2. The processed
data were analyzed using the MS/MS function in MASCOT
searching engine (www.matrixscience.com). The search para-
meters were defined as follows: Database, NCBInr (version:
20090619, 9111587 sequences; 3119984970 residues); Taxon-
omy, Homo sapiens (226 105 sequences); enzyme, trypsin;
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variable modification, carbamidomethylation (cysteine) and
oxidation (methionine); peptide tolerance, 0.2 Da; MS/MS tol-
erance, 0.2 Da; missed cleavage, one.

Protein Microarray. RayBio human RTK phosphorylation anti-
body array (RayBiotech, Inc., Norcross, GA) was used to examine
the phosphorylation level of 71 human receptor tyrosine kinases
in cells. All experimental procedures were performed according
to manufacturer's protocol. The microarray data were quantita-
tively analyzed using TotalLab 100 software (Nonlinear).

mRNA Expression Microarray. Total RNA was extracted from cells
using the RNeasy Mini kit (Qiagen, Valencia, CA, USA). The quality
of RNA was accessed using Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The Human Whole Genome
OneArray v5 (Phalanx Biotech Group, Taiwan) contains 30275
DNA oligonucleotide probes, and each probe is a 60-mer desig-
ned in the sense direction. Among the probes, 29 187 probes
correspond to the annotated genes in RefSeq v38 and Ensembl
v56 database.

Systems Biology Analysis. Systems biology analysis was per-
formed using the Ingenuity Pathway Analysis software (IPA,
Ingenuity Systems, www.ingenuity.com) and the MetaCore
software v6.6 of GeneGo (http://www.genego.com). For IPA
analysis, a data set containing gene identifiers and correspond-
ing protein expression values from the 2-D gel image analysis
was uploaded into in the application. Each gene identifier was
cross-examined for its corresponding gene object in the Inge-
nuity Pathways Knowledge Base (IPKB). These genes, called
focus genes, were overlaid onto a global molecular network
developed from information contained in IPKB. Networks of
these focus genes were then algorithmically generated based
on their connectivity. The functional analysis of a network
identified the biological functions and/or diseases that were
most significant to the genes in the network. Fisher's exact test
was used to calculate a P value determining the probability that
each biological function and/or disease assigned to that net-
work is due to chance alone.

For GeneGo analysis, the differentially expressed genes with
significance (P value <0.05), complete with the expression fold
(log, ratio), were uploaded from a Microsoft Excel worksheet
onto the Metacore software. GeneGo recognizes the Gene
Symbol identifiers and generates common cellular processes
or molecular connections in response to AuNP treatment. The P
values distribution of the Gene Ontology (GO) and GeneGo
process network were analyzed.

Immunostain. Immunostain was used to evaluate apoptosis
and ER stress responses related signals in cells as follows. Fifty
micrograms of cell lysates was separated using 12.5% SDS-
PAGE. Gels were then electro-blotted onto PVDF membranes
and blocked using 5% skim milk in PBS. The locations of
prestained protein markers on PVDF membranes were marked
using Luminol Pen (Visual Protein) for subsequent chemilumi-
nenscent visualization. The blocked membranes were hybri-
dized using primary antibody against intact caspase 3 (AP7563c,
Abgent, San Diego, CA), cleaved caspase 3 (9662, Cell Signaling,
Danvers, MA), ER stress marker proteins including PDI, Ero1-La,
BiP, calnexin, IRE1a, phosphor-PERK (Thr980), and CHOP (9956,
ER stress antibody sampler kit, Cell Signaling), HSP90B (NB110-
57066, Novus Biologicals, Littleton, CO), and f-actin (NB600-
501, Novus Biologicals). After hybridizing with the HRP-conju-
gated horse anti-mouse (7076, Cell Signaling) or goat anti-rabbit
secondary antibody (7074, Cell Signaling), the protein signals
were developed using the VisGlow Plus chemiluminenscent
substrate (Visual Protein) by X-ray films. The image volume of
protein signals was quantitated using TotalLab 100 software
(Nonlinear). The expression of proteins was calculated by
normalizing the image volume of individual protein bands to
the one of $-actin in the same sample.

Assays of Cellular Responses. The AuNP-induced cellular re-
sponses were investigated as follows. The cytosolic calcium
concentration was measured using the Fluo-3 a.m. method as
previously descried.”? The total ROS level was examined using
the Image-iT LIVE Green reactive oxygen species detection kit
(Invitrogen). The cytosolic cytochrome ¢ level was examined
using the cytochrome c releasing apoptosis assay kit (BioVision,
Mountain View, CA). The disruption of the mitochondrial
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transmembrane potential was examined using the MitoCapture
mitochondrial apoptosis detection kit (BioVision). All experi-
ments were performed in triplicate to calculate the experimen-
tal averages and standard deviations.
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