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Abstract

Chronic formaldehyde inhalation studies have sugg-
ested its relativity to teratogenicity, cancer incid-
ence, neurodegenerative and vascular disorders.
Many toxicological data on the formaldehyde toxi-
city are available, but proteomic results showing
complete protein profiles are limited. Therefore, alt-
erations of protein expression patterns upon formal-
dehyde treatment were investigated in the human
lung epithelial cell line. Differentially expressed pro-
teins following formaldehyde treatment were analyz-
ed on 2-dimensional gels, and further analyzed by
MALDI-TOF to identify the proteins. Among the ide-
ntified proteins, 24 proteins were notably up-regu-
lated and 6 proteins were down-regulated. In parti-
cular, cytoskeleton related protein named vinculin
and Rho GDP dissociation inhibitor which plays a
key role in apoptosis increased remarkably.
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Formaldehyde is a colorless, flammable, strong-
smelling gas that is produced worldwide on a large
scale to manufacture building materials and produce
many household products'. Formaldehyde is a typical
Volatile Organic Compound (VOC) which received
much attention as a chemical irritant responsible for
sick house syndrome. Formaldehyde is also used
directly in aqueous solution (formalin) as a disinfec-
tant and preservative in many applications. In the
atmosphere, formaldehyde is produced by the action
of sunlight and oxygen on atmospheric methane and
other hydrocarbons. Formaldehyde is an eye, skin,
and respiratory tract irritant. Inhalation of vapors can

produce narrowing of the bronchi and an accumu-
lation of fluid in the lungs®. It also has been observed
to cause cancer, namely leukemia, sinonasal cancer
and cancer at other sites, including the oral cavity,
hypopharynx, pancreas, larynx, lung and brain in
laboratory animals and humans*®. Formaldehyde has
been classified as a human carcinogen by the Inter-
national Agency for Research on Cancer!, although
the specific mechanism by which formaldehyde ind-
uces several types of cancer in humans is largely
unknown.

More than 90% of inhaled formaldehyde is absor-
bed in the upper respiratory tract and it is also absor-
bed in the nasopharynx, trachea and proximal regions
of the major bronchi. Absorbed formaldehyde can be
oxidized to formate and carbon dioxide or may be
incorporated into biological macromolecules via
tetrahydrofolate-dependent one-carbon biosynthetic
pathways’®. The systemic effects of formaldehyde
are due primarily to its metabolic conversion to for-
mate and may include metabolic acidosis, circulatory
shock, respiratory insufficiency, and acute renal fail-
ure’. Formaldehyde probably elicits airway inflam-
mation associated with asthma through hypersen-
sitivity and irritant mechanism!®. Moreover, form-
aldehyde is one of the common causes of contact der-
matitis and is thought to act as a sensitizer on the
skin'!.

Formaldehyde showed dose-dependent cytotoxicity
and loss of glutathione'?. Altered Ca’>*-homeostatis
and impairment of mitochondrial function occurred
in the formaldehyde-induced cytotoxicity. Thiols,
such as glutathione, and alcohol dehydrogenase 3
were involved in the protection against cell damage
by formaldehyde!?.

Studies in humans, rats and monkeys revealed in-
creased DNA-protein cross-links following exposure
to formaldehyde!#'®. Especially both genotoxicty and
cytoxicity played important roles in the carcinogene-
sis of formaldehyde in nasal tissues. The current data
indicate that DNA-protein cross-links provide a
potentially useful marker of genotoxicity, while the
data on the total protein profiles related with the gen-
otoxicity and cytotoxicity are much more limited'”-°.
Therefore, large-scale, high-throughput, whole-pro-
teomic studies are needed to understand the genoto-
xicity and cytotoxicity by formaldehyde.

The levels of mRNAs do not necessarily predict the



levels of the corresponding proteins in a cell, even if
gene microarrays offer the expression of many or all
genes in a cell. Although genomics cannot explain
post translation modification, proteomics can deter-
mine the global protein changes in a cell. Further-
more, the development of proteomic techniques faci-
litates the elucidation of the protein functions under
stress condition, resulting in the discovery of bio-
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Figure 1. Cell viability tests of human lung epithelial cells
after formaldehyde treatment by using MTT assay.
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markers in response to environmental toxicity®’. To
better understand the cytotoxicity and to develop a
protein marker candidate for formaldehyde-induced
cytotoxicity, proteomic analysis of differentially exp-
ressed proteins in the human lung cells by formalde-
hyde was performed.

Cytotoxicity of Formaldehyde in Human
Lung Epithelial Cells

Cell viability of human lung epithelial cells after
treatment of 100 uM formaldehyde at different expo-
sure times was determined by MTT assay. Formalde-
hyde reduced the viability of the cells in a time-
dependent mode. As shown in Figure 1, exposure of
100 uM formaldehyde for 48 hrs resulted in approxi-
mately 30% non-survival of the cells. This concen-
tration and exposure time were considered to be acc-
eptable for conducting proteomic analysis.

Proteomic Identification of Differentially
Expressed Proteins after Formaldehyde
Treatment in Human Lung Epithelial Cells

To study the differential expression of proteins in
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Figure 2. 2-DE images sho-
wing the protein spots from
control and formaldehyde-
treated human lung epithelial
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10 cells for 0, 12, 24 and 48 hrs.
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Figure 3. Master gel image showing the separation of total
proteins from human lung epithelial cells.
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lung cell after formaldehyde treatment, proteomic
analysis was performed using high-resolution 2-DE.
Figure 2 shows 2-DE images of the liver proteins fol-
lowing treatment of 100 uM formaldehyde for 0, 12,
24 and 48 hrs. Figure 3 is a representative master gel
image showing the separation of human lung cell
proteins. More than 350 protein spots with pls bet-
ween 3 and 10 and with relative molecular masses
between 6.5 and 205 kDa were detected on the 2-DE
gels. In order to preselect proteins exhibiting varia-
tions in expression levels, the proteins from treated
sample and untreated control were compared by us-
ing ImageMaster 2-DE gel analysis software. After
comparing the 2-DE protein patterns on duplicate
gels of lung cell, we found 30 protein spots that were
significantly different after formaldehyde treatment.
Among them, 24 spots marginally increased at 48 hrs
of 100 uM formaldehyde treatment (Figure 4) and 6
spots were decreased (Figure 5).

The protein spots that revealed statistically signifi-
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Figure 4. Up-regulated proteins from human lung epithelial cells by formaldehyde. Protein expression levels were determined

by relative intensity using image analysis.
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Figure 5. Down-regulated proteins from human lung epithelial cells by formaldehyde. Protein expression levels were

determined by relative intensity using image analysis.
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Figure 6. Western blot analysis of vinculin in human lung
epithelial cells following formaldehyde treatment.

cant differences were excised from the gels, trypsin-
ized, and analyzed by MALDI-TOF MS. The number
of matching peptides, the percentage of sequence
coverage, and the accuracy of mass estimates were
used to evaluate the database search results and
hence, 30 proteins were identified (Table 1). Intere-
stingly, cytoskeleton related vinculin increased re-
markably, and Rho GDP dissociation inhibitor which
plays a key role in apoptosis was also up-regulated.

Western Blot of Vinculin Protein

To confirm whether the up-regulation of vinculin
expression can also be detected by immunological
method, we performed western blot analysis (Figure
6) using vinculin-specific antibody. The result in-
dicated that the vinculin protein was expressed at low
level in normal lung cell, but was present at consi-
derably higher levels after formaldehyde treatment.
These results substantiate the specific up-regulation
of vinculin expression in the lung epithelial cell after
formaldehyde treatment.

Discussion

The differentially expressed proteins in human lung
epithelial cells after formaldehyde treatment were in-
vestigated through proteomic approaches. To avoid

experimental variation and obtain statistically signifi-
cant changes in protein levels, three replicate gels
from the same sample were used here. 30 protein
spots that were differentially expressed after forma-
Idehyde treatment were found on the 2-DE gel.
Among them, 24 spots were up-regulated and 6 spots
were down-regulated at 48 hrs of 100 uM formaldehy-
de exposure.

The proteins identified by in-gel digestion and MA-
LDI-TOF MS could be classified into several groups
based on their cellular functions and roles in bio-
chemical pathways. Cellular protein quality control
system, such as molecular chaperones and ubiquitin-
proteasome system, showed notable alterations
during formaldehyde-induced cytotoxicity. Several
molecular chaperones named Hsp90, Hsp27 and
Chaperonin 10-related proteins increased drama-
tically. Concomitantly, the accumulation of protea-
some and ubiquitin carboxyl-terminal esterase occu-
rred after formaldehyde treatment. Many proteins
involved in redox regulation of the cell were signifi-
cantly up-regulated by formaldehyde. Peroxiredoxin
3 plays an important role in eliminating peroxides
through the reduction of Reactive Oxygen Species
(ROS) via the thioredoxin system?'. Induction of
superoxide dismutase, known to destroy radicals, also
reflects increased cellular stress by formaldehyde.

Rho-GDP dissociation inhibitor (GDI)-a was up-
regulated in formaldehyde-treated cell. GDI family,
consisting of GDI-a, -B, and -y, is known to regulate
actin cytoskeleton-dependent cell functions. GDI-f3
was suggested to be involved in the airway remodel-
ing of asthma mouse lung tissue??, and the loss of
GDI-a resulted in the progressive impairment of
kidney and reproductive organs in mice®. Moreover,
Rho GDP dissociation inhibitor was reported to play
a key role in mitochondrial control of apoptosis®*?,
Increased expression of these proteins resulted in
apoptosis inhibition, consequently promoting uncon-
trolled growth of the malignant liver cells.

Notably, vinculin was the most interesting among
the identified proteins. According to the 2-DE result,
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Table 1. Identification of altered protein from human lung epithelial cells following formaldehyde treatment.

Spot Identified protein Accession - Cov Mat? hing Tr/M.W/pl Change
no. no. %  peptide no
1 C-1-tetrahydrofolate synthase, cytoplasmin (C1-THF synthase) P11586 11 11 102.23/6.9 /
2 Rho GDP dissociation inhibitor (GDI) alpha NP_004300 10 40 23.25/5.0 Va
3 CPSl1 isoform AAP84318 10 10 117.10/5.7 /
4 Carbamoylphosphate synthetase I BAD74209 10 14 166.00/6.3 /
5  Vinculin isoform VCL NP_003364 18 14 117.28/5.8 /
6  Vinculin AAH39174 21 17 117.29/5.8 /
7 Vinculin isoform VCL NP_003364 18 15 117.28/5.8 /
8  Heat shock 90 KDa protein 1, beta NP_031381 21 12 83.59/5.0 /
9 Helicase-MOI BAA78691 9 13 221.53/5.5 \
10 Aldolase A 1IALD 30 9 39.73/8.8 N
11 Annexin I NP_000691 44 14 38.92/6.6 /
12 Annexin A4 P09525 49 16 36.09/5.8 /
13 Carbonyl reductase 1 NP_001748 57 13 30.64/8.9 N
14 Ubiquitin carboxyl-terminal esterase L1 NP_004172 53 11 25.15/5.3 /
15 Heat shock 27 KDa protein 1 NP_001531 37 8 22.82/6.0 /
16  Proteasome alpha 6 subunit NP_002782 40 8 27.84/6.3 Va
17  Phosphoglycerate mutase 1 (brain) AAH62302 34 9 28.92/6.7 /
18  PSMAA4 protein AAH22817 38 9 29.62/1.7 /
19  Chain A, Triosephosphate isomerase (Tim) (E.C.5.3.1.1) 1HTIA 66 17 26.81/6.5 /
complexed with 2-phosphoglycolic acid
20  Chain A, Crystal structure of Hgstp1-1[v104] complexed 4PGTA 43 8 23.39/5.4 /
with the Gsh conjugate of (+)-Anti-Bpde
21 Peroxiredoxin 3 isoform b NP_054817 30 5 26.11/7.1 /
22 Chain A, Crystal structure of human Dj-1 1J42A 31 20.06/6.3 /
23 Peroxiredoxin 1 NP_002565 72 18 22.32/8. N
24 Non-metastatic cells 1, protein (NM23A) expressed in isoform a NP_937818 53 11 19.86/5.4 /
25  Chain A, the structure of Holo type human Cu, Zn 1HL5A 39 4 16.01/5.7 /
superoxide dismutase
26  Cofilin 1 NP_005498 36 7 18.71/8.5 N
27  Chain A, Nucleoside triphosphate, Nucleoside diphosphate INUEA 54 7 17.26/8.8 N
Mol_id : 1; molecule : Nucleoside-diphosphate kinase;
chain: A,B,C,D,E,F;Ec:274.6
28  Chain A, Cyclophilin A complexed with Cyclosporin A 3CYSA 39 9 18.09/8.1 /
(Nmr,22 structure)
29  Chain A, Cyclophilin A complexed with Cyclosporin A 3CYSA 33 6 18.09/8.1 /
(Nmr,22 structure)
30 Chaperonin 10-related protein AAC96332 35 5 10.28/9.0

/' up-regulation, \,: down-regulation

vinculin was up-regulated in formaldehyde-treated
cell by approximately 3 folds. Western blot result was
also consistent with the proteomic data. Vinculin is a
cytoskeleton protein associated with the cytoplasmic
faces of both cell-cell and cell-extracellular matrix
adherens-type junctions. It is thought to be implicated
in anchoring F-actin to the membrane, and it repre-
sents a key element in the transmembrane linkage of
the extracellular matrix to the cytoplasmic micro-
filament system?!. The dramatic increase in the
vinculin seems to be related with the maintenance of
the cell structure in the severely stressed cell by for-
maldehyde.

Cofilin, known to promote actin depolymerization
and inhibit glucocorticoid receptor, was reduced by
formaldehyde. Both its actin depolymerization and

inhibitory action on the glucocorticoid receptor are
dependent on its phosphorylation state.

Annexin, an inflammation related protein, was re-
markably increased following formaldehyde treat-
ment. Annexins are characterized as calcium-depen-
dent phospholipid-binding proteins involved in vari-
ous cellular functions, such as adhesion, exocytosis,
and interaction with cytoskeletal proteins and for
contribution to the regulation of anti-inflammatory
actions of glucocorticoid, cell migration, cell growth
and apoptosis®>?°, Annexin A4 is thought to be in-
volved in membrane trafficking and membrane
organization within cells®’.

Cyclophilin is a ubiquitous intracellular protein that
binds to the immunosuppressive drug cyclosporine A.
Thus, the increase in the cyclophilin by formaldehyde



seems to be related with immunosuppression such as
T-cell inhibition?,

DJ-1 superfamily protein, suggested to play a pro-
tective role against neurodegenerative diseases, was
also increased in formaldehyde-treated cell®. Absorb-
ed formaldehyde is thought to be oxidized to formate
and carbon dioxide or possibly incorporated into bio-
logical macromolecules via tetrahydrofolate-depen-
dent one-carbon biosynthetic pathways’®. Hence, the
increase of C-1 tetrahydrofolate synthase in this study
seems to be related with the enhancement of formalde-
hyde metabolism.

Proteomics provides a powerful application tool for
environmental toxicology with the potential to identi-
fy novel biomarkers. We used proteomic approaches
to identify differentially expressed proteins in human
lung epithelial cells by formaldehyde. The identified
proteins may be candidates as biomarkers for form-
aldehyde toxicity in human.

Methods

Human Lung Epithelial Cells and
Formaldehyde Treatment

NCI-H292 (human lung epithelial cell) was main-
tained in RPMI-1640 media with 10% Fetal Bovine
Serum (FBS) and 1% penicillin - streptomycin and
kept in a humidified 5% CO, at 37°C. The NCI-H-
292 cells were cultured in a 96-well at a density of 5
x 10* cells per well. The cells were then treated with
100 uM formaldehyde for O, 12, 24 and 48 hrs. 37%
formaldehyde solution was purchased from Sigma
(USA).

After formaldehyde treatment, the cells were wash-
ed and treated with MTT (3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyl tetrazolium bromide) to determine
cell viability by using MTT assay. After formazan
formation by MTT, 100 uL dimethylsulfoxide was
added and the absorbance was measured at 570 nm.
The determination of cell viability was calculated as
[(absorbance of the formaldehyde-treated sample)/
(control absorbance)] X 100.

NCI-H292 Cell Prepararion for 2-DE

Harvested NCI-H292 cells were extracted with lysis
buffer containing 50 mM Tris HCI (pH 5), 0.1% Triton
X-100 and 1 mM PMSF protease inhibitor. After cen-
trifugation the supernatant was collected, and protein
concentration was determined using Bradford assay
kit. Protein was precipitated with 10% TCA in ace-
tone. The protein pellet was washed with ice-cold
acetone at least 5 times in order to remove contami-
nants.
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IEF and 2-DE

For IEF in the first dimension, dried protein sam-
ples were dissolved in 500 uL rehydration buffer (7
M urea, 2 M thiourea, 4% CHAPS, 0.5% ampholy-
tes, 100 mM DTT and 0.01% bromophenol blue).
The sample solution was applied on immobilized pH
3-10 nonlinear gradient drystrips using an IPG phor
system (GE Healthcare Biosciences). Focusing was
performed using the following steps: rehydration for
12 hrs, 250 V/100 Vhr, 500 V/500 Vhr, 1,000 V/1,000
Vhr, 8,000 V/38,000 Vhr. After IEF, the individual
IPG strips were equilibrated in 6 M urea, 2% SDS, 50
mM Tris-HCI (pH 8.8), 2% DTT and 10% glycerol
for 15 min and subsequently incubated in the same
buffer for another 15 min after replacing DTT with
2.5% iodoacetamide. Gel was run at 10 mA/gel for 15
min for the initial migration and then 35 mA/gel for 8§
hrs*.

Image Analysis

The gels were visualized using CBB-G250 (Coo-
massie brilliant blue G-250) staining method. The
stained gels were scanned using a UMAX scanner
(UMAX Technologies, Plano, TX), and the data were
analyzed using Image Master 2D Elite software (GE
Healthcare Biosciences).

Protein Digestion and Mass Spectrometric
Analysis

Differentially expressed protein spots were excised
from the gel. Gel pieces were washed twice with 25
mM ammonium bicarbonate, pH 8.2, 50% v/v ace-
tonitrile (ACN) and then dehydrated by the addition
of 100% ACN. 30 ng of trypsin in 25 mM ammonium
bicarbonate was added to each gel piece and incubat-
ed at 30°C for 16 hrs. The peptide solution was auto-
matically desalted, concentrated and spotted on to the
Axima (Kratos, Manchester. UK) MALDI target
plate.

Peptide mass fingerprints and Post-Source Decay
(PSD) tryptic peptides were generated by matrix ass-
isted laser desorption/ionization-time-of-flight-mass
spectrometry (MALDI-TOF-MS) using Ettan MA-
LDI-TOF (GE Healthcare Biosciences). Tryptic pep-
tides derived from protein spots were analyzed and
amino acid sequences were deduced using a de novo
peptide-sequencing program, PepSeq (Gibbsland). To
identify the proteins, sequences were searched agai-
nst the NCBInr and EST databases using the PRO-
FOUND search program (http://www.rockefeller.edu
/labheads/chait/novel_tandem.php) and BLAST.

Western Blot Analysis
After formaldehyde treatment, NCI-H292 cells
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were lysed in ice-cold extraction buffer (50 mM Tris-
HCI, 0.1% Triton X-100, 1 mM PMSF, pH7.5) for 30
min at 4°C, and then centrifuged at 12,000 x g for 15
min. Total cellular proteins were denatured and re-
solved using 12% SDS-PAGE. After the protein was
transferred to a polyvinylidene difluoride (PVDF)
membrane, it was incubated overnight with the spec-
ific antibody at 4°C, and then with the horseradish
peroxidase-conjugated anti-mouse IgG for 1 hr. The
membranes were visualized using the ECL plus
Western-blotting detection system (Santa Cruz Bio-
technology).
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