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Stable Isotope Labeling with Amino Acids
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Proteomics Study of a Thyroid Hormone-

regulated Secretome in Human Hepatoma
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The thyroid hormone, 3, 3’,5-triiodo-L-thyronine (T;), reg-
ulates cell growth, development, differentiation, and me-
tabolism via interactions with thyroid hormone receptors
(TRs). However, the secreted proteins that are regulated
by T, are yet to be characterized. In this study, we used
the quantitative proteomic approach of stable isotope
labeling with amino acids in cell culture coupled with
nano-liquid chromatography-tandem MS performed on a
LTQ-Orbitrap instrument to identify and characterize the
T;-regulated proteins secreted in human hepatocellular
carcinoma cell lines overexpressing TRa1 (HepG2-TRa1).
In total, 1742 and 1714 proteins were identified and quan-
tified, respectively, in three independent experiments.
Among these, 61 up-regulated twofold and 11 down-reg-
ulated twofold proteins were identified. Eight proteins dis-
playing increased expression and one with decreased ex-
pression in conditioned media were validated using
Western blotting. Real-time quantitative RT-PCR further
disclosed induction of plasminogen activator inhibitor-1
(PAI-1), a T, target, in a time-course and dose-dependent
manner. Serial deletions of the PAI-1 promoter region and
subsequent chromatin immunoprecipitation assays re-
vealed that the thyroid hormone response element on the
promoter is localized at positions -327/-312. PAI-1 over-
expression enhanced tumor growth and migration in a
manner similar to what was seen when T; induced PAI-1
expression in J7-TRa1 cells, both in vitro and in vivo. An in
vitro neutralizing assay further supported a crucial role of
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secreted PAI-1 in T;/TR-regulated cell migration. To our
knowledge, these results demonstrate for the first time
that proteins involved in the urokinase plasminogen acti-
vator system, including PAI-1, uPAR, and BSSP4, are aug-
mented in the extra- and intracellular space of T;-treated
HepG2-TRa1 cells. The T;-regulated secretome gener-
ated in the current study may provide an opportunity to
establish the mechanisms underlying T;-associated tu-
mor progression and prognosis. Molecular & Cellular
Proteomics 11: 10.1074/mcp.M111.011270, 1-19, 2012.

The thyroid hormone (TH)', a pleiotropic regulator of
growth, differentiation, proliferation and many other physio-
logical processes, acts via interactions with thyroid hormone
response elements (TREs) in the regulatory regions of target
genes (1). Cheng and co-workers have reported AGGTCA as
a putative consensus hexamer half-site sequence of TRE (1).
The TREs are arranged as direct repeats (DR), palindromes,
and inverted palindromes (IP), and display considerable vari-
ations in nucleotide sequences, spacing, number, and orien-
tation of half-sites (1-3). The amino acid sequences of thyroid
hormone receptors (TRs) are highly homologous with those of

" The abbreviations used are: TH, thyroid hormone; TRs, thyroid
hormone receptors; SILAC, stable isotope labeling with amino acid in
cell culture; HCC, hepatocellular carcinoma; TRE, thyroid hormone
response element; RXR, retinoid X receptor; SMRT, silencing media-
tor of retinoic and thyroid receptor; NCoR, nuclear receptor corepres-
sor; DR, direct repeat; IP, inverted palindromes; GelLC-MS/MS,
one-dimensional SDS-PAGE in conjugation with nano-LC-MS/MS;
2DLC-MS/MS, two-dimensional LC-MS/MS; LC, liquid chromatogra-
phy; SCX, strong cation exchange; RP18, reverse phase 18; TMHMM,
transmembrane hidden Markov model; FINC, fibronectin; FURIN, fu-
rin; GELS, gelsolin; PAI-1, plasminogen activator inhibitor-1; MMPs,
matrix metalloproteinases; uPAR, urokinase plasminogen activator
surface receptor; BSSP4, brain-specific serine protease 4; CATH,
cathepsin H; uPA, urokinase plasminogen activator; H&E, hematox-
ylin and eosin; IHC, immunohistochemistry.
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steroid hormone receptors (2, 4). TRs are ligand-dependent
transcription factors that consist of modular function do-
mains that mediate DNA binding, hormone binding (ligands),
receptor homo- and heterodimerization, and interaction
with other transcription factors and cofactors (5, 6).

TRs interact with retinoid X receptor (RXR) and form het-
erodimers that influence target genes via binding to TREs
located in the regulatory regions (7, 8). TH-bound TRs activate
target gene expression. In contrast, gene expression is re-
pressed by non-T;-bound TRs. Unliganded TRs act as repres-
sors by recruiting corepressors, such as silencing mediator of
retinoic and thyroid receptor (SMRT) and nuclear receptor
corepressor (NCoR), as a result of altered conformations upon
binding to TREs. Conversely, binding of T; to TRs causes
conformational changes and subsequent recruitment of mul-
tiple coactivator complexes (1, 5). Two TR genes, TRa and
TR, have been identified on human chromosomes 17 and 3,
respectively (5, 9). TRa1, TRa2, TRB1 and TRB2 isoforms are
generated via alternative splicing and promoter usage of the
primary transcript (10). The liver is the typical target organ of
the thyroid hormone, and equivalent expression levels of
TRa1 and TRB1 have been reported in human hepatocytes
(11).

Previous microarray analysis experiments by our group
have demonstrated that numerous genes including coagula-
tion factor system components (12), plasma proteins (12, 13),
nuclear receptor coactivator (14), antimetastatic proteins (15),
proteases (16), and oncogenes (17) are regulated by T,. Ad-
ditionally, we have identified several T;-regulated extracellular
proteins such as matrix metalloproteinases (MMPs) and cys-
teine cathepsins. These proteases are involved in cellular
processes and intercellular communication during cancer
progression and development (18-20). It implied that T, may
have a role in the regulation of secreted proteins. Recently,
proteomics approach has been successfully applied to inves-
tigate the regulatory secreted proteins systemically (secre-
tome) of tumor-associated genes (21-25). Herein, we applied
the stable isotope labeling with amino acids in cell culture
(SILAC)-based quantitative proteomic approaches to identify
secreted proteins regulated by T, and study their underlying
physiological significance in hepatoma cell lines stably ex-
pressing wild-type TR.

Plasminogen activator inhibitor-1 (PAI-1), a T, target, ele-
vated levels in the tumor microenvironment is associated with
high mortality and poor prognosis of patients with many forms
of cancer (26). In the present study, we focused on the po-
tential role played by PAI-1 after T induction.

EXPERIMENTAL PROCEDURES

Cell Culture—Human hepatoma cells, HepG2, Huh7, J7, and
Mahlavu were routinely cultured at 37 °C in a humidified atmosphere
of 95% air and 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). HepG2
and J7 cell lines were stably transfected with TRa1 (HepG2-TRa1#1,
HepG2-TRa1#2, and J7-TRa1) or TRB1 (HepG2-TRB1). The vector

control cell line employed was HepG2-Neo (16, 17). Huh7-PAl-1
represents the Huh7 cell line overexpressing PAI-1. Serum was de-
pleted of T; (Td), as described previously (27). For SILAC experi-
ments, human HepG2-TRa1 cells were maintained in SILAC medium
comprising DMEM (Invitrogen, Carlsbad, CA) supplemented with
10% dialyzed fetal bovine serum (Invitrogen), L-lysine and L-arginine
(Sigma-Aldrich) or ['*Cg]-L-lysine, ['°Cg]-L-arginine (Isotec) added at a
concentration of 0.1 g/L for light or heavy stable isotope labeling (28).
Both light and heavy isotope-labeled HepG2-TRa1 cells were main-
tained for at least 10 doubling times to achieve > 95% incorporation
of labeled amino acid.

Preparation of Conditioned Medium and In-solution Protein Diges-
tion—Cells were passaged and differentiated as described above.
HepG2-TRa1 cells were grown to confluence in 10-cm cell culture
dishes. The cells contacting dishes were washed twice with phos-
phate-buffered saline (PBS) to reduce the amount of contaminating
protein in serum (29). Cells were incubated in serum-free medium and
either treated with T4 or left untreated for 24 h. At the end of the
treatment period, conditioned media (CM) were collected and centri-
fuged at 1500 X g to eliminate intact cells following concentration
using spin columns with a molecular mass cut-off of 3 kDa (Amicon
Ultra, Millipore, Billerica, MA). Equal amounts of proteins were mixed
for quantitative proteomic analysis (28).

Preparation of Tryptic Peptides in Solution—Mixed SILAC proteins
were reduced and alkylated with 5 mm dithiothreitol for 60 min and 10
mwm iodoacetamide for 60 min, followed by digestion with sequencing
grade-modified trypsin (1:25, w/w) (Promega, Madison, WI) at 37 °C
overnight. The digestion reaction was terminated by adding formic
acid at a concentration of 0.1%.

Two-Dimensional Liquid Chromatography (2D-LC) Separation—
Peptides prepared from in-solution digestion were separated and
analyzed via the online 2D LC-MS/MS technique using strong cation
exchange (SCX) and reverse-phase 18 (RP18) nanoscale liquid chro-
matography coupled with LTQ-Orbitrap mass spectrometry (Thermo
Electron, Bremen, Germany) (30). Briefly, equally mixed SILAC pep-
tides were injected into an in-house packed SCX column (Luna SCX,
5 um, 0.5 X 150 mm; Phenomenex, Torrance, CA) and fractionated
into 45 fractions using a continuous ammonium chloride gradient in
the presence of 30% acetonitrile and 0.1% formic acid. Each SCX
fraction was trapped on a RP18 column (Source 15 RPC, 0.5 X 5 mm,
GE) and separated using coupled BEH RP18 chromatography (1.7
um, 0.1 X 120 mm; Waters, Milford, MA) with an acetonitrile gradient
in 0.1% formic acid performed on a Dionex UltiMate 3000 nanoLC
system.

One-dimensional Gel Electrophoresis Combined with Nanoliquid
Chromatography (GeLC)—Proteins separated using SDS/PAGE were
cut out of the gel and divided into 60 fractions for subsequent in-gel
digestion (31). Peptides were analyzed with LC-MS/MS using nano-
scale RP18 liquid chromatography coupled with LTQ-Orbitrap mass
spectrometry. Briefly, peptides were trapped on a Zorbax 300SB
RP18 column (0.3 X 5 mm, Agilent Technologies) and separated
using a PicoFrit BioBasic C18 capillary column (0.075 X 120 mm;
New Objective, Woburn, MA) with an acetonitrile gradient in 0.1%
formic acid on a Surveyor HPLC system (Thermo Electron, Bremen,
Germany).

Tandem Mass Spectrometry (MS/MS)—MS/MS analysis was per-
formed on a LTQ-Orbitrap mass spectrometer (Thermo Fisher, San
Jose, CA) with a nanoelectrospray ion source (Proxeon Biosystem).
Full-scan MS spectra (m/z 430 - m/z 2000) were acquired in the
Orbitrap mass analyzer at a resolution of 60,000 at m/z 400. The lock
mass calibration feature was enabled to improve mass accuracy. The
most intense ions (up to 12) with minimal signal intensity of 20,000
were sequentially isolated for MS/MS fragmentation in the order of
intensity of precursor peaks in the linear ion trap using collision-
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induced dissociation energy of 35%, Q activation at 0.25, activation
time of 30 ms, and isolation width of 2.0. Targeted ions with m/z = 30
ppm were selected for MS/MS once (2D-LC) or twice (GeLC), and
dynamically excluded for 50 (2D-LC) or 180 s (GeLC).

Protein Identification and Quantification in Shotgun Proteomics—
All MS and MS/MS data were analyzed and processed with Quant.
exe in MaxQuant environment (version 1.0.13.8) for peptide identifi-
cation and quantification analyses as described before (32). Top six of
fragment ions per 100 Da were extracted for a protein database
search using the Mascot search engine (version 2.2.2, Matrix Science)
against the concatenated Swiss-Prot version 56 human forward and
reverse protein sequence data set with a set of common contaminant
proteins (total 45500 entries). The search parameters were set as
follows: Carbamidomethylation (C) as the fixed modification, oxida-
tion (M), N-acetyl (protein) and pyro-Glu/GIn (N-term) as variable
modifications, 7 ppm for MS tolerance, 0.5 Da for MS/MS tolerance,
and 2 for missing cleavage. The SILAC label (K) (R) was set as none,
fix or variable modification to generate three Mascot search results.
The identified peptides and proteins in all search results were further
analyzed in Identity.exe with following criteria: six for minimum pep-
tide length, two for minimum unique peptides for the assigned pro-
tein. The posterior error probability of peptides identified in forward
and reversed databases was used to rank and determine the false
discovery rate for statistical evaluation (32, 33). We accepted the
peptide and protein identifications with false discovery rate less than
1%. For protein quantification, we considered the protein with at least
two ratio counts generated from unique and razor peptides. The
median value of the SILAC ratios was calculated as protein abun-
dance (H/L ratio) to minimize the effect of outlier values. The peptides
shared (not unique for leading proteins) between multiple leading
proteins were assigned to one of them (the first one) as razor peptides
(the detail information was summarized in supplementary Table S2).
Finally, the global median normalization was applied to recalculate the
protein abundance (the normalized protein ratio) to reduce the system
error from sample preparation in each experiment.

Network Analysis of Protein Secretion Mechanisms and Func-
tions— Differentially expressed proteins identified from the three ex-
periments were uploaded and analyzed with the GeneGo pathway
maps tool of MetaCore™, Version 6.5 build 27009 (GeneGo, St.
Joseph, MI). The secretion mechanisms of proteins were analyzed
using the SignalP 3.0 program with a hidden Markov model to predict
the presence of secretory signal peptide sequences (34), signifying
the classical secretory pathway. Additionally, the SecretomeP 2.0
program was employed to predict nonsignal peptide-triggered pro-
tein secretion (35), representing a nonclassical secretory pathway,
and TMHMM 2.0 to predict transmembrane helices in proteins (36).

Immunoblot Analysis—Total cell lysates and conditioned media
were prepared, and protein concentrations determined with the Brad-
ford assay kit (Pierce Biotechnology, Rockford, IL). Equivalent
amounts of proteins were fractioned on a 10% sodium dodecyl
sulfate (SDS)-polyacrylamide gel. Separated proteins were trans-
ferred to a nitrocellulose membrane (PH 7.9, Amersham Biosciences
Inc., Piscataway, NJ), blocked with 5% nonfat powdered milk, incu-
bated with a specific primary antibody at 4 °C overnight, and hybrid-
ized with the respective secondary antibody, HRP-conjugated
mouse/rabbit/goat anti-IgG, for 1 h at room temperature. Finally,
immune complexes were visualized using the chemiluminescence
method with an ECL detection kit (Amersham Biosciences) on Fuji
x-ray films, as described previously (37).

Quantitative Reverse Transcription Polymerase Chain Reaction (Q-
RT-PCR)—Total RNA was extracted from Ts-treated HepG2-TRa1
cells using TRIzol reagent, as described previously (38). Subse-
quently, cDNA was synthesized via RT-PCR with the Superscriptllkit
(Invitrogen, Karlsruhe, Germany). Real-time Q-RT-PCR was per-

formed on a 15 ul reaction mixture containing 750 nm forward and
reverse primers, varying amounts of template and 1 X Sybr Green
reaction mix (Applied Biosystems, Foster City, CA). Sybr Green fluo-
rescence was determined with the ABl PRISM 7500 detection system
(Applied Biosystems). Primers were designed using Primer Express
Software (Applied Biosystems). Genes were normalized against the
control ribosomal binding protein (RiboL35A) gene. The human PAI-1
oligonucleotides used in this study included the forward primer, 5'-
GCACAACCCCACAGGAACA-3’, and reverse primer, 5'-GTC-
CCAGATGAAGGCGTCTTT-3'.

Cloning and Activities of PAI-1 Promoter Fragments— Fragments of
the PAI-1 promoter (positions —2261 to +1203) were ligated into the
pGL2 vector (Promega Corp., Madison, WI), based on the published
sequence. Several serial deletion and mutation constructs of the
PAI-1 promoter were amplified via PCR and cloned into the pA3TK
vector. The constructed promoter sequences were confirmed using
automatic DNA sequencing. HepG2-TRa1 cells treated with 10 nm Ty
for 24 h were cotransfected with 0.6 ug DNA/well of pA3TK vector
containing the PAI-1 promoter sequence and 0.3 ug of SV plasmid,
a B-galactosidase expression vector (Clontech, Palo Alto, CA), in
24-well plates using the TurboFect in transfection reagent (Fermen-
tas, Glen Burnie, MD) to determine the transcriptional activities of
TREs within the PAI-1 promoter. At the end of the treatment period,
transfected and non-transfected cells were lysed, and luciferase and
B-galactosidase activities measured. Luciferase activity was normal-
ized against that of B-galactosidase, as described earlier (39).

Chromatin Immunoprecipitation (ChIP) Assay—ChlP assays were
performed to examine the interactions between TR and TRE on the
PAI-1 promoter (37). HepG2-TRa1 cells treated with 10 nm T; for 24 h
or left untreated were harvested and cross-linked with 1% formalde-
hyde for 10 min at room temperature in medium. The reactions were
terminated by adding 0.125 m glycine. Subsequently, cell lysates were
washed with PBS three times and resuspended in lysis buffer (150 mm
NaCl, 5 mm EDTA, 50 mwm Tris (pH 8.0), 0.1% SDS and 0.1% sodium
deoxycholate) containing three protease inhibitors (1 mm phenylmeth-
ylsulfonyl fluoride, aprotinin, and leupeptin). Cell lysates were soni-
cated with a Misonix Sonicator 3000 Homogenizer (Mandel Scientific
Company Inc., Guelph, ON, Canada) to disrupt chromatin. Sonicated
DNA was between 200 and 1000 bp in length. The products were
precleared with 60 ul protein A/G agarose (Sigma Chemicals) for 2 h
at 4 °C. Complexes were immunoprecipitated with anti-TR (kindly
provided by the laboratory of Dr. S-Y Cheng at the National Cancer
Institute), anti-RXRa (Santa Cruz Biotechnology, Santa Cruz, CA) and
anti-lgG antibody (R&D Systems, Inc., Minneapolis, MN). The 100 bp
fragments of PAI-1 promoter containing the predicted TRE region
were amplified via PCR with the forward primer, 5'-CCCAAGCTTC-
AGTCAACCTGGCAGGACAT-3’, and reverse primer, 5'-CCGCTCG-
AGGAACAATTGAGCAAACCCCAATA-3'.

Zymography Assay for Matrix Metallopeptidase MMP2 and MMP9 —
Huh7-PAI-1 and Huh7-control cells (5 X 10%) were cultured in DMEM
with 10% FBS. After 24 h of seeding, cells were washed twice with
PBS and continuously incubated in serum-free medium for 24 h. Sub-
sequently, conditioned media (CM) were collected and centrifuged at
1500 X g to eliminate intact cells followed by concentration using a spin
column with a molecular mass cut-off of 3 kDa (Amicon Ultra, Millipore).
Concentrated conditioned media (50 ug) were mixed with 50 mm Tris-
HCI, pH 8.0, without reducing agent, and fractioned using 10% SDS-
PAGE in the presence of 1 mg/ml gelatin. Following electrophoresis, the
gel was washed with Zymogram Renaturing Buffer containing 2.5%
Triton X-100 for 30 min twice at room temperature and incubated with
Zymogram Developing Buffer (40 mm Tris-HCI, pH 8.0, 0.01% NaN3, 10
mm CaCl,) at 37 °C overnight. Gels were stained with Coomassie bril-
liant blue R-250 and destained in 5% methanol and 7.5% acetic acid
solution until the appearance of clear bands.
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Fic. 1. SILAC-based identification and quantification of the TH-regulated secretome. A, Schematic diagram of SILAC-based protein
identification and quantification of the T;/TR-regulated secretome. The process included SILAC labeling, conditioned media collection, GeLC-
MS/MS or 2DLC-MS/MS analysis, protein identification and quantification with Mascot and MaxQuant, and validation. B, Conditioned media and
cell extracts (L: light, H: heavy) were resolved with 12% SDS-PAGE and stained with Coomassie blue. C, Proteins (20 pg) from the cell extracts and
conditioned media were analyzed by Western blotting using the B-tubulin antibody. D, Venn diagrams depict the proteins identified and quantified
in each SILAC-based experiment (E1, E2, E3). The total number of proteins identified or quantified in the three experiments is listed in brackets. The
number in the gray area represents proteins identified or quantified in at least two experiments. E, The Venn diagrams show proteins up-regulated
(T4/Td =2) or down-regulated (T;/Td =0.5) in the three SILAC-based experiments. The total number of up-regulated (T;/Td =2) or down-regulated
(T4/Td =0.5) proteins in each experiment is labeled next to the corresponding circle. The numbers of up-regulated and down-regulated candidates
detected in at least two of the experiments labeled in the gray area were analyzed with MetaCore software.

Cell Proliferation Assay—Cell proliferation rates were examined Cloning of PAI-1—Total RNA (1 ng) was reverse-transcribed using

using the 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bro-
mide (MTT; Promega) assay. Cells (4 X 10% were seeded on 48-well
culture plates and harvested at 1-7 days. After overnight incubation,
150 wl MTT solution (10X dilution of 5 mg/ml MTT in DMEM without
serum) was added to each well for 3 h at 37 °C, and 150 nl lysis buffer
(6 m HCL and 10% SDS) subsequently added to solubilize formazan
crystals at 37 °C overnight. Finally, absorbance at 570 nm was mea-
sured using a SpectraMax microplate reader. Absorbance at 570 nm
was normalized against background absorbance at 650 nm.

Superscript |l reverse transcriptase (Invitrogen) and Oligo (dT) to
synthesize template cDNA. PAI-1 cDNA was amplified via PCR with
the forward primer, 5'-CCGGAATTCATGCAGA TGTCTCCAGCCCT-
3’, and reverse primer, 5'-CCGCTCGAGTCAGGGTTC CATCACT-
TGGC-3', for 30 cycles at 95 °C for 1 min, 60 °C for 1 min and 72 °C
for 2 min. The PAI-1 open reading frame was ligated into pcDNA 3.0
expression vector, and the resulting construct sequenced.
Establishing a Huh7 Cell Line Stably Overexpressing PAI-1—The
Huh7 cell line was transfected with the PAI-1 cDNA construct on 10
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TABLE |
Proteins identified in the conditioned media of HepG2-TRa1 were predicted secretory pathways

Number of identified proteins

Experiment Classi(;ala Nonclassical" Membre_meC Others® Tota_l % of potential_ly
secretion secretion protein protein secreted proteins

E1 184 165 6 280 635 55.9

E2 360 405 18 725 1508 51.9

E3 349 365 17 619 1350 54.2

E1+E2+E3 399 484 26 833 1742 52.2

@ Proteins were secreted via the classical secretory pathway using the SignalP software (SignalP probability =0.90).
b Proteins predicted by the secretomeP program to be secreted via the nonclassical secretory pathway (SignlP probability =0.90 and

SecretomeP score =0.50).

¢ Proteins predicted via the TMHMM to form trans-membrane proteins that were not predicted to be secreted via the classical and

nonclassical secretory pathway.

9 Proteins predicted were not secreted via the classical pathway, nonclassical pathway and trans-membrane proteins.

cm cell culture dishes using Lipofectamine Reagent (Invitrogen). After
24 h, transfected cells were transferred to medium containing G418
(400 ng/ml) for selection until the generation of a single-cell clone.
Expression of PAI-1 in Huh7 cells was confirmed by Western blotting.

In Vitro Migration and Invasion Assays—The influence of T; on
PAI-1-mediated invasive activities of HepG2-TRa1 and Huh7-PAI-1
cells was determined with a rapid in vitro assay (Transwell) (Falcon
BD, Franklin Lakes, New Jersey), as described previously (40). Briefly,
cell density was adjusted to 2 X 10° cells/ml, and 200 ul of this
suspension seeded on either non-matrigel-coated (migration) or
matrigel-coated (invasion) (Becton-Dickinson) upper chambers of the
Transwell plate. For both assays, the pore size of the upper chamber
was 8 mm. The medium in the upper chamber was serum-free
DMEM, whereas the lower chamber contained DMEM supplemented
with 20% FBS. After incubation for 24 h at 37 °C, cells traversing the
filter from the upper to lower chamber were examined via crystal
violet staining and cell counting. Experiments were performed at least
three times.

Animals—Male Sprague-Dawley (S.D.) rats underwent thyroidec-
tomy (Tx) at 6 weeks of age in accordance with previously reported
methods (41). After surgery, each rat was offered drinking water
containing 1% calcium lactate. At 2 weeks following surgery, rats
were injected peritoneally with T, at 10 ng/100 g body weight or
control vehicle (2.5 mm NaOH in PBS) for an additional 2 weeks. At the
end of the experiment, rats were sacrificed, and the concentrations of
T, and TSH in serum determined. The BALB/c nude mice (Jackson
ImmunoResearch Laboratories, West Grove, PA) were injected sub-
cutaneously with Huh7-PAI-1 or Huh7-control cells (each 4 x 108
cells), J7-PAI-1 or J7-control cells (each 2 X 10° cells) to determine
the growth rate of the PAI-1-overexpressed cells. After 1 week of
inoculation, the tumor xenografts were measured with two dimen-
sions by caliper once per day. These nude mice were sacrificed at
4~5 weeks after tumor inoculation. Tumor volume was calculated by
the following equation: length X height X width. Another part, the
severe combined immunodeficiency (SCID) mice were injected intra-
venously with J7-PAl-1 or J7-control cells (each 2 X 10° cells) to
examine the invasive ability of PAI-1. These SCID mice were sacri-
ficed at 4 weeks after tumor inoculation, where upon the lung and liver
were removed. Similar injections were performed in nude mice or
SCID mice with various T4 conditions (Group A to C) by using J7-TR
cells. The SCID mice were divided into 3 groups. Group A (euthyroid)
was a control with normal drinking water. Group B (hypothyroid) was
treated with 0.02% methymazole and 0.1% sodium perchlorate in the
drinking water to repress T, synthesis (42). Additionally, Group C
(hyperthyroid) was added T in the drinking water (2 mg/L) (Sigma
Chem. Co., St. Louis, MO) (43). The sacrifice was performed after
about 1 month injection, and the T; concentrations were determined.

Tumor volume was calculated using the following equation: length X
height X width. All procedures were performed under sterile condi-
tions in a laminar flow hood. Animal experiments were performed in
accordance with United States National Institutes of Health guidelines
and Chang-Gung Institutional Animal Care and Use Committee Guide
for the Care and Use of Laboratory Animals.

In Vitro Neutralizing Assay—The influence of PAI-1 on T;-mediated
migration of J7-TRa1 cells was determined using a rapid in vitro assay
(Transwell; Falcon BD). J7-TRa1 cells (5 X 10% were seeded into the
non-matrigel-coated upper chamber of the transwell unit. This cham-
ber contained serum-free DMEM whereas the lower chamber con-
tained DMEM supplemented with 20% (v/v) FBS. J7-TRa1 cells were
pretreated for 1 h with either IgG (control) or an anti-PAl-1 monoclonal
antibody (catalog no. 3783; American Diagnostica, Greenwich, CT)
after exposure to T (10 nm, 24 h) or not (0 nm). After incubation for
24 h at 37 °C, cells traversing the filter from the upper to lower
chamber were counted. All experiments were performed at least three
times.

Statistical Analysis—Data are expressed as mean values * S.E. of
at least three experiments. Statistical analysis was performed using
the Student’s t test and One-way ANOVA analysis. p < 0.05 was
considered statistically significant.

RESULTS

Identification and Quantification of the T,-regulated Secre-
tome Using SILAC—To investigate the TH-regulated secre-
tome and its physiological significance, we utilized hepatocel-
lular carcinoma (HCC) cell lines stably expressing high levels
of wild-type TRa1 as a model followed by SILAC-based quan-
titative proteomic strategy. A schematic diagram of the ex-
perimental design for exploring the T;-regulated secretome in
HepG2-TRa1 cells is shown in Fig. 1A. We collected SILAC-
labeled conditioned media from HepG2-TRa1 cells treated
with (Tz) or without T (Td) for 24 h. Prior to LC-MS/MS
analysis, light and heavy proteins were concentrated and
examined using Coomassie blue stain (Fig. 1B) and Western
blot (Fig. 1C). Western blot analysis clearly revealed the pres-
ence of B-tubulin in the SILAC-labeled total cell extracts but
not conditioned media, indicating that cell death is not the
underlying reason for the presence of a high proportion of
proteins in conditioned media (Fig. 1C). Equal amounts of
heavy and light proteins were mixed and analyzed using
GeLC- or 2D LC-MS/MS. In total, 1742 and 1714 unique
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TABLE Il
Seventy-five candidates list. Proteins were classified using protein name in turn. *manual check

Swiss Prot/Uniprot Ge-LC (E1) 2D-LC (E2) 2D-LC (E3) Secretory pathway prediction®

Candidate® Accession F:grtﬁén Peptide® T?;;Ii'gc Peptide® T':'Z;Ii'gc Peptide® Tf'a/;li- gc Freq? SignalP SecretomeP TMHMM zgggzligtir:)%”?}f?er}‘.a)
Up P02760 AMBP 11 4.16 14 2.84 15 132 2/3 1 0.769 No No

Up P01008 ANT3 6 2.24 15 2.55 12 140 2/3 0.987 0.645 No Yes (56)
Up Q06481 APLP2 4 2.69 10 1.87 9 439 2/3 1 0.507 Yes No

Up P02652 APOA2 2 2.21 10 2.1 10 182 2/3 1 0.849 No Yes (44)
Up P06727 APOA4 13 3.27 12 3.27 13 150 2/3 1 0.419 No Yes (45)
Up Q6Q788 APOA5 4 12.94 6 3.83 7 6.02 3/3 1 0.673 No Yes (46)
Up P02654 APOCT1 4 16.43 4 1251 2/2 A1 0.945 No No

Up P02655 APOC2 3 3.49 3 213 2/2 1 0.964 No Yes (47)
Up P02649 APOE 15 4.99 16 5.18 16 328 33 1 0.88 No Yes (48)
Up P00736 C1R 3 2.24 7 2.19 7 3.10 3/3 0.998 0.697 No No

Up P09871 C18 11 2.98 9 2.70 10 276 3/3 1 0.73 No No

Up P12830 CADH1 2 3.67 4 4.76 4 1.71  2/3  0.999 0.179 Yes Yes (49)
Up 015467 CCL16 3 3.74 2 725 2/2  0.999 0.921 No No

Up P08571 CD14 3 42.20 8 34.84 9 5147 3/3 1 0.674 No No

Up P11597 CEIP 2 4.25 7 10.52 7 14.00 3/3 0.999 0.73 No Yes (50)
Up P36222 CH3LA1 7 3.59 7 3.40 10 218 3/3 0.998 0.645 No No

Up Q9BWS9 CHID1 2 2.45 9 2.62 10 458 3/3 1 0.733 No No

Up P01024 CO3 71 2.27 89 2.29 81 199 2/3 1 0.618 No Yes (13)
Up P39060 COIA1 8 7.60 10 12.97 2/2  0.998 0.166 No Yes (51)
Up QINZVA CRIM1 5 4.00 4 3.08 4 222 3/3 0.995 0.521 Yes No

Up Q9H2A7 CXL16 2 3.52 3 259 2/2 0941 0.179 Yes No

Up QIUBS4 DJB11 5 11.09 8 10.46 8 2126 3/3 0.982 0.707 Yes No

Up Q13217 DNJC3 3 2.15 2 11.98 2/2 0.889 0.38 No No

Up Q9Y6C2 EMILA1 8 3.12 12 476 2/2 1 0.239 No No

Up Q13822 ENPP2 10 4.83 24 4.82 23 436 3/3 0.89 0.488 Yes Yes (52)
Up P62495 ERF1 4 1.73 5 2.00 3 714 2/3 0 0.444 No No

Up P02671 FIBA 10 2.21 26 6.56 15 1.85 2/3 0.999 0.397 No Yes (53)
Up P02675 FIBB 6 2.67 24 3.09 12 128 2/3 0.999 0.534 No Yes (53)
Up P02679 FIBG 18 2.48 19 2.85 18 2.18 3/3 0.932 0.696 Yes Yes (13)
Up P02751 FINC 39 2.23 62 2.92 65 6.91 3/3 0.997 0.369 No Yes (13)
Up 095633 FSTL3 2 3.78 3 253 2/2 0.99 0.9 No Yes (54)
Up P09958 FURIN 5 7.61 6 6.36 2/2 0.982 0.388 Yes Yes (16)
Up Q99988 GDFI5 7 12.37 16 12.44 16 21.12  3/3 0.996 0.882 No No

Up P06396 GELS 14 3.11 13 3.05 2/2 1 0.553 No No

Up P35052 GPC1 5 3.46 5 392 22 1 0.33 No No

Up Q16270 IBP7 2 5 5 1.65 5 498 2/3 0.998 0.536 No No

Up P30740 ILEU 5 2.27 8 217 4 119 2/3 0.015 0.516 No No

Up P05154 IPSP 9 1.91 10 6.31 6 200 33 1 0.838 No No

Up P19823 ITIH2 23 2.22 45 2.29 39 403 33 1 0.509 No No

Up P01042 KNG1 3 4.05 3 2.87 2/2 0.996 0.489 No No

Up P55268 LAMB2 3 2.36 4 2.72 6 1.68 2/3 0.877 0.261 No No

Up P01130 LDLR 3 3.31 9 3.24 8 1.92 2/3 0.999 0.475 Yes Yes (55)
Up P48740 MASP1 4 9.39 8 3.43 8 218 33 1 0.705 No No

Up Q86UD1 OAF 4 3.78 3 458 2/2 1 0.938 No No

Up P05121 PAI1 7 4.66 19 4.53 16 471 3/3 0.999 0.644 No Yes (59)
Up Q15084 PDIA6 2 2.13 9 1.82 7 406 2/3 0.999 0.711 No No

Up P20142 PEPC 2 3.97 2 2.07 2/2 0.999 0.866 No No

Up Q96NZ9 PRAP1 5 4.84 8 420 2/2 1 0.822 No No

Up P10586 PTPRF 5 3.27 7 3.73 14 3.43 3/3 0.998 0.419 Yes No

Up P31431 SDC4 2 13.20 4 6.76 3 761 3/3 1 0.557 Yes No

Up Q13214 SEM3B 7 2.42 10 343 2/2 1 0.343 Yes No

Up Q13275 SEM3F 3 3.19 3 296 2/2 1 0.5 No No

Up 075326 SEM7A 5 5.20 8 5.70 6 2.66 3/3 0.999 0.484 No No

Up P04278 SHBG 5 3.48 6 206 2/2 1 0.708 No No

Up P50453 SPB9 3 3.14 4 3.29 2 191 2/3 0.016 0.559 No No

Up Q9BUD6 SPON2 2 10.47 2 11.03 2/2 0.999 0.766 No Yes (37)
Up Q92563 TICN2 7 9.33 16 4.99 18 722 3/3 1 0.232 No No

Up P16035 TIMP2 4 3.58 5 4.22 2 350 33 1 0.854 No No

Up Q8WUA8 TSK 2 14.48 2 5.32 3 2589 3/3 1 0.724 No No

Up P02774 VTDB 2 3.42 10 3.10 5 059 2/3 1 0.434 No No

Up Q6PCBO VWA1 6 3.07 3 275 2/2 1 0.517 No Yes (57)
*Up Q03405 UPAR 2 7.80 N 0.737 No No

*Up Q9GZN4 BSSP4 3 3 325 11 0.989 0.744 No No
Down P19022 CADH2 6 0.40 9 0.37 7 0.56 2/3 0.999 0.203 Yes No
Down P10909 CLUS 8 0.48 10 0.58 10 0.5 2/3 1 0.826 No Yes (13)
Down P15924 DESP 8 0.03 4 0.5 3 171 23 0 0.183 No No
Down 094907 DKK1 2 0.20 6 0.31 2/2  0.997 0.952 No No
Down P02794 FRIH 4 0.49 3 038 22 0 0.621 No Yes (58)
Down P38159 HNRPG 3 0.32 4 0.41 3 353 2/3 0 0.276 No No
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TaBLE ll—continued

Swiss Prot/Uniprot Ge-LC (E1) 2D-LC (E2) 2D-LC (E3) Secretory pathway prediction®

. . Protei - T3/TdC b T3/Tde -y T3/TdC . Thyroid h
Candidate® Accession r:gnfén Peptide® ?a/';li—g Peptide® f’;:i—g Peptide® ?;;Ii—g Freq? SignalP SecretomeP TMHMM asgggligtio%rTF?er}.e)
Down Q86YZ3 HORN 7 0.03 3 0.01 3 25.1 2/3  0.019 0.087 No No
Down Q8WUJ3 K1199 8 0.14 18 0.18 12 0.16 3/3 0.993 0.42 No No
Down P14923 PLAK 6 0.14 6 0.4 22 0 0.475 No No
Down P06737 PYGL 5 0.39 10 0.5 10 072 2/3 0 0.381 No No
Down 015240 VGF 3 0.42 3 0.27 2/2 1 0.315 No No
*No-change Q16658 FSCN1 4 0.95 4 0.95 3 0.87 3/3 0.001 0.385 No No

& Up-regulated, down-regulated and non-changed by T;.
© peptide, the number of identified peptides.

¢ Fold change in target protein expression in T treatment (T,) or not (Td) cells.
9 Freq, frequency of target up, down-regulated and non-changed proteins in detectable samples.
¢ Proteins predicted secretory pathway using singalP, secretomeP and TMHMM software.

TasLE Il
Biological network of 72 expressed proteins by MetaCore software analysis

GeneGo map p-Value Features (Proteins)
1. Blood coagulation_Blood coagulation 4.434e-13 Up: PAI-1, FINC, FIBG, KNG1, ANT3, IPSP5
2. Immune response_Classical complement 1.452e-12 Up: CO3, C1R, C1S
Down: CLUS

3. Immune response_Lectin induced 4.727e-11 Up: CO3, MASP1

complement pathway Down: CLUS
4. Cell adhesion_Cadherin-mediated cell 6.024e-6 Up: PTPRF, CADH1

adhesion Down: CADH2, PLAK
5. Development_TGF-beta-dependent 2.046e-5 Up: PAI-1, CADH1, FINC

induced of EMT via SMADs

Down: CADH2

proteins were identified and quantified, respectively, in three
independent experiments, the data from which are shown in
Fig. 1D. Of these proteins, 1205 identified and 1176 quantified
proteins were consistently present in at least two of the three
tests (Fig. 1D). The details of peptide and protein identification
and quantification are shown in supplementary Tables S1
and S2, respectively.

To elucidate the potential secretion mechanisms of the
identified proteins, different bioinformatics programs, includ-
ing SignalP, SecretomeP, and TMHMM, were employed. The
predicted secretion pathways of proteins identified in the
three experiments (E1+E2+E3) are summarized in Table I.
Among the 1742 proteins, SignalP predicted that 399 were
released via the classical secretion pathway (SignalP proba-
bility =0.90), the SecretomeP program predicted that another
484 were secreted via the nonclassical secretion pathway
(SignalP probability <0.90 and SecretomeP score =0.50),
and the TMHMM program estimated that 26 others were not
secreted via either the classical or non-classical secretion
pathways. Collectively, our data suggest that 52.2% (909 of
1742) of the identified proteins are potentially released into
extracellular space via different pathways.

Validation and Pathway Analysis of Protein Candidates—
Using twofold change as the criterion for selection of T;-
regulated candidates, 50, 83, and 232 up-regulated as well as
20, 41, and 59 down-regulated proteins in T;-treated cells
were identified in the E1, E2, and E3 experiments, respectively
(Fig. 1E). Among these, 61 and 11 proteins that were consis-

tently up-regulated and down-regulated, respectively, in two
(or more) of the three experiments were selected as T,-regu-
lated candidates (Table Il). Twenty-three of the 72 candidates
(31.9%) have been previously determined as T;-associated
proteins (13, 16, 37, 44-59), and the remaining proteins de-
tected for the first time in this study.

To explore the statistically significant biological networks
regulated by T, the 72 candidates were analyzed using the
GeneGo pathway map tool of MetaCore™ (60). The analysis
revealed five significant pathways (p < 0.0001) with at least
three participating candidates (Table llI), including blood co-
agulation, classical and lectin-induced complement path-
ways, cadherin-mediated cell adhesion, and the TGF-B-de-
pendent development network. Seven of 15 candidates
involved in these pathways have previously been reported as
T,-regulated target genes, specifically, ANT3, CADH1, CLUS,
CO3, FIBG, FINC, and PAI-1 (Tables Il and IlI).

Ten differentially expressed candidates (including 8 in-
creases, 1 decrease and 1 no change) with available antibod-
ies were selected for further Western blot analyses, with a
view to validate the quantitative proteomics results. As shown
in Fig. 2, all proteins were regulated by T, in a dose-depen-
dent manner. Western blotting data were consistent with the
MS-based quantitative results. The MS spectra of the repre-
sentative peptides of proteins are displayed in Fig. 2. For
example, fascin1 was not altered following T, treatment and
thus taken as a reference for the other T;-regulated targets.
Notably, the levels of fibrinogen (FIBG), fibronectin (FINC),
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Fic. 2. Validation of identified proteins. Conditioned media of HepG2-TRa1 cells treated with different concentrations of T; (0, 1, 10 nwm)
at 24 h were electrophoresed using 12% SDS-PAGE, followed by Western blot analysis. The MS spectrum, identified peptide sequence, and
quantified T4/Td ratio (arrow, first peak of spectrum; T, 10 nm; Td, Ts-depleted) are presented.

furin (FURIN), gelsolin (GELS), kininogen-1 (KNG1), plasmin-
ogen activator inhibitor-1 (PAI-1), spondin-2 (SPON2), and
metalloproteinase inhibitor-2 (TIMP2) were increased, and
cadherin-2 (CADH2) decreased in conditioned media after T,
treatment. Based on the above data, we propose that T is
potentially involved in both blood coagulation and progres-
sion of the epithelial-mesenchymal transition via regulation of
PAI-1 (Table Ill), which is known to participate in these bio-
logical pathways (see the REACT_604 data).

Previously, we reported that T; plays an important role in
blood coagulation by stimulating the expression of fibrinogen
and a few blood clotting factors. PAI-1 inhibits the serine
proteases tissue-type plasminogen activator (tPA) and uroki-
nase (u)PA/urokinase, and hence inhibits fibrinolysis. Addi-
tionally, PAI-1 is particularly associated with the process of
metastasis, poor prognosis and high mortality (26). Earlier, Biz
et al. showed that thyroid hormones increase the level of
PAI-1 mRNA expression in 3T3-L1 adipocytes (59). This find-
ing links T5 and PAI-1 expression. In view of these findings,
PAI-1 was selected for further study.

Effects of T Treatment on PAI-1 mRNA and Protein Ex-
pression—Four HepG2 cell lines, including HepG2-TRa1#1,
HepG2-TRa1#2, HepG2-TRB1, and HepG2-neo expressing
various levels of TR, were established (Fig. 3A). Regulation of

PAI-1 by different concentrations of T at different time-points
was investigated. Notably, PAI-1 expression was stimulated
by T, in the HepG2-TRa1#1, HepG2-TRa1#2, and HepG2-
TRB1 cell lines, both at the mRNA (up to 17X, Fig. 3B) and
protein levels (up to ~20X, Fig. 3C). However, T; had mar-
ginal or no effect on PAI-1 expression in HepG2-neo cells
(Figs. 3B, 3C). The data suggest the PAI-1 regulation by T, is
TR-dependent. We selected three other HCC cell lines (Huh7,
J7, and Mahlavu) expressing detectable endogenous TR.
Similarly, PAI-1 was activated after treatment with 0, 1, and 10
nMm T4 at 12, 24, and 48 h in parental Huh7 hepatoma cell lines
(Fig. 3C, data not shown). Thus, T, appears to regulate PAI-1
in both HepG2 isogenic cell lines and those with detectable
endogenous TR.

To further determine the in vivo response of PAI-1 to T, two
groups of 6 week-old male S.D. rats (n = 6 in each group)
were surgically thyroidectomized. Subsequently, one of the
thyroidectomized groups (Tx), used as the sham-operated
control (sham), did not receive the T, injection, whereas the
other group (Tx+T5) was injected with T, daily for 2 weeks.
After 2 weeks, rats were sacrificed, livers were removed and
serum from each group were collected to examine the con-
centrations of T; and TSH, respectively (16). The T,-treated
group (Tx+T,) displayed enhanced PAI-1 mRNA and protein
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Fic. 3. Ts-regulated PAI-1 expression in HepG2 cells. A, Expression of TR was determined via Western blotting in cell extracts of three
HepG2-TR stable lines and HepG2-neo cells. HepG2 cells were transfected with TRa1 or TRB1, as described under “Experimental Proce-
dures.” The positions of 47 kDa TRa1 and 55 kDa TRB1 are indicated. TR bands are quantified in the right panel. PAI-1 expression was
determined in the three HepG2-TR stable lines and HepG2-neo cells at 12-48h in the absence or presence of 1 and 10 nm T, using (B) Q-PCR
and (C) Western blotting. D, PAI-1 expression was induced by T, and determined using Q-PCR and Western blotting in rat liver (sham, Tx,
Tx+T,), as described under “Experimental Procedures.” Values are shown as fold induction of PAI-1mRNA relative to 0 nm T5 at each time point

or Tx. Differences were analyzed using the One-way ANOVA analysis,

expression, compared with the Tx group (Fig. 3D). These
measurement results support the regulation of PAI-1 expres-
sion by thyroid hormones.

T5 Induces PAI-1 Expression at the Transcription Level—To
further clarify whether T, affects PAI-1 regulation at the tran-
scriptional level, the reporter assay was performed to locate
the thyroid hormone response element (TRE). The PAI-1
5'flanking region encompassing nucleotides -2261/+1203
(relative to the transcription initiation site) with three predicted
putative TREs (Fig. 4A) was cloned and inserted upstream of
the luciferase reporter gene in pGL2-luc (Construct p1) and
pA3TK-luc (containing a minimum thymidine kinase promoter)
vectors (Construct p4). Moreover, serial deletion mutants
were constructed (Fig. 4A, left). The transcriptional activities
of the PAI-1 promoter fragments are illustrated in Fig. 4A,

**p < 0.01; *p < 0.05.

right. The luciferase activity of the —-2261/+1203 construct
(p2) was increased 6.7-fold in the presence of 10 nm T5 in
HepG2-TRa1 cells, compared with the activity of the pGL2-
luc vector. Four truncated fragments were further cloned and
transfected into HepG2-TRa1 cells, specifically, —169/+1203
(p8), —2261/-1733 (p5), —1820/-1200 (p6), and —=780/-169 (p7)
constructs. Among these, only the -780/-169 (p7) construct
was activated about eightfold after T, treatment. Subse-
quently, we divided the -780/-169 (p7) construct into —760/
—400 (p8) and -520/-130 (p9) fragments, and showed that
only the latter construct (-520/-130) was activated (~7.5-fold)
by T5. The -520/-130 (p9) fragment was predicted to contain
the three putative TREs. This fragment was further divided
into three regions, -379/-277 (p10), —-219/-140 (p11), and
-520/-360 (p12). Among these, only the -379/-277 (p10) con-
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Fic. 4. Regulation of PAI-1 expression by T; at the transcriptional level. A, HepG2-TRa1 cells were transfected with luciferase reporter
plasmid driven by the PAI-1 5'-flanking region (positions —2261 to +1203 containing three putative TRE sites) with or without a pA3TK-luc.
Promoter activities were calculated, relative to 0 nm T (+T4/-T3), and further normalized to the pA3TK-luc control as well as B-galactosidase
activities (Tz-induced changes were normalized to that of -gal). Columns, mean values obtained from at least three independent experiments
performed in triplicate; bars, S.E. Cells were incubated for 24 h in the presence or absence of T; (10 nv) before harvesting to determine
luciferase activity. Deletions and mutations in the PAI-1 5’-flanking region were also generated in pA3TK-luc vector, and the resulting
constructs transfected into cells. B, ChIP assay demonstrating that TR is recruited to the PAI-1 5’-flanking region, together with RXR. Two sets
of primers for PAI-1 TRE, positive control TRE (FURIN) and negative control (GAPDH) were prepared. ChlP assay data were evaluated with PCR

and gel electrophoresis. Representative results are shown.

struct containing two putative TREs was activated about six-
fold by T; in HepG2-TRa1 cells. The two TREs in the -379/
—277 (p10) fragment were sequentially mutated to yield p13 and
p14 constructs. After mutation of putative TRE (F2), luciferase
activity of the p14 construct was still stimulated by about sixfold
by T in HepG2-TRa1 cells. Conversely, after mutation of puta-
tive TRE (DR4), luciferase activity of the p13 construct was
completely abolished (Fig. 4A, right). These data strongly sug-
gest that T, regulates PAI-1 expression at the transcriptional
level, and the putative TRE site exists between positions -379/
—277 (p10) encompassing a DR4-like sequence between posi-
tions -327~-312 (AGGTCA AGGG AGGTTC).

TR and RXR Proteins Form a Complex with TRE (—327~
—312) Located in the PAI-1 Promoter—To further determine
whether PA/-1 TRE (DR4) is directly targeted by TR proteins,
the ChIP assay was performed. TR proteins clearly associated
with the TRE region of the PAI-1 promoter in vivo (Fig. 4B).
TRa1 and RXRa were clearly recruited to the TRE-binding site
(Fig. 4B, lanes 12 and 13), whereas control IgG produced only
background levels (lane 11). The positive control (human
FURIN gene containing TRE) showed detectable bands with
antibodies against TRs or RXRa (lanes 8-9). However, no
bands were detected using a primer set for the negative
control (human GAPDH gene, lanes 3-5). Data from the ChIP
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Fic. 5. Functional assay of PAI-1 in hepatoma cells. The pcDNA3.0-PA/-1 or pcDNAS3.0 construct was transfected into Huh7 cells to
establish stable Huh7-PAI-1 or Huh7-control lines. Expression of PAI-1 was detected in PAI-1-overexpressing clones (#1, #2) and controls
(control#1, #2) with Western blotting (A). B, Migration and (C) invasion abilities were analyzed through a Transwell assay in two PAI-1
over-expressing and two control cell lines. The stable lines (5 X 10 were added to the upper chamber of Transwell units and incubated for
24 h. The number of cells traversing the filter to the lower chamber was determined and expressed as the total number of cells to provide an
index of migration and invasion activity. Transwell filters were stained with crystal violet in the upper panel, and migration and invasion ability
quantified in the lower panel. Values are shown as fold increase of Huh7-PAl relative to Huh7-control. Differences were analyzed using the
One-way ANOVA analysis, **p < 0.01. (D) Proliferation ability was analyzed with the MTT assay, as described under “Experimental
Procedures.” Cell growth rates were determined based on absorption at 570 nm/650 nm up to 7 days. E, Nude mice were injected
subcutaneously with Huh7-control (left) and Huh7-PAlI-1 (right). Assays were performed 5 weeks after inoculation of tumor cells. The image
showed two reprehensive tumor volumes in nude mice (total n = 3) after 5 weeks. The statistics graph indicates that tumor size increased with
time, both in control cells and those overexpressing PAI-1 up to 5 weeks.

assay thus demonstrate that the TRa1 and RXRa complexes
bind to the PAI-1 promoter.

PAI-1 is Associated with Cell Motility and Proliferation In
Vitro or In Vivo—To determine the function of PAI-1, PAI-I
overexpressing (Fig. 5A, Huh7-PAI-1 #1 and #2) or control
cell lines (Fig. 5A, Huh7-control #1 and #2) were estab-
lished. Notably, cell lines with overexpression of PAI-1
(Huh7-PAI-1 #1 and #2) displayed significantly increased

(~two- to threefold) migration and invasion, compared with
control cells (Huh7-control #1 and #2) (Figs. 5B, 5C). Images
of cells migrating through the upper chamber stained with
crystal violet are presented in Figs. 5B and 5C. Fig. 5D
shows the proliferation rates of the two cell lines stably
overexpressing PAI-1 (Huh7-PAI-1 #1 and #2), which were
higher than those of the two control cell lines (Huh7-control
#1 and #2). The expression level of PAI-1 in Huh7 cells

Molecular & Cellular Proteomics 11.4
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Fic. 6. T3 increased J7-TRa1 cell migration and proliferation both in vitro and in vivo. PAI-1 expression was determined in the (A)

J7-TRa1 cells treated with or without 1 or 10 nm T5 for 24h using Western blotting. In vitro (B) migration and (C) proliferation were analyzed
through a Transwell assay or MTT assay in J7-TRa1 cells in the absence or presence of 1 or 10 nm T; as described under “Experimental
Procedures.” D, The nude mice injected subcutaneously with J7-TRa1 cells that were divided into hyperthyroid, euthyroid and hypothyroid
groups (n = 6 per group). The tumor sizes and weights of three groups were measured up to 25 days after inoculation of tumor cells. E, The
metastasis index (fold, density of tumor numbers in per cm? area) in the lung of J7-TRa1 cells (hyperthyroid, euthyroid and hypothyroid) are
shown. The (F) tumor foci and PAI-1 expression were displayed by H&E staining and IHC, respectively. The tumor foci cover almost all areas
seen in (F). Values are shown as fold induction relative to 0 nm T or hypothyroid. Differences were analyzed using the One-way ANOVA

analysis, **p < 0.01; *p < 0.05.

induced with 10 nm T, for 24 h was about 40% that of
Huh7-PAI-1 cells (data not shown).

To investigate whether the effects of PAI-1 in vitro could be
applied in vivo, nude mice were employed. We established a
xenograft of stable Huh7-PAI-1 cells in BALB/c nude mice.
Nude mice were subcutaneously injected with Huh7-PAI-1 or
Huh7-control (Fig 5E), and tumor sizes measured from two to
five weeks after injection. Tumor volume and weight are
shown in Fig. 5E left (right: Huh7-PAI-1, left: Huh7-control).
Additionally, tumor sizes from the two groups (Huh7-PAI-1
and Huh7-control) of mice are illustrated in Fig. 5E right. On
average, tumors sizes of mice injected with Huh7-PAI-1 cells
were two- to fivefold larger than those of control mice.

PAI-1 May Contribute to T,;-mediated Phenotypes—To ex-
plore the function of PAI-1 induced by T;, J7-TRa1 cells were
established (Fig. 6A). Notably, PAI-1 was induced about
threefold by various doses of T; (Fig. 6A), and such cells
showed significant increases (~fourfold) in migration (Fig. 68)

and proliferation (twofold; Fig. 6C), compared with control
values (obtained from cells not exposed to Tj).

To investigate whether the in vitro effect of T, was evident
in vivo, nude and SCID mice were injected with J7-TRa1 cells.
The animals were subjected to hyperthyroid, euthyroid, and
hypothyroid conditions after injection. In the in vivo prolifera-
tion assay, tumors in hyperthyroid nude mice were larger (Fig.
6D, left) and heavier (Fig. 6D, right) than was the case with the
other two groups (Fig. 6D). Further, the hyperthyroid group of
SCID mice, injected with J7-TRa1 cells, displayed more lung
foci, a higher metastatic index (Fig. 6E), and a more elevated
level of PAI-1 expression than did the other groups, as shown
by hematoxylin and eosin staining (H&E) (Fig. 6F; a, b, c) and
immunohistochemistry (IHC) (Fig. 6F, d, e, f), respectively.

Additionally, stable J7-PAI-1 lines were established. Two
stable PAI-1 clones (J7-PAI-1 #1 and #2) expressed PAI-1 at
levels at least seven- to eightfold higher than those of the two
control lines (J7-control #1 and #2) (Fig. 7A). Notably, two cell
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Fic. 7. PAI-1 increased cell migration and proliferation in J7 cells both in vitro and in vivo. PAI-1 expression was determined in (A)
J7-PAl-1 and control stable lines using Western blotting. /n vitro (B) migration and (C) proliferation were analyzed through a Transwell assay
and MTT assay of two PAI-1 over-expressing and two control cell lines as described under “Experimental Procedures.” D, The nude mice
injected subcutaneously with J7-control and J7-PAl-1 cells. The tumor sizes (left) and weights (right) were measured up to 25 days after
inoculation of tumor cells. The metastasis index (fold, density of tumor numbers in per cm? area) in lung of (E) J7-PAI-1 and J7-control cells
are shown. The (F) tumor foci and PAI-1 expression of J7-control and J7-PAl-1 cells were displayed by H&E staining or IHC, respectively. The
tumor foci cover almost all areas seen in (F). Values are shown as fold increase relative to J7-control. Differences were analyzed using the

Student’s t test or One-way ANOVA analysis, *p < 0.05.

lines showing elevated PAI-1 expression (J7-PAlI-1) exhibited
increased migration (Fig. 7B) and proliferation (Fig. 7C) in
vitro. To investigate whether the effects of PAI-1 in vitro could
be observed in vivo, nude and SCID mice were employed. In
nude mice, tumors overexpressing PAI-1 were clearly larger
(Fig. 7D, left) and heavier (Fig. 7D, right) than were tumors
containing J7 control cells (Fig. 7D). Similarly, in SCID mice,
J7-PAl-1 cells formed higher numbers of lung foci and had a
higher metastatic index (Fig. 7E) compared with control cells,
as shown by H&E staining (Fig. 7F; a, b) and IHC (Fig. 7F; c,
d), respectively. The PAI-1 expression level in J7-TRa1 cells
induced with 10 nm T; for 24 h was about 90% that of
J7-PAI-1 cells (data not shown). Regardless of whether the
PAI-1 expression was inducible (T5-induced J7-TRa1) or con-
stitutive (J7-PAI-1), cellular migration and proliferation were

increased in the two cell lines both in vitro and in vivo (Figs. 6
and 7).

Previously, we showed that cathepsin H (CATH) expression
was also directly regulated by T, in human hepatoma cell lines
and that CATH enhanced the metastatic potential of hepa-
toma cells by increasing the activities of MMP-2 (61). There-
fore, we sought to understand whether MMP2 or MMP9 was
a downstream effector of PAI-1 as both MMPs share the
same substrate. MMPs are zinc- and calcium-dependent en-
dopeptidases involved in proteolytic processing (62). The ac-
tivities of MMP2 and MMP9 were determined with the gelatin
zymography assay. Both pro-MMP2 (72 kDa) and active
MMP2 (67 kDa) activities were increased in PAI-1-overex-
pressing stable lines (Huh7-PAI-1 #1 and #2), but not in con-
trol cells (Huh7-control #1 and #2). In contrast, pro-MMP9 and
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Fic. 8. PAI-1 involved in the T,-modulated migration pathways. A, MMP activities of Huh7-control and Huh7-PAI-1 (4 X 106) stable lines
were analyzed with the zymography assay, as described under “Experimental Procedures”. The positions of proenzyme and active MMPs are
indicated. B, MMP expression and activity of HepG2-TRa1 cells treated with or without 1 and 10 nm T, for 24h were analyzed with the (B, upper
panel) Western blotting and (B, lower panel) zymography assay, as described under “Experimental Procedures.” The positions of proenzyme
and active MMPs are indicated. C, HepG2-TRa1 cells were pre-treated for 1 h with 15 ug/ml IgG and PAI-1 neutralizing antibody following
treatment with T; (10 nm, 24h) or without (0 nm), and analyzed by (C, upper panel) Western blotting and (C, lower panel) zymography assay.
D, J7-TRa1 cells (5 X 10%) were seeded on the upper chamber of the transwell unit. J7-TRa1 cells in the upper chamber were incubated with
serum-free medium, and the lower chamber contained 20% FBS DMEM. J7-TRa1 cells were pre-treated for 1 h with IgG and PAI-1 neutralizing
antibody, following treatment with T; (10 nm, 24 h) or without (0 nm). The graph shows the number of filters with cells infiltrating the lower
chamber from the upper chamber, providing an index of migration activity, as described under “Experimental Procedures.” Values are shown
as fold increase relative to the IgG control. Differences were analyzed using the Student’s t test, *p < 0.05.

active-MMP9 were not detected, even in PAI-1-overexpress-
ing stable cells (Fig. 8A).

MMP2 activity and expression in response to T, treatment
were assessed by Western blotting (Fig. 8B, upper panel) and
zymography (Fig. 8B, lower panel). Such activity and expres-
sion were up-regulated by T, in a dose-dependent manner, in
HepG2-TRa1 cells (Fig. 8). The influence of T, on MMP2
activity and expression was similar to that in cells overex-
pressing PAI-1 (Fig. 8B, lower panel versus Fig. 8A). In addi-
tion, we used an anti-PAI-1 antibody to explore whether PAI-1
was involved in T;-mediated regulation of MMP2 activity. We
found that anti-PAI-1 antibody reduced (~32-42%) the
MMP2 expression (Fig. 8C, upper panel, lane 4 versus 2) and
activity (Fig. 8C, lower panel, lane 4 versus 2) induced by T,.

To further explore whether PAI-1 was involved in T;-mod-
ulated cell migration, we performed an in vitro migration assay
featuring addition of anti-PAI-1 (neutralizing) antibody at sev-
eral concentrations after T; treatment. The migration ability

gradually decreased in an anti-PAI-1 antibody concentration-
dependent manner. Treatment with this antibody (20 wg/ml)
reduced migration of J7-TRa1 cells by ~20-30% compared
with that of control cells treated with IgG (Fig. 8D), suggesting
that PAI-1 plays at least some role in T;-mediated cell migra-
tion. Collectively, PAI-1 overexpression enhanced tumor
growth and migration in a manner similar to what was seen
when T; induced PAI-1 expression in J7-TRa1 cells, both in
vitro and in vivo.

The Urokinase Plasminogen Activator System is Mediated
by the Thyroid Hormone—The uPA system is activated in
many cancers (26). In addition to PAI-1, urokinase plasmino-
gen activator surface receptor (UPAR) and brain-specific ser-
ine protease 4 (BSSP4), involved in the uPA system (63),
quantified in one of the three SILAC experiments, displayed a
significant increase (To/Td >3) in T,-treated HepG2-TRa1
cells (Table Il). Protein and mRNA levels of uPAR and BSSP4 in
conditioned media and extracts were validated using Western
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Fic. 9. Validation of the proteins involved in the urokinase plasminogen activator system. (A, B, E, F) Conditioned media and mRNA
from HepG2-TRa1 cells treated with different T concentrations (0, 1, 10 nw) for 12-48 h were analyzed using Western blot and Q- RT-PCR
(UPAR, A, B; BSSP4, E, F). (C, D, G, H) Images showing MS spectra, MS/MS spectra, identified peptide sequences and quantified T,/Td ratio

(arrow head, first peak of the spectrum; T5, 10 nm; Td, T5-depleted) (UPAR, C, D; BSSP4, G, H).

blotting and quantitative RT-PCR, respectively. As shown in
Figs. 9A, 9B, 9E, 9F, uPAR, BSSP4 protein and mRNA expres-
sion were increased in a time-course and dose-dependent
manner following T; treatment. MS and MS/MS spectra of the
representative peptides of each protein are presented in Figs.
9C, 9D and 9G, 9H to indicate the confidence of MS-based
identification and quantification of these two proteins.

DISCUSSION
In this study, we have established the T;-mediated HepG2-
TRa1 secretome using a SILAC-based proteomics approach.
Two protein/peptide separation techniques, GeLC and 2D-
LC, were employed. Using the GeLC-MS/MS strategy, 635
proteins were identified, 56% of which were predicted using
secretion pathway analyses. These results were comparative

to the report of Wu et al. showing that 62.6% of the secreted
proteins (485 of 775) identified in HepG2 cells could be pre-
dicted (31). In addition, up to 62% of secreted proteins coex-
isted in the two HepG2 secretome databases analyzed with
the GeLC-MS/MS strategy. On the other hand, about 40%
secreted proteins were only identified in one study, indicating
that limitations of protein identification with the GeLC-MS/MS
strategy exist for the HepG2 secretome. Therefore, LC-based
peptide separation analysis, 2DLC-MS/MS, was performed. A
comparable number of proteins were identified in two inde-
pendent experiments (E2 and E3), specifically, 1508 proteins
in E2 and 1350 in E3. Our results indicate that 2DLC-MS/MS
is more effective than GeLC-MS/MS for the identification of
proteins from the HepG2 secretome. In total, 1742 and 1714
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Fic. 10. Schematic presentation of the pathway of TH-mediated migration and urokinase plasminogen activator system. Addition of
T5 (10 nv) to HepG2-TRa1 cells activated PAI-1 expression via direct binding of TR proteins to TRE (-327~-312) of the PAI-1 promoter. MMP2
activity was altered in the presence of PAI-1 in Huh7 cells. PAI-1, uPAR and BSSP4 proteins, involved in the same pathway of the uPA system,

were regulated by TH in SILAC-based experiments.

protein in the HepG2 secretome were identified and quanti-
fied, respectively. To our knowledge, this is the largest HepG2
secretome database reported to date.

We validated 12 candidates represented in three indepen-
dent experiments (FIBG, FINC, FURIN, GELS, KNG1, PAI-1,
SPON2, TIMP2, CADH2, FSCN1, uPAR and BSSP4) using
Western blotting. These results further confirmed data
obtained from SILAC-based analysis, supporting the theory
that the SILAC strategy represents a powerful tool to investi-
gate the T;-mediated secretome. Furthermore, we identified
25 TH-regulated plasma proteins in the human HCC cell line
using cDNA microarray (13). Among them, the current SILAC-
based secretome mainly contained 21 including transferrin,
prothrombin, fibrinogen, angiotensinogen, clusterin, hapto-
globin, lipoprotein, and complement. Chan and co-workers
reported some TH-regulated genes (angiopoietin-related
protein 2, BHMT2, CDAT7L, and ectonucleotide pyroph pha-
tase/ph phodiesterase family member 2) related to cancer
progression that were also identified in our SILAC-based
dataset (64). CATH is slightly increased in the TH-regulated
secretome (~1.61X) and overexpressed in numerous can-
cers, including glioma, melanoma, breast carcinoma, colo-
rectal and prostate carcinoma (61, 65-68). Moreover, sev-
eral tumor-associated genes, such as furin (FURIN) and
gelsolin (GELS), are up-regulated by T, in the SILAC secretome
(16, 69). The T;-mediated secretome established in this study
may thus provide a resource to explore TH-regulated tumor
markers.

Recently, more reports have demonstrated the PAI-1 plays
a crucial role in cancer cell survival and viability via alterations
in the cell signaling pathway (70-72). PAI-1 has been previ-
ously identified, by two dimensional-PAGE, in the secretome

of human HepG2 cells (73). PAI-1, one of the T, targets, was
extensively characterized to elucidate the molecular mecha-
nism of its regulation by T; in isogenic HepG2 cell lines. We
have shown that T induces PAI-7 mRNA and protein expres-
sion in HepG2 and Huh7 cell lines expressing detectable
endogenous TR proteins as well as in thyroidectomized rats.
Further, it has been reported that thyroid hormones stimulate
PAI-1 mRNA expression in 3T3-L1 adipocytes, but the effect
was not observed in vivo at either the mRNA or protein level in
adipose tissue of T,-treated rats (59). These findings suggest
that adipocytes can respond in a diverse manner to thyroid
hormones in vitro or in vivo. Further studies confirmed that T,
up-regulates PAI-1 at the transcription level, and TR and
RXRa complexes directly bind TRE between positions -327/
-312 of the PAI-1 gene 5'-flanking region. Additionally, cell
lines overexpressing PAI-1 showed higher migration and pro-
liferation abilities, both in vitro and in vivo. Importantly, PAI-1
may aid in accelerating cell migration by abrogating the inter-
actions between vitronectin and uPAR as well as plasmin and
uPA, suggestive of vital roles in modulating cell adhesion and
motility (74). The PAI-1-mediated migration was parallel with
the enhancement of MMP2 activity, which was consistently
with the previous report that PAI-1 plays as a crucial role to
modulate matrix remodeling in extracellular space (75, 76).
Collectively, these results suggest T, additionally promotes
MMP activation, in parallel with PAI-1-mediated migration, by
enhancing MMP2 activity. We speculate that PAI-1 is involved
in To/TR-mediated liver cancer progression.

Clearly, Ty-mediated cell migration was significantly re-
duced upon addition of anti-PAI-1 antibody, but inhibition was
not complete. T, exerts pleiotropic effects on cell migration
and metastasis mediated by several genes including non-
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metastatic 23 (NM23) (77), FURIN (16), pituitary tumor-trans-
forming 1 (PTTG1) (17), CATH (61), and methionine adenosyl-
transferase 1 (MATA1) (38); PAI-1 is only one of the known
T,-regulated targets. Additionally, MMP2 activity and expres-
sion were influenced by T; treatment in the present study;
such an effect is therefore not unique to PAI-1. Extracellular
PAI-1 activity, but not intracellular PAI-1 activity, can be abol-
ished by neutralizing antibody. Therefore, T;-mediated cell
migration was partially inhibited by such an antibody.

In addition to PAI-1, uPAR and BSSP4 involved in the uPA
system were also identified and quantified as TH-mediated
targets in the SILAC-based analysis (Table Il). The uPA system
is a serine protease family (including tPA, uPA, uPAR, and
PAls) that is activated in many cancers and are frequently
associated with cancer cell progression and high mortality
(26). Moreover, Yasuda et al. showed the BSSP4, a novel
member of the uPA system, is a serine protease that catalyzes
the activation of inactive uPA (63). The sequence of events
following activation with T, in SILAC-based experiments is
depicted in Fig. 10. Taken together, we have successfully
identified TH-regulated target genes involved in the uPA sys-
tem using the SILAC-based strategy. Several genes impli-
cated in cancer cell progression are altered by T;, but the
mechanism involved in TH-regulated secretion or signaling
remains to be established. Our SILAC-based secretome da-
taset may be employed as a reference for determining the
proteins involved in tumor progression and prognosis.
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