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transcriptional factors [3]. Successful suppression
of transcription by Py-Im polyamides has been
demonstrated for several genes [4]. In the current
study, we synthesized three Py-Im hairpin polya-
mides against sequences flanking the HRE of the
human VEGF gene. A combination of three Py-Im
hairpin polyamides suppressed HIF-induced tran-
scription in reporter assays and successfully sup-
pressed transcription and translation of the VEGF
gene in A498 cells.

Materials and methods
Determination of target sequences

On the basis of the rules of sequence-recognition by
Py-Im polyamides [4-6], we designed three Py-Im
hairpin polyamides targeting 4-5-base-pair se-
quences flanking the HRE of the human VEGF
gene (Figure 1). Target sequences were set between
A/T or T/A pairs according to the reported se-
quences that successfully suppressed other transcrip-
tional factors [4]). For A/T or T/A, we used a B-
alanine pair that degenerately recognizes these base
pairs and increases the affinity of the polyamides to

o]

N

the target sequences by correcting intramolecular
distortion [7].

Preparation of pyrrole-imidazole hairpin polyamides

N-methylpyrrole  (Py)-N-methylimidazole (Im)
polyamides were synthesized by using a previously
described Fmoc solid-phase method [8]. Polyamides
were purified by high performance liquid chromato-
graphy (HPLC) with a Jasco PU-980 HPLC pump,
a UV-975 HPLC UV/VIS detector, and a Chemco-
bond 5-ODS-H column (4.6 mm x 150 mm).
HPLC was performed using 0.1% acetic acid and a
linear gradient (20-30% for polyamide no. 1, 10—
50% for polyamide no. 2, and 20-30% for poly-
amide no. 3) of acetonitrile at a flow rate of 1.0 ml/
min with detection at 254 nm. Polyamides were
eluted at 30.0 min. Structures of the synthesized
polyamides were verified by electron spray ionization
mass spectra (ESIMS) recorded on a PE Sciex API
165 mass spectrometer. Molecular weights of poly-
amides measured by ESIMS are listed in Table L
Synthesized polyamides were lyophilized and stored
at —20°C, and dissolved in dimethylsulfoxide for
the experiments.
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Figure 1. Target sequences and chemical structures of the N-methylpyrrole-N-methylimidazole hairpin polyamides. Consensus binding
site for HIF is indicated by an open box. Open and closed circles represent imidazole and pyrrole rings, respectively. Dp and b denote

dimethylaminopropylamine and b-alanine residues, respectively.
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Table I. Molecular weights of polyamides measured by ESIMS.

Molecular weight

Polyamide Composition formula Calculated Observed
No. 1 Cs3H7N,,04, [IMT+H]  1177.56  1178.27
No. 2 CesHgoN26013 [M*T +H]  1422.66 1423.50
No. 3 Cs538H75N550,; [M™ +H]) 1280.58 1281.35

ESIMS, electron spray ionization mass spectra.

Cells and culture conditions

A498 is an established cell line of undifferentiated
renal cell carcinoma (American Type Culture
Collection, Manassas, VA, USA) that lacks normal
expression of the von Hippel-Lindau gene because
of a frame-shift mutation at codon 213 [9]. High-
level expressions of HIF-1a and HIF-2a in A498
have been demonstrated [10]. 293 is an immorta-
lized human fetal kidney epithelial cell line with
very low levels of HIF-la and HIF-2o under
normoxic conditions [10]. Cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM;
Sigma Aldrich, St. Louis, MO, USA) containing
10% fetal bovine serum in a humid chamber with
5% CO, at 37°C.

Plasmids

The following plasmids were used to evaluate the
effects of the hairpin polyamides on HIF-1a-induced
transcription: p(HA)HIF-1a (401A603), HA-tagged
full-length human HIF-1o with internal deletion of
oxygen-dependent degradation domain [11-13];
pTRE-EPAS, full-length human HIF-2a [10];
PARNT, full-length human ARNT [11-13];
pGL3VEGF, pGL3 promoter (Promega, Madison,
WI, USA) containing the 385-bp VEGF promoter
sequence (—1175 to —790) [14]; pCMVB (BD
biosciences, Palo Alto, CA, USA), a full-length
human B-galactosidase cDNA.

Reporter assay

Two hundred and ninety three cells were seeded in
12-well plates (15 x 10* cells per well) and cultured
in a humid chamber (5% CO,). Twenty-four hours
later, 0.25 pg of pGL3VEGF, 0.1 pg of
PHAYHIF1a(401A 603) or pTRE-EPAS, and 0.1
pg of pARNT were transiently transfected using the
FuGene transfection reagent (Roche Applied
Science, Penzberg, Germany) according to the
manufacturer’s protocol. pCMVP (0.1 ug) was also
transfected as a reference plasmid. Two hours later,
synthesized polyamides were added to the culture.
Doses and combinations of the polyamides are
shown in the figures. After incubation for another
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24 h, cells were lyzed with M-PER reagent (Pierce,
Rockford, IL, USA). Luciferase activity was deter-
mined with the Bright-Glo™ Luciferase assay system
(Promega, Madison, W1, USA). The luminescence
signal was evaluated by using a Gene Light 55
luminometer (Microtec, Tokyo, Japan). The activity
of B-galactosidase was measured by using a mam-
malian B-galactosidase assay kit (Pierce, Rockford,
I, USA) and an MT Max microplate reader (Wako,
Tokyo, Japan). Assays were carried out in triplicate
and repeated at least twice. The results were
expressed as a ratio of luciferase activity to B-
galactosidase activity.

Real-time reverse transcriptase-polymerase chain reaction

A498 cells were seeded in 6-well plates (30 x 10%/
well). The medium was replaced 24 h later and a
polyamide mixture (5 uM in total) was added to the
culture. Total RNA was extracted from the cells after
24, 48, and 72 h using ISOGEN (Nippon Gene,
Tokyo, Japan), an RNA-isolating reagent. cDNA was
synthesized from 5 pg of the total RNA samples
using the SuperScript™ First-Strand Synthesis Sys-
tem for reverse transcriptase-polymerase chain reac-
tion (RT-PCR; Invitrogen, Carlsbad, CA, USA).
Five microliters of 500-fold-diluted cDNA samples
were subjected to real time PCR by using a Light
Cycler™ real time PCR instrument (Roche Applied
Science, Penzberg, Germany). Light Cycler™ pri-
mer sets for human VEGF or human GAPDH
(Serach LC, Heidelberg, Germany) were used
together with LightCycler FastStart DNA Master
SYBR Green I (Roche Applied Science, Penzberg,
Germany). Results were expressed as a ratio of
VEGF mRNA to GAPDH mRNA. Experiments
were carried out in triplicate and repeated at least
twice.

Enzyme-linked immunosorbent assay

A498 cells were plated on 24-well plates (5 x 10%
well). The medium was replaced 24 h later and a
polyamide mixture (5 uM in total) was added to the
culture. Conditioned media were collected after 24,
48 and 72 h. The concentration of VEGF in the
conditioned media was measured by using a Cyto-
kine Enzyme-Linked Immunosorbent Assay
(ELISA) Human VEGF Kit (American Research
Products, Belmont, MA, USA). Assays were carried
out in triplicate and repeated at least twice. Results
were expressed as a ratio of VEGF concentration to
total protein concentration, which was determined
by using the BCA™ Protein Assay Kit (Pierce,
Rockford, IL, USA).
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Cell viability assay

A498 or 293 cells were seeded in 24-well plates. The
medium was replaced 24 h later and polyamides at
designated concentrations were added to the culture.
After 24 h of incubation, the viability of the cells was
assessed by using a CellTiter 96 AQueous One
Solution Cell Proliferation Assay reagent (Promega,
Madison, WI, USA). For A498, viability at 48 and
72 h was also measured. All assays were carried out
in triplicate and repeated at least twice.

Electrophoresis mobility shift assay

Nuclear extract (100 pl) was prepared from 1 x 10°
A498 cells using the NE-PER Nuclear and
Cytoplasmic Extraction Reagent (Pierce, Rockford,
IL, USA) according to the manufacturer’s instruc-
tions. The binding reaction was carried out by
using a Light-Shift Chemiluminescent Electrophor-
esis Mobility Shift Assay (EMSA) Kit (Pierce,
Rockford, IL, USA). Twenty femtomoles of a
biotin-labeled double-stranded oligonucleotide (5'-
GTGCATACGTGGGCTCCAACAGGTCC-3%)
corresponding to the sequence harboring the HRE
of the human VEGF gene was mixed with 10 nmol
of the polyamide mixture (no. 1, 2 or 3) or a
polyamide targeting the human telomere sequence
(TTAGGG) [15] in 20 pl of 1x binding buffer
containing 2.5% glycerol, 5 mM MgCl,, 50 ng/ul
poly(dIdC), and 0.05% NP40. The reaction mixture
was incubated for 20 min at room temperature,
mixed with 2 ul of the A498 nuclear extract,
and then incubated for another 20 min at room
temperature. The nuclear extract was substituted
with an equal volume of H,O in a negative control.
In a positive control, polyamide samples were
replaced by an equal volume of H,0. The reaction
products were mixed with 5x loading buffer, electro-
phoresed in a 6% polyacrylamide gel (Invitrogen,
Carlsbad, CA, USA) in 0.5x Tris-borate-EDTA
(TBE), and transferred to a nylon membrane
(Pierce, Rockford, IL, USA). Biotin-labeled DNA
was detected by using a Chemiluminescent Nucleic
Acid Detection Module (Pierce, Rockford, IL, USA)
according to the manufacturer’s instructions and
analyzed by using an LAS-1000 imaging system
(Fujifilm, Tokyo, Japan).

Results

Dose-dependent suppression of HIF-1o-induced
transcription by polyamide mixture

We evaluated the effects of the synthesized poly-
amides on HIF-1a -induced transcription by using a
reporter assay. A luciferase-expressing vector with

the promoter region of the human VEGF gene was
used as a reporter plasmid. Because HIF-1« is fairly
unstable under normal oxygen tension, we used a
stable HIF-la construct that is transcriptionally
active. Because HIF-1o makes a heterodimer with
ARNT (also known as HIF-1a) for binding to the
HRE, a plasmid clone of the human ARNT gene was
transfected along with the HIF-la. A plasmid
containing the human p-galactosidase gene was
also transfected and used as a reference standard.
As shown in Figure 2, a combination of three hairpin
polyamides suppressed transcription induced by
HIF-14 in a dose-dependent manner to 56% of the
control (vehicle only). The viability of the cells was
not affected.

Suppression of HIF-1a-induced transcription by a
combination of the three hairpin polyamides

The effects of each polyamide alone and various
combinations of the three polyamides were evaluated
by using a reporter assay. As shown in Figure 3,
of the three polyamides, no.2 was the most potent
suppressor of HIF-induced transcription at a
concentration of 5 pM. A combination of all
three polyamides, however, resulted in satisfactory
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Figure 2. Dose-dependent inhibition of HIF-la-induced tran-
scription in 293 cells. Cells were transfected with plasmids coding
hypoxia-stable HIF-1a, ARNT, and B-galactosidase, along with a
reporter plasmid (pGL3VEGF), and then treated with the
mixture of three pyrrole-imidazole hairpin polyamides for 24 h.
Transcriptional activity was measured and expressed as a ratio of
luciferase to B-galactosidase activity. Statisticaily significant sup-
pression of transcription was noted at a concentration of 5 uM or
greater. Cell viability was not affected by the polyamides. RLU
and B-Gal denote relative luciferase units and B-galactosidase
activity, respectively. OD: optical density. *: Vehicle (dimethylsulf-
oxide) only. )
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Figure 3. Effects of combinations of the three polyamides on
HIF-1a -induced transcription in 293 cells. Cells were transfected
with plasmids coding for hypoxia-stable HIF-la(p(HA) HIF-
10(401A603)), ARNT (pARNT), and B-galactosidase (pCMV),
along with a reporter plasmid (pGL3VEGF), and then incubated
with a particular combination of the pyrrole-imidazole polyamides
for 24 h. Transcriptional activity was expressed as a ratio of
luciferase to P-galactosidase activity. A statistically significant
reduction in transcription was achieved by applying all three Py-
Im hairpin polyamides. A similar suppression was observed when
polyamide no. 3 was applied alone or together with either
polyamide no. 1 or no. 2. Cell viability was not affected by the
reatment. RLU and B-Gal represent relative luciferase units and
B-galactosidase activity, respectively. *:P <0.05 compared with
controls.

suppression at lower concentrations of each poly-
amide compared with the monotreatment.

Suppression of HIF-2a-induced transcription by the
polyamide mixture

We also examined the effects of the polyamide
mixture on HIF-2a-induced transcription by using
a reporter assay. A luciferase-expressing vector with
the promoter region of the human VEGF gene was
used as a reporter plasmid. As in the experiments
using HIF-1a, a plasmid clone of the human ARNT
gene was co-transfected with a full-length clone of
the human HIF-2a gene. A plasmid containing the
human B-galactosidase gene was also transfected and
used as a reference standard. As shown in Figure 4, a
combination of the three hairpin polyamides sup-
pressed transcription induced by HIF-2« in a dose-
dependent manner to 28% of the control (vehicle
only).

Suppression of transcription and secretion of VEGF in
renal cell carcinoma cells by the polyamide mixture

We examined the effects of the mixture of all three
polyamides on VEGF transcription in renal cell
carcinoma cells by wusing real-time RT-PCR.
GAPDH mRNA was used as an internal standard.
We used A498, a cell line derived from human
renal cell carcinoma, with a frame-shift mutation
in the VEGF gene. As shown in Figure 5, the
polyamide mixture at a concentration of 5 pM
inhibited VEGF transcription in A498 cells in a
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Figure 4. Dose-dependent inhibition of HIF-2a-induced tran-
scription in 293 cells. Cells were transfected with plasmids coding
full-length HIF-2a (pTRE-EPAS), ARNT(pARNT), and B-ga-
lactosidase (pCMV), along with a reporter plasmid
(PGL3VEGEF), and then treated with a mixture of the three
pyrrole-imidazole hairpin polyamides for 24 h. Transcriptional
activity was measured and expressed as a ratio of luciferase to B-
galactosidase activity. Statistically significant suppression of tran-
scription was noted at a concentration of 2.5 pM or greater. RLU
and B-Gal denote relative luciferase units and B-galactosidase
activity, respectively. *: Vehicle (dimethylsulfoxide) only.

time-dependent manner. An approximately 50%
reduction in VEGF transcription relative to the
control (vehicle only) was observed when cells
were exposed to the polyamide mixture for 72 h.
Inhibition of VEGF at the protein level was
examined by ELISA wusing conditioned media.
The results were consistent with those of real-
time RT-PCR. Secretion of VEGF was suppressed
by the polyamide mixture in a time-dependent
manner. The amount of VEGF in the conditioned
media was reduced to approximately 50% of the
control (vehicle only) by exposing A498 cells to
the polyamide mixture for 72 h. The viability of
A498 cells was not affected by incubation with the
Py-Im polyamides.

Specific inhibition of HIF-HRE binding by the
polyamide mixture

EMSA was carried out to confirm the inhibitory
effects of the polyamide mixture on HIF-HRE
binding (Figure 6). Addition of the A498 nuclear
extract to the reaction mixture caused an apparent
mobility shift of the biotin-labeled DNA, which was
suppressed by the polyamide mixture recognizing
the human HRE. The mobility shift was not affected
by a polyamide recognizing the human telomere
sequence, which was used as a control.

Staristics

Each assay was carried out in triplicate and repeated
at least twice. Statistical significance was analyzed by
using Student’s t-test.
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Figure 5. Suppressive effects of the mixture of three Py-Im
hairpin polyamides on VEGF transcription and secretion in
A498, a renal cell carcinoma cell line. Cells were treated with
the mixture of three pyrrole-imidazole polyamides (5 mM in total)
for 24-72 h. Transcription of the VEGF gene was evaluated by
real time RT-PCR. The results were expressed as a ratio of VEGF
mRNA to GAPDH mRNA. An approximately 50% reduction in
transcription was observed after 72 h treatment. Consistently,
VEGF secreted in conditioned medium (CM) decreased by
approximately 50% compared with the control. *: P <0.05
compared with controls.

Discussion

VEGTF transcription in renal cell carcinoma cells
was effectively suppressed by the Py-Im hairpin
polyamides in the current study. Inhibition of the
HIF-HRE interaction was confirmed by EMSA to
be the underlying mechanism of this suppression.
The hairpin polyamide strategy was pioneered by
Dervan and colleagues [3]. Py and Im covalently
link side-by-side in an anti-parallel arrangement
that has been shown to recognize and bind to
specific DNA sequences [4-6]. Im-Py recognizes
G:C, whereas Py-Im recognizes C:G. The Py-Py
pair recognizes A:T or T:A base pairs. The
hydroxypyrrole and Py pair (Hp—Py) distinguishes
T:A from A:T and vice versa. Placing a B-alanine
pair, which degenerately binds to T:A or AT,
increases the affinity and specificity for sequences

Free probe

A498 nuclear extract
Polyamide mixture (HRE) — - + -
Polyamide (telomere) - - - +

Figure 6. Inhibitory effects of pyrrole-imidazole hairpin poly-
amides on the HIF-HRE interaction were evaluated by using an
electrophoresis mobility shift assay. Nuclear extract of A498
human renal cell cancer cells caused a mobility shift (arrow) of
a biotin-labeled double-stranded oligonucleotide corresponding to
human HRE (lanes 1 and 2). The polyamide mixture against the
HRE suppressed the mobility shift (lane 3), which was not
affected by a polyamide recognizing the human telomere sequence
(lane 4).

by relaxing the rigid curvature of polyamides [7].
Following these rules, regulation of gene expres-
sion by Py-Im hairpin polyamides has been success-
fully demonstrated for a variety of transcriptional
factors, including Ets-1, TATA box (TBP) bind-
ing protein and lymphoid enhancer factor (LEF)
1 [4]). Our data suggest that HIF-induced trans-
cription can also be controlled effectively by
competitive binding of multiple Py-Im hairpin poly-
amides.

In the current study, we prepared three poly-
amides recognizing 4-5 base pairs flanking the
HRE of the VEGF gene, and administered them
together to obtain maximum specificity. Because of
technical constraints, it is difficult to synthesize
long polyamide chains. Moreover, the longer the
target sequence is, the greater the intramolecular
distortion becomes. Thus, Py-Im hairpin polya-
mides against 4—5-base-pair sequences have been
used in most studies. Recently, a hairpin poly-
amide that recognizes TACG within the HRE
has been reported to inhibit VEGF transcription
[16]. Treatment with a combination of multiple
polyamides is another option, and may increase
the efficacy of treatment with Py-Im hairpin
polyamides.

Py-Im hairpin polyamides have advantages as
modulators of gene expression [4]. First, their low
molecular weight allows them to permeate through
cell membranes: they simply pass through cell
membranes and reach their target sites without
special aids or vehicles such as expression vectors
or liposomes. Designing hairpin polyamides is not
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difficult, and automated solid-phase synthesis is
possible. Moreover, they have flexible sites for
covalent attachment to other molecules. Hairpin
polyamides linked with an alkylating agent may
broaden the targets of transcriptional regulation of
coding sequences [17]. In fact, we have success-
fully inhibited gene transcription of the green
fluorescent protein and luciferase by alkylating
hairpin polyamides [18].

Inhibiting the HIF transcripdon pathway is a
fascinating strategy for cancer control, especially in
the case of renal cell carcinomas. HIF controls genes
related to the progression of cancers. Genes for
platelet-derived growth factor (PDGF), VEGF,
epidermal growth factor (EGF), and transforming
growth factor-la (TGF-1a are among those regu-
lated by HIF-1 (a dimer of HIF-1a and ARNT).
Therapeutic approaches using each of these mole-
cules are being trialled clinically [19]. Avastin™
(anti-VEGF antibody), SU11248 (a small molecule
targeting the tyrosine kinase domain of the VEGF
receptor), and Tarceva™ or Iressa™ (molecules
targeting the tyrosine kinase domain of the EGF
receptor) are currently being investigated as poten-
tial agents against advanced renal cell carcinoma.
Recently, we have shown that glucocorticoids can
down-regulate VEGF in renal cell carcinoma cells
[20]. Suppressing the binding of HIF-1 to the HRE
may be a useful strategy for inhibition of these
molecules. In addition, we and several other groups
have demonstrated that HIF-2«a, another o subunit
of HIF, is more critical than HIF-1a in renal cell
cancer [10,21]. As HIF-2 (a dimer of HIF-2ua
and ARNT) shares an HRE with HIF-1, targeting
the HIF-HRE interaction may be more useful in the
management of renal cell carcinoma than using
the molecular therapeutic drugs described earlier.
In the current study, the polyamide mixture success-
fully suppressed transcription induced not only by
HIF-1a but also by HIF-2a. Our findings may
facilitate the realization of the “transcription ther-
apy” concept proposed by Dervan [5] for cancer
treatment.

Conclusions

VEGTF transcription was successfully suppressed by
a combination of three Py-Im hairpin polyamides
targeting the HRE. The use of Py-Im hairpin
polyamides may be a new strategy for the treatment
of renal cell carcinoma.
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Thioredoxin-Binding Protein-2-Like Inducible Membrane
Protein Is a Novel Vitamin D3 and Peroxisome
Proliferator-Activated Receptor (PPAR)y Ligand Target
Protein that Regulates PPARYy Signaling
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and Junji Yodoi

Institute for Virus Research (5.0., HM., W.L., H.H., D.W., J.Y.), Kyoto University, Kyoto 606-8507, Japan; and Department
of Therapeutic Radiology and Oncology (S.K.-K.), Kyoto University Graduate School of Medicine, Kyoto University, Yoshida-
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Thioredoxin binding protein-2 (TBP-2), which is identical some-associated functions. VD3 and ligands of peroxisome
with vitamin D3 (VD3) up-regulated protein 1 (VDUP1), plays proliferator-activated receptor (PPAR)-y, an important reg-
a crucial role in the integration of glucose and lipid metabo- ulator of energy metabolism and cell growth inhibition, in-
lism. There are three highly homologous genes of TBP-2/vita- duced the expression of TLIMP as well as TBP-2. Overexpres-
min D3 up-regulated protein 1 in humans, but their functions sion of TLIMP suppressed both anchorage-dependent and
remain unclear. Here we characterized a TBP-2 homolog, -independent cell growth and PPARYy ligand-inducible gene
TBP-2-like inducible membrane protein (TLIMP). In contrast activation. These results suggest that TLIMP, a novel VD3- or
to TBP-2, TLIMP displayed no significant binding affinity for PPARYy ligand-inducible membrane-associated protein, plays
thioredoxin. TLIMP exhibited an inner membrane-associated a regulatory role in cell proliferation and PPARy activation.
pattern of distribution and also colocalized with transferrin (Endocrinology 147: 733-743, 2006)

and low-density lipoprotein, indicating endosome- and lyso-

T IS WELL established that vitamin D3 (VD3) acts as a In the course of our study of thioredoxin (TRX), an im-
modulator of cell growth, differentiation, maintenance of portant redox regulator (12, 13), we identified TRX-binding
extracellular calcium levels, bone mineralization, and lipid  protein (TBP)-2 (14), which is identical with VD3 up-regu-
metabolism. VD3 exerts its actions through nuclear VD3  lated protein 1 (VDUP1), a VD3-inducible gene in HL-60 cells
receptor (VDR)-mediated signal transduction and gene tran-  (15). Several reports show that loss of TBP-2 expression is
scription (1). Another well-established nuclear receptor sub- associated with cell growth or transformation. TBP-2 is
family, peroxisome proliferator-activated receptors (PPARs),  down-regulated in human T cell leukemia virus I-trans-
comprising PPARg, -8 (B), and -v, binds fatty acids and play ~ formed cells and human cancer tissues (16-19), whereas
important roles in energy homeostasis. Thiazolidine deriv-  overexpression of TBP-2 induces cell growth suppression
atives, such as troglitazone and pioglitazone, which are se-  (18-20). Interestingly, HcB-19 mice, which have a nonsense
lective PPARy agonists, reduce hyperlipidemia in obeseand  ytation in the TBP-2 gene, exhibit hyperlipidemia charac-
diabetic animals (2-5). VDR and/or PPARs regulate gene  terized by elevated plasma triglyceride and/or cholesterol
transcription to modulate uptake of calcium, phgsphate, lip- levels (21). The analyses of the HcB-19 mice (22) or TBP-2
ids, and glucose from plasma (6, 7). In addition, several  nockout mice (23) revealed that TBP-2 plays a critical role
reports have suggested that VDR and PPARs have a regu- ;e integrated regulation of glucose and lipid metabolism
latory role in the uptake of plasma proteins (8-11). However, .. fasting. The molecular mechanisms underlying transfor-
the regulato.ry role and mechanisms of the membrzfme—asso- mation and hyperlipidemia caused by loss of TBP-2 function
ciatgfc_l function of VDR and PPARs largely remains to be remain to be elucidated, as does the mechanism behind the
clarified. physiological function of TBP-2.
A In this paper, we report that there are three homologous
First Published Online November 3, 2005 TBP-2/VDUP1 genes in humans. The TBP-2 homologs con-
h Abbreviations: DTT, Dithiothreitol; EF, elongation factor; EGFP, en- ;4110 5 family and are preserved in Schizosaccharomyces
anced green fluorescent protein; FABP4, fatty acid-binding protein 4; I .
FCS, fetal calf serum; FITC, fluorescein isothiocyanate; GST, glutathione- pombe, S“CCharomyces cerevisiae, D msophlla melanogaster, and
S-transferase; LDL, low-density lipoprotein; LPL, lipoprotein lipase; Caenorhabditis elegans but not Escherichia coli, indicating that
PMﬁA,tpgorbol 12-"11{2““; 1%aceﬁigeﬁgf\;}ﬁ?roﬁsomebyrfzilfferafor- the genes have evolutionarily conserved roles in the eukary-
acnvated recepftor; , retinoIC acid,; -4, 1oredoxin bindin, TO- s 3 H
tein-2; TL[MP},) TBP-2-like inducible membrane protein; TRX, tghi}z)re- otic system. HOV;IEYsr, the funct10n§ Of.theseffanul}tl)mem;) Ei:S
doxin; VD3, vitamin D3; VDUP1, vitamin D3 up-regulated protein 1. Ea"e “O;g;egf arflled- _ﬁhar ac_tceiflzatwf} o° members o tb e
. . . - . . uman -2 family will provide new insights into the bi-
Endocrinology is published monthly by The Endocrine Society (http:// ological roles of these genes. We have cloned a human TBP-2

www.endo-society.org), the foremost professional society serving the !
endocrine community. homolog, TBP-2-like inducible membrane protein (TLIMP),
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and show that TLIMP and TBP-2 are VD3/PPARY ligand-
inducible genes. To investigate the biological role of the TBP-2
gene family and understand the molecular' mechanism of the
VD3/PPAR-mediated cellular function, we characterized
TLIMP and investigated the role of TLIMP in cellular growth
regulation and PPARY ligand-induced gene activation.

Materials and Methods
Reagents and materials

Phorbol 12-myristate 13-acetate (PMA), clofibrate, and prostaglandin
J2 were purchased from Sigma (St. Louis, MO). Blasticidin was pur-
chased from Kaken Pharmaceutical Co., Ltd. (Tokyo, Japan). Complete
protease inhibitor cocktail was purchased from Roche Applied Science
(Mannheim, Germany). Total RNAs from human cultured preadipo-
cytes and adipocytes were purchased from Zen-Bio, Inc. (Research Tri-
angle Park, NC). The human adipocytes were differentiated from prea-
dipocytes by culturing with insulin and dexamethasone for 14 d.
Troglitazone and pioglitazone were kindly provided by Sankyo Phar-
maceutical Co. (Tokyo, Japan) and Takeda Pharmaceutical Co., Ltd.
(Tokyo, Japan), respectively. L165,041 was purchased from Calbiochem
(La Jolla, CA). Alexa-633-labeled transferrin, BODIPY FL-labeled low-
density lipoprotein, fluorescein isothiocyanate (FITC)-conjugated anti-
mouse IgG, Alexa 568-conjugated antimouse IgG, and LysoTracker Blue
were purchased from Molecular Probes (Eugene, OR). Human 12-lane
multiple tissue and cancer cell line Northern blots were obtained from
CLONTECH (Mountain View, CA).

Amino acid sequence alignment

Amino acid sequences of TBP-2 family proteins were aligned using
the ClustalW program (EMBL-European Bioinformatics Institute) and
the BOXSHADE program (Swiss Institute of Bioinformatics) was used
for formatting the results.

Plasmids

The open reading frame of TLIMP was amplified by PCR using the
oligonucleotide primers 5'-AATGGATCCATGGTGCTGGGAAAGGT-
GAA-3' and 5'-CGAATTCAACGAGAGGGGCAGGAT-3'. The cDNAs
were subcloned into pCMV-Tag2B (CLONTECH) and pGEX6P1 (Am-
ersham Biosciences, Piscataway, NJ) to generate pCMV-Flag-TLIMP and
pGST-TLIMP, respectively. pEF-BSR, a blasticidin-resistant mammalian
expression vector driven by the elongation factor (EF) 1 promoter, was
kindly provided by Dr. Ishii (Riken Research Center for Allergy and
Immunology, Yokohama, Japan). The cDNA containing a Kozak se-
quence in the 5’ side of the TLIMP gene lacking a stop codon was
obtained by PCR using oligonucleotide primers 5-GGAATTCGCCAC-
CATGGTGCTGGGAAAGGT-3' and 5'-CGGGATCCACGAGAGG-
GGCAGGATGGTCTA-3'. The TLIMP ¢cDNA was ligated into pEF-BSR
downstream of the EF promoter, and then a DNA fragment encoding the
Flag epitope or enhanced green fluorescent protein (EGFP; pEGFP-N3;
CLONTECH) was inserted into the 3’ end of TLIMP to generate pEF-
BSR-TLIMP-Flag or pEF-BSR-TLIMP-EGFP, respectively. The N-termi-
nal Flag epitope-tagged TBP-2 cDNA was ligated into pEF-BSR to gen-
erate pEF-BSR-Flag-TBP-2. Yeast expression vectors, pGBKT7-TLIMP
and pGBKT7-TBP-2, for the expression of TLIMP or TBP-2 fused with
the GAL4 DNA-binding domain were constructed by insertion of the
open reading frames of TLIMP and TBP-2 into pGBKT7 (CLONTECH).
The cDNA of TRX was ligated into pACT2 (CLONTECH) to generate
pACT2-TRX, an expression vector for the GAL4 activation domain fused
with TRX. Luciferase reporter plasmids containing five GAL4 binding
sites in the promoter region (pGAL4-luc), and plasmid expressing
PPAR?Y2 fused to the GAL4 DNA binding domain (pM-PPARYy2) and
HA-tag (pcDNA3-HA-PPARY2) were kindly provided by Dr. Ohshima
(24).

Cell culture and transfection

HL-60 cells were cultured in RPMI 1640 medium. HeLa S3, COS7, and
293 cells were cultured in DMEM. CHO cells were cultured in F-12
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medium. Heat-inactivated fetal calf serum (FCS) and antibiotics were
added to the media. Cells were transfected with Lipofectamine (Invitro-
gen, Carlsbad, CA), according to the manufacturer’s instructions. Stable
transfectants were generated by transfection of HeLa S3 cells with either
pEF-BSR-TLIMP-Flag or pEF-BSR control plasmid. After 24 h, cells were
plated and selected in medium containing 4 ug/ml blasticidin. The
expression of TLIMP in the transfectants was confirmed by Western
blotting analyses. Reporter assay were performed as described previ-
ously (25). NIH3T3 celis were transfected with the TLIMP and GAL4-
PPAR7Y2 expression vectors and luciferase reporter plasmids containing
five GALA binding sites in the promoter region. Cells were then treated
with troglitazone and luciferase reporter assay were performed (24).

Northern blotting analysis

Total RNA from cells was extracted using TRIzol reagent (Invitro-
gen), according to the manufacturer’s instructions. Total RNA (10-20
pg/lane) was fractionated by denaturing agarose §el electrophoresis
and transferred to a nylon membrane (Hybond N™; Amersham Bio-
sciences). The blots were hybridized with a [*?P}-labeled probe prepared
using the BcaBest labeling kit (Takara, Shiga, Japan) overnight at 68 C.

Semiquantitative RT-PCR

Total RNAs from cells and tissues were extracted using TRIzol re-
agent (Invitrogen), according to the manufacturer’s instructions. Re-
verse transcription was performed with a SuperScript III first-strand
synthesis system kit (Invitrogen). PCRs were carried out using the
following oligonucleotide primers: human TLIMP forward primer,
5'-ATGGTGCTGGGAAAGGTGAA-3', and reverse primer, 5'-TCAA-
CGAGAGGGGCAGGAT-3'; human TBP-2 forward primer, 5'-AAGG-
TGCTGACTCAGAAG-3', and reverse primer, 5'-CTCACTGCACATT-
GTTGTTG-3'; human glyceraldehyde-3-phosphate dehydrogenase
forward primer, 5'-ATGGGGAAGGTGAAGGTCGGAGTC-3', and re-
verse primer, 5'-CCATGCCAGTGAGCTTCCCGTTC-3’; mouse TLIMP
forward primer, 5-ACAGTTACAGTGCCTGAGAAGACTCGG-3', and
reverse primer, 5-GTGCCCTCAGGTGTTACGTCAAG-3'; mouse
TBP-2 forward primer, 5'-GTGATGGATCTAGTGGATGTC-3', and re-
verse primer, 5'-TCACTGCACGTTGTTGTTG-3'; mouse fatty acid-
binding protein 4 (FABP4) forward primer, 5'-ACAAAATGTGTGAT-
GCCTTTGTGGGAAC-3', and reverse primer, 5'-TCCGACTGACTAT-
TGTAGTGTTTGATGCAA-3'; mouse lipoprotein lipase (LPL) forward
primer, 5'-GGGGTACCTGCCCACCACTTGTCCCCTGGAG-3', and
reverse primer, 5'-CGGGATCCCGGTGCACCCTTCTGCTTTGCTGC-
3’; and mouse B-actin forward primer, 5'-ATGGATGACGATATCGC-
TGCGCT-3, and reverse primer, 5'-TAGAAGCACTTGCGGTGCACG-
AT-3'. Amplification of the products is not saturated with the number
of cycles performed.

Western blotting analysis

Cell lysates or immunoprecipitates were fractionated by SDS-PAGE
and then transferred to a polyvinylidene difluoride membrane (Amer-
sham Biosciences). Western blot analysis was performed using an en-
hanced chemiluminescence Western blotting detection system (Amer-
sham Biosciences), according to the manufacturer’s instructions.

Subcellular fractionation

Cells (at confluence in a 3.5 cm dish) were lysed with lysis buffer [25
mu Tris-HCI (pH 7.8), 2 mm dithiothreitol (DTT), 10% glycerol, 1%
Trition X-100, and 1X complete protease inhibitor cocktail} and the cell
lysate was centrifuged at 100,000 X g for 10 min. The supernatant, the
Triton X-100 soluble fraction (100 u!) was transferred to a new tube, and
25 ul of 5X sample buffer [500 mm Tris-HCl (pH 6.8), 10% sodium
dodecyl sulfate, 25% glycerol, 12.5% 2-mercaptoethanol, and 0.25% bro-
mophenol blue] was added. The pellet, the Triton X-100 insoluble frac-
tion, was resuspended with 125 ul of 1X sample buffer (5-fold dilution
of 5X sample buffer with lysis buffer) before sonication. The fractionated
samples were subjected to Western blotting analyses.

Immunofluorescent staining

Cells were cultured on glass-bottom dishes, fixed with 4% parafor-
maldehyde in PBS for 5 min at room temperature, and permeabilized for
RN
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5 min using 1% Nonidet P-40 in PBS. The permeabilized cells were
incubated in PBS containing 1.5% FCS and then with anti-Flag antibody
(Sigma) or anti-Myc antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), followed by FITC- or Alexa 568-conjugated antimouse IgG. The
immunostained cells were examined with a confocal microscope (Leica
Microsystems, Mannheim, Germany).

Preparation of recombinant proteins and in vitro binding
assay

In vitro-translated proteins were prepared using a TNT-coupled rab-
bit reticulocyte translation system (Promega, Madison, WI). The [**S}me-
thionine-labeled translated products were analyzed by SDS-PAGE after
performance of a glutathione-S-transferase (GST) pull-down assay. GST-
TRX was prepared as described previously (14). The precipitates were
detected by autoradiography using a Bio-image analyzer BAS2000 (Fuji
Film Co. Ltd., Tokyo, Japan) or Coomassie Brilliant Blue staining.

Insulin-reducing assay

COS7 cells were transiently transfected with the GFP-TBP-2 or TLIMP
expression vector. After 3 d, the cells (at confluence in a 10 cm dish) were
collected and lysed by the freeze and thaw method. The cell lysate (10
mg/ml, 10 ul) was preincubated with 2.5 ul DTT activation buffer [0.1
M Tris-HCI (pH 7.5), 2 mm EDTA, 1 mg/ml BSA, and 2 um DTT] for 15
min at 37 C. The preincubated samples were mixed with 110 ul reaction
buffer [0.1 m Tris-HCl (pH 7.5), 2 mm EDTA, 0.2 mM nicotinamide
adenine dinucleotide phosphate reduced, and 0.4 U/ml yeast TRX re-
ductase], and then 10 pl insulin solution [50 mum Tris-HCl (pH 7.5), 10
mg/ml insulin] were added to the mixture. The decrease in nicotinamide
adenine dinucleotide phosphate reduced absorbance at 340 nm was
recorded (maximal velocity, millioptical density at 340 nm/min) at room
temperature. The calculated values were compared with the standard
curve for recombinant TRX to obtain a quantitative determination of the
absolute amounts of TRX.

Yeast two-hybrid analysis

The yeast two-hybrid analysis was performed using the yeast
MATCHMAKER two-hybrid system (CLONTECH), according to the
manufacturer’s directions. S. cerevisige strain AH109 transformed with
pGBKT7-TLIMP or pGBKT7-TBP-2, together with either pACT2 or
pACT2-TRX, respectively. Transformed colonies were cultured in syn-
thetic medium with or without histidine.

Cell proliferation assay

Blasticidin-resistant mammalian expression vectors were introduced
into CHO cells, and the cells were cultured with 8 ug/ml of blasticidin-
containing medium for 2 or 3 d to eliminate the nonresistant cells. The
blasticidin-resistant cells (3-5 X 10® cells in 100 pl of culture medium
containing 8 ug/ml of blasticidin) were cultured in 96-well flat-bottom
microtiter plates. Cell proliferation was measured as the formation of
formazan using SF cell-counting reagents (Nacalai Tesque, Kyoto, Ja-
pan), according to the manufacturer’s instructions.

Colony formation assay

Blasticidin-resistant mammalian expression vectors were introduced
into HeLa S3 cells, and the cells were cultured with 4 ug/ml of blasti-
cidin-containing medium for 3 d. The cells (1 X 10° cells) were plated
in 0.35% agar containing DMEM, 10% FCS, and 4 ug/ml of blasticidin
on a 0.5% agar base layer containing DMEM. The total number of foci
was scored after 10 d.

Statistical methods

Results are expressed as means * sp. Statistical comparisons were
made using Student’s ¢ test or ANOVA coupled with a Fisher’s test. A
statistically significant difference was defined as P < 0.05, which is
represented by an asterisk in the data presentation.
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Results
TBP-2 protein family

AsshowninFig. 1A, BLAST searches were used to identify
human genes homologous to TBP-2. DRH1 and two other
genes (GenBank accession no. AF193051 and BC015928) were
identified. DRH1 has been reported as a gene that is down-
regulated in advanced human hepatocellular carcinoma (26).
Here we refer to BC015928 as TLIMP, which was originally
identified as KIAA1376 when it was found in the full-length
human ¢DNA sequencing project (27). The function of
AF193051 has not been reported. TLIMP has 40% identity
and over 80% similarity with TBP-2 at the amino acid level,
and the other genes also exhibit high levels of identity and
similarity. All the genes included eight exons, each of which
encodes a corresponding region of the protein (Fig. 1B and
supplemental Fig. 1, published as supplemental data on The
Endocrine Society’s Journals Online web site at http:/
endo.endojournals.org). Therefore, it is likely that this mam-
malian gene family was generated by gene duplications. The
members of the TBP-2 gene family also have some homology
to arrestin proteins. For example, TLIMP has 25% similarity
with B-arrestin-1 at the amino acid level. TBP-2 and arrestins
have similar numbers of amino acids (~400) and show over-
all similarity, rather than just a highly conserved region.

TLIMP ¢DNA was cloned from a 293-cell cDNA library by
PCR and then sequenced. Two isoforms of TLIMP cDNA
with different lengths were found (Fig. 1C). The longer
cDNA encoded full-length TLIMP, producing a protein of
414 amino acids. The shorter TLIMP splice variant, referred
to as TLIMPs, lacks 148 bp corresponding to exon 3, gener-
ating a 24-amino-acid C-terminal tail and a translational stop
codon and producing a shorter protein of 144 amino acids
(Fig. 1D).

Tissue distribution of TLIMP expression

The expression of TLIMP was analyzed in normal human
tissues and human cancer cell lines, and as shown in Fig. 24,
the size of TLIMP mRNA was about 4.5 kb in both normal
and cancer cells. Strong expression of TLIMP was detected
in normal skeletal muscle, placenta, kidney, adrenal gland,
lymph node, mammary gland, thyroid, and trachea, but only
very weak expression was detected in normal colon, thymus,
spleen, small intestine, bladder, and bone marrow. In human
cancer cell lines, TLIMP was strongly expressed in the lung
adenocarcinoma cell line A549, whereas low expression lev-
els were observed in other cancer cell lines. The expression
of TBP-2 was strong in normal heart, skeletal muscle, spleen,
and peripheral blood lymphocytes, and weak in normal
brain and liver (Fig. 2B). The distribution of TLIMP was
clearly different from that of TBP-2 in some tissues.

TLIMP does not interact with TRX

TBP-2 binds to TRX in vivo and in vitro (14), but no inter-
action of TLIMP with TRX was detected in a yeast two-hybrid
analysis, as shown in Fig. 3A. The same analysis showed
binding of TRX with TBP-2. Similar results were obtained in
in vitro binding assays, in which TBP-2 coprecipitated with
GST-TRX, but TLIMP failed to do so (Fig. 3B). Overexpres-
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F16. 2. Analysis of TLIMP expression: tissue distribution of TLIMP (A) and TBP-2 (B). RNA blots containing poly (A)+ RNA from multiple
human tissues or cancer cell lines were hybridized with full-length TLIMP or TBP-2 ¢cDNA as a probe. Human p-actin was used as a control
to determine the relative amount of RNA from each of the tissues or cells.

sion of TBP-2 has been shown to suppress the reducing
activity of TRX (14), and the effect of TLIMP on this activity
was examined in an insulin-reducing assay. TRX-reducing
activity was not significantly changed in cellular extracts
transiently expressing TLIMP, whereas it was significantly
suppressed in cellular extracts transfected with TBP-2 (Fig.
3C). These results indicate that TRX interacts with TBP-2 but
not with TLIMP.

Intracellular localization of TLIMP

To determine the intracellular distribution of TLIMP, Flag-
tagged TLIMP (TLIMP-Flag) was expressed in HeLa S3, 293,
COS7, and CHO cells. The cellular distribution of TLIMP-
Flag is shown in Fig. 4A. Immunofluorescent analysis using
anti-Flag antibody showed that TLIMP is present in the
plasma membrane and small vesicular structures scattered
throughout the cytoplasm. As reported previously, TBP-2
was detected mainly in the nucleus and partly in the cyto-
plasm in COS7 cells (19). To determine whether TLIMP is
expressed on the inner or outer side of the plasma membrane,
TLIMP-Flag was expressed in HeLa S3 cells and stained by
Nonidet P-40 without permeabilization. TLIMP-Flag was not
stained in the nonpermeabilized cells but significantly

stained in the permeabilized cells, indicating that TLIMP
is expressed on the inner side of the plasma membrane
(Fig. 4B). The vesicular pattern of TLIMP protein expres-
sion in cytoplasm is similar to that of endosomes or ly-
sosomes. To analyze whether TLIMP is present in the
cellular compartments, we examined the distribution of
EGFP-tagged TLIMP with Alexa633-conjugated trans-
ferrin and LysoTracker Blue, which are markers for en-
dosomes and lysosomes, respectively. As shown in Fig.
4C, TLIMP-EGFP showed a similar distribution to TLIMP-
Flag, and the fluorescence merged with that of transferrin
or LysoTracker in intracellular vesicular structures. Merg-
ing of all three fluorescent signals was observed in several
areas. Whereas internalized transferrin is predominantly
recycled to the plasma membrane through recycling of
endosomes, low-density lipoprotein (LDL) is internalized
and transported into lysosomes. To validate whether
TLIMP is present in the lysosomal pathway, the cellular
localizations of TLIMP and LDL were examined. As shown
in Fig. 4D, the fluorescence of internalized LDL partly
merged with TLIMP. These results suggest that TLIMP
expression is associated with the plasma membrane, en-
dosomes, and lysosomes during endocytosis.

Fic. 1. The TBP-2 protein family. A, ClustalW alignment of the amino acid sequences of the human TBP-2 family. The numbers on the left
refer to the amino acids of each protein. B, Intron-exon structures of the TBP-2 gene family. The coding exons of the proteins are depicted as
boxes. Upper numbers indicate the order of each exon. The signatures on the right indicate the cytoband of each protein. The scale below defines
the proportional length of the genomic sequences. C, Alternatively spliced form of TLIMP. The amplified cDNA of TLIMP was subcloned into
pCMV-Tag2 (Stratagene, La Jolla, CA) and the length of the insert was checked by restriction enzyme (HindIII) digestion. A DNA marker is
shown in lane M. D, Summary of the two spliced isoforms. The shorter isoform, TLIMPs, lacks 148 bp corresponding to exon 3 (underlined),
with a translational stop codon after a short 24-amino-acid C-terminal tail.
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Fic. 3. TLIMP did not associate with TRX. A, Yeast two-hybrid anal-
ysis of the interaction of TLIMP or TBP-2 with TRX. pGBKT7-TLIMP
or pGBKT7-TBP-2 was introduced into the yeast strain AH109 with
either pACT2 or pACT2-TRX. The growth of the yeast transformants
on a selective synthetic medium with or without histidine is shown.
B, GST pull-down analysis of the interaction of TLIMP or TBP-2 with
TRX. 35S-labeled TLIMP or TBP-2 precipitated with GST-TRX or GST

immobilized on GSH beads. The right panel shows that equal amounts -

of GST-fusion proteins were used in the pull-down assay, as deter-
mined by Coomassie Brilliant Blue staining. C, The effect of TRX
activity on TLIMP expression. The TRX activity of the extract of COS7
cells transiently transfected with the indicated amount of expression
vector for GFP-TBP-2 or GFP-TLIMP fusion proteins was determined
in an insulin reducing assay. Expression vectors (10 ug/plate) were
introduced into cells cultured in 10-cm dishes. The total DNA con-
centration was kept constant using pEGFP-C1. Activities of samples
are shown relative to the control value (lane 1), which is taken as
100%. The results are shown as the mean * SD of three samples.
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Regulation of TLIMP expression

Because TBP-2 was first identified as a gene, the ex-
pression of which was induced by VD3 in HL-60 cells,
TLIMP expression in VD3-treated HL-60 cells was exam-
ined. Expression of TLIMP was also induced when HL-60
cells were cultured in the presence of VD3, in a time- and
dose-dependent manner (Fig. 5A). The effects of retinoic
acid (RA) and PMA on the expression of TBP-2 and TLIMP
were then tested. RA and PMA are known to induce dif-
ferentiation of HL-60 cells into granulocytes and macro-
phage-like cells, respectively. As shown in Fig. 5B, specific
morphological changes in HL-60 cells were observed on
treatment with RA, VD3, and PMA. RA did not induce
TBP-2 or TLIMP expression, whereas PMA significantly
induced the expression of TLIMP but not TBP-2. The extent
of induction of TLIMP expression by PMA was less than
that by VD3. TRX expression decreased in cells treated
with VD3, RA, and PMA.

PPARyhasbeen implicated in the regulation of cell growth
and differentiation of cells or tissues, such as adipose tissues,
breast, and colon (28). Similarly to VD3, PPAR ligands induce
monocytic differentiation and concomitantly inhibit cell pro-
liferation in HL-60 cells (29, 30). These findings led us to
hypothesize that members of the TBP-2 family have a role in
the biological responses elicited by not only VD3 but also
PPAR ligands. Therefore, the effects of PPAR ligands on the
expression of TBP-2 and TLIMP were examined in HL-60
cells. Troglitazone, a selective PPARYy agonist, significantly
induced both TBP-2 and TLIMP expression in a time- and
dose-dependent manner (Fig. 5C). These genes were also
up-regulated by pioglitazone, another PPARy agonist. Clo-
fibrate, a selective PPAR« agonist, markedly induced TBP-2
expression but had no effect on TLIMP expression. These
results suggest that TBP-2 and TLIMP are both up-regulated
by PPARy ligands but differentially regulated by PPAR«
ligands. TRX expression was decreased with all the PPAR
agonists tested, showing a reciprocal pattern to TBP-2 ex-
pression (Fig. 5D). To further study the effect of PPAR li-
gands on the expression of these genes, we examined the
effects of L165,041, a PPARB/ 8 ligand, and prostaglandin J2,
an endogenous ligand of PPARY, on the levels of TLIMP and
TBP-2 expression (31). As shown in Fig. 5E, both TLIMP and
TBP-2 are up-regulated by prostaglandin J2 but not L165,041.
Collectively, the above results indicate that both TLIMP and
TBP-2 are downstream regulatory proteins of VD3 and
PPARY.

Because PPARYy plays an important role in differentiation
in adipocytes as well as monocytes, the expression levels of
TLIMP and TBP-2 were examined during differentiation of
adipocytes in vitro. As shown in Fig. 6, both TLIMP and
TBP-2 are strongly expressed in adipocytes, compared with
preadipocytes, indicating that these genes are up-regulated
in association with differentiation of adipocytes. Expression
of TLIMP and TBP-2 was also detected in brown and white
adipose tissues in vivo (Fig. 6B), and collectively these results
suggest that both TLIMP and TBP-2 play a role in the dif-
ferentiation and function of adipocytes.
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FiG. 4. Cellular localization of TLIMP. A, Expression of TLIMP. Flag epitope-tagged TLIMP was transiently expressed in HeLa S3, 293, COS7,
and CHO cells. C-terminal Myc epitope-tagged TBP-2 was transiently expressed in COS7 cells. The cells were permeabilized by 1% Nonidet
P-40 and then immunostained using anti-Flag or anti-Myc antibody, and FITC-conjugated antimouse IgG, as described in Materials and
Methods. B, Detection of TLIMP protein in permeabilized cells. Hel.a S3 cells transfected with TLIMP-Flag were immunostained after
permeabilization with 1% Nonidet P-40 or after no permeabilization. A and B, The fixed and immunostained cells were analyzed using confocal
microscopy. C, Colocalization of TLIMP, transferrin, and LysoTracker. HeLa S3 cells expressing C-terminal EGFP-tagged TLIMP were
incubated with 50 nM LysoTracker Blue for 1 h and then 20 ug/ml Alexa633-labeled transferrin for 15 min. All combinations of merged colors
are indicated. D, Colocalization of TLIMP and LDL. HeLa S3 cells expressing C-terminal Flag-tagged TLIMP were incubated with 50 pug/ml
BODIPY FL-labeled LDL for 1 h and then immunostained using anti-Flag antibody and Alexa 568-conjugated antimouse IgG, as described in

Materials and Methods. Merged colors are indicated.

Suppression of cell growth by TLIMP

VD3 and PPAR ligands are known to have strong cell
growth-inhibitory activity in HL-60 cells, and previous re-
ports have shown that TBP-2 also inhibits cell proliferation
(18, 19). To investigate whether TLIMP also has this inhib-
itory activity, the effect of overexpression of TLIMP on cell
proliferation was examined. In TLIMP transfectants, TLIMP
was mainly detected in the Triton X-100-insoluble fraction
(Fig. 7A, upper panel), indicating that the majority of TLIMP
was localized in the detergent-insoluble membrane fraction.
CHO cells transiently overexpressing TLIMP showed retar-
dation of cell growth (Fig. 7A). It has been reported that
TBP-2 suppresses anchorage-dependent and anchorage-in-
dependent cell growth (32), and to test the role of TLIMP in
anchorage-independent cell growth, the growth of TLIMP-
overproducing HeLa 53 cells was examined in culture in a
semisolid medium. The number and size of foci was reduced
in TLIMP- and TBP-2-transfected cells (Fig. 7B). These results
demonstrate that both TLIMP and TBP-2 suppress anchor-
age-dependent and -independent cell growth.

TLIMP suppresses ligand-induced PPARY activation

We next hypothesized that up-regulation of TLIMP by
PPARvY ligands plays a role in PPARYy signaling through
feedback regulation. To test this hypothesis, we analyzed the
effect of overexpression of TLIMP on PPARy transactivation
in NIH3T3 cells, with a reporter assay using a GAL4-fused
PPAR~y2 expression vector and a luciferase reporter plasmid
containing GAL4 binding sites in the promoter region. As
shown in Fig. 8, troglitazone-induced reporter activation was
suppressed by overexpression of TLIMP, suggesting that
TLIMP negatively regulates ligand-induced PPARy activation.

PPARs induce the expression of responsive target genes
such as FABP4 and LPL through direct binding to the per-
oxisome proliferator-responsive element in their promoter
regions (33, 34). To investigate the effect of TLIMP on PPARy-
induced endogenous gene expression, the levels of FABP4,
LPL, TLIMP, and TBP-2 were examined in cells overexpress-
ing PPARy and TLIMP. As shown in Fig. 8B, expression of
the target genes in cells expressing PPARy increased with
treatment with troglitazone. The induction of expression was
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Fic. 5. The effect of inducers of differentiation on TLIMP expression. A, Expression of TLIMP and TBP-2 in VD3-stimulated HL-60 cells. At
the indicated time points, total RNA was isolated from cells treated with 100 nM (left) or various concentrations (right) of VD3. B, Expression
of TLIMP, TBP-2, and TRX in HL-60 cells treated with VD3, RA, PMA. Cells were cultured with 100 nm VD3, 10 uM RA, and 100 ng/ml of PMA
for 76 h. Morphological changes of the HL-60 cells are shown in the photographs on the right. C, Expression of TLIMP and TBP-2 in
troglitazone-stimulated HL-60 cells. At the indicated time points, total RNA was isolated from cells treated with 50 uM (upper) or various
concentrations (lower) of troglitazone for 72 h. D, Expression of TLIMP, TBP-2, and TRX in HL-60 cells treated with troglitazone, pioglitazone,
and clofibrate. Cells were cultured with 100 uM clofibrate (Clo), 50 uM pioglitazone (Pio), 50 uM troglitazone (Tro), and 100 nm VD3 for 72 h.
The isolated total RNA (20 ug/lane) was fractionated and transferred to a nylon membrane, as described in Materials and Methods. The same
membrane was hybridized with a [32P)-labeled probe using cDNA encoding TLIMP, TBP-2, or TRX. E, Expression of TLIMP and TBP-2 in HL-60
cells treated with L165,041 and prostaglandin J2. Cells were cultured with 10 um L165,041 (L165), 10 uM prostaglandin J2 (PGJ2), or 50 uM
troglitazone (Tro) for 72 h. The expression levels of TLIMP and TBP-2 were determined by RT-PCR using ¢cDNA prepared using RNA from the cells.

suppressed by overexpression of TLIMP, suggesting that
TLIMP negatively regulates PPARy-dependent gene activation.

Discussion

In the present study, we found that there are four familial
TBP-2 genes, TBP-2/VDUP1, TLIMP, AF193051, and DRH1
in humans. Members of the human TBP-2 protein family
share some common features but also have different features.
TBP-2 and AF193051 were predominantly concentrated in
the nucleus (20) (Tan, A., S. Oka, M. Mochizuki, H. Masutani,
and J. Yodoi, unpublished observation), whereas TLIMP was

A B

Adipose tissue
ﬁBrain Muscle White §(own

erorCE I - - -

Fic. 6. Expression of TLIMP and TBP-2 in adipose cells and tissues.
A, Expression of TLIMP and TBP-2 in association with differentiation
of adipocytes. The expression levels of TLIMP and TBP-2 were de-
termined by RT-PCR using ¢cDNA prepared using RNA from human
adipocytes and preadipocytes. B, Expression of TLIMP and TBP-2 in
brown and white adipose tissues in vivo. RT-PCR was performed
using ¢cDNA prepared using RNA from the indicated tissues in
C57BL/6 mice.

Preadipocyte

found in the plasma membrane, lysosomes, and endosomes.
The cellular distribution of DRH1 is similar to that of TLIMP;
EGFP-tagged DRH1 has been found to be predominantly
distributed in small vesicular structures at the periphery of
the nucleus in COS7 cells (26), suggesting the localization in
endosomes and/or lysosomes. TBP-2 familial proteins may
coordinately regulate common cellular functions in different
subcellular compartments. TBP-2 proteins have remote ho-
mology to the arrestin family of proteins, which play an
important role in the internalization of G protein-coupled
receptors and transforming growth factor-8, thereby quench-
ing their signal transduction (35, 36). Based on the structural
homology, TLIMP may have a similar biological role such as
protein trafficking during endocytosis as well as scaffold or
adaptor function similar to arrestin (37). Indeed, overexpres-
sion of TLIMP suppressed the uptake of transferrin (data not
shown). It could be also postulated that TLIMP itseif is as-
sociated with endocytosis of VD3 or endogenous ligands of
PPARY.

Expression levels of TLIMP and TBP-2 were significantly
up-regulated by VD3 and PPARy agonists, rather than by RA
and PMA, in HL-60 cells (Fig. 5). These results indicate that
the induction of TLIMP and TBP-2 expression in HL-60 cells
is specifically associated with differentiation of monocytes
and not with granulocytes. In addition, TLIMP and TBP-2
were up-regulated in association with differentiation of adi-
pocytes (Fig. 6), indicating that these genes play an important
role in PPARy-mediated adipogenesis or lipid metabolism.
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Fic. 7. Cell growth suppressive effect of TLIMP. A, Suppression of
cell proliferation by TBP-2 and TLIMP. The cell proliferation rate was
analyzed in CHO cells transiently transfected with pEF-BSR, pEF-
BSR-TBP-2-Flag, or pEF-BSR-TLIMP-Flag vectors. B, Suppression
of anchorage-independent cell proliferation by TBP-2 and TLIMP.
Blasticidin-resistant expression vectors, pEF-BSR, pEF-BSR-TBP-2-
Flag, and pEF-BSR-TLIMP-Flag, were used to transiently transfect
HeLa S3 cells. A colony formation assay was performed as described
in Materials and Methods. The results are shown as the mean * sD
of triplicate cultures. Foci are shown in the upper photographs.
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FiG. 8. TLIMP suppresses troglitazone-induced PPARY activation.
A, PPARy-dependent transactivation is suppressed by overexpression
of TLIMP. NIH3T3 cells were cotransfected with 1 ug pGAL4-lucif-
erase reporter plasmid (pGAL4-luc) and 2 pg of plasmid expressing
PPAR+Y2 fused to the GAL4 DNA binding domain (pM-PPARy2) with
or without the indicated amount of Flag-tagged TLIMP expression
plasmid (pEF-BSR-TLIMP-Flag). Twenty-four hours after transfec-
tion, cells were treated with 10 uM troglitazone and cultured for 18 h.
Luciferase activities were then measured. B, TLIMP inhibits PPARy-
dependent gene expression. NIH3T3 cells were transfected with 2 ug
HA-tagged expression plasmid (pcDNA3-HA-PPARY2) with or with-
out 2 ug of Flag-tagged TLIMP expression plasmid (pEF-BSR-
TLIMP-Flag). Twenty-four hours after transfection, the cells were
treated with 10 uM troglitazone and cultured for 18 h. The expression
levels of the indicated genes were determined by RT-PCR.

The promoter regions of the TLIMP and TBP-2 genes do not
have a classical VDR or PPAR response element. The mech-
anism of the regulations should be further investigated.
We have several pieces of evidence that the expressions of
TBP-2 familial genes are differentially regulated. VD3 and
PPARY agonists failed to induce the expression of both
AF193051 and DRHI1 in HL-60 cells (data not shown). In ad-
dition, suberoylanilide hydroxamic acid, a histone deacetylase
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inhibitor, induced expression of TBP-2 expression but not
TLIMP in HeLa S3 cells (supplemental Fig. 2, published as
supplemental data on The Endocrine Society’s Journals Online
web site at http://endo.endojournals.org), although a nuclear
factor-Y-binding site is conserved in the TLIMP and TBP-2
promoter regions. It is reported that suberoylanilide hydrox-
amic acid induces the expression of TBP-2 through activation of
nuclear factor-Y (17).

TLIMP and TBP-2 suppressed both anchorage-dependent
and -independent cell proliferation (Fig. 7). These activities
may contribute to the growth-suppressive effects of VD3 and
PPAR agonists, which also inhibit anchorage-dependent and
-independent cell growth (38, 39).

The mechanism of TLIMP-induced growth inhibition is
currently unclear. Inhibition of the TRX-reducing activity or
an effect on the nuclear compartment has been suggested as
a mechanism of TBP-2-induced cell growth inhibition (20,
40). However, it is unlikely that TLIMP suppresses cell
growth through inhibition of TRX-reducing activity because
it failed to bind to TRX or inhibit its reducing activity (Fig.
3). There are many important cell growth-regulating mole-
cules including receptor tyrosine kinases, nonreceptor ty-
rosine kinases, and (small) G-proteins in the plasma mem-
brane, whose endocytosis leads to a quenching of the signal
transduction elicited by the molecules (41). VD3 modulates
signal transduction proximal to the plasma membrane for
phospholipase C, protein kinase C, and calcium channels (1).

‘In addition, it is reported that 15-deoxy-A-12, 14-prostaglan-
din ]2, a natural ligand for PPARY, prevents cell proliferation
through inhibition of ErbBs, a receptor tyrosine kinase family
(42). It is possible that TLIMP suppresses cell growth through
the modulation of signal transduction in the plasma mem-
brane and/or endosomes. On the other hand, TLIMP sup-
presses ligand-induced PPARYy activation (Fig. 8), suggesting
the negative feedback loop between TLIMP and PPARYy. In
addition to ligand binding, PPARYy activity is modulated by
MAPK through direct phosphorylation (43). TLIMP may
modulate the activity of PPARy through the regulation of
up-stream signaling of these kinases in proximal plasma
membrane. The mechanism of the effect of TLIMP in cell
proliferation and PPARYy activation requires further study.

In conclusion, we have shown that TLIMP, a VD3 or
PPARYytarget protein, regulates cell proliferation and PPARy
activation. The cellular localization associated with endocy-
totic membrane trafficking suggests that TLIMP is a molecule
connecting the PPARy signal and endosomal functions, pro-
viding a novel mechanism of regulation by VD3 or PPARYy
signals .
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