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Testicular orphan nuclear receptor 4 (TR4) is an orphan member of
the nuclear receptor superfamily with diverse physiological func-
tions. Using TR4 knockout (TR4~/~) mice to study its function in
cardiovascular diseases, we found reduced cluster of differentia-
tion (CD)36 expression with reduced foam cell formation in TR4—/~
mice. Mechanistic dissection suggests that TR4 induces CD36 pro-
tein and mRNA expression via a transcriptional regulation. Inter-
estingly, we found this TR4-mediated CD36 transactivation can be
further enhanced by polyunsaturated fatty acids (PUFAs), such as
omega-3 and -6 fatty acids, and their metabolites such as 15-
hydroxyeico-satetraonic acid (15-HETE) and 13-hydroxy octa-deca
dieonic acid (13-HODE) and thiazolidinedione (TZD)-rosiglitazone.
Both electrophoretic mobility shift assays (EMSA) and chromatin
immunoprecipitation (ChIP) assays demonstrate that TR4 binds to
the TR4 response element located on the CD36 5’-promoter region
for the induction of CD36 expression. Stably transfected TR4-siRNA
or functional TR4 cDNA in the RAW264.7 macrophage cells resulted
in either decreased or increased CD36 expression with decreased or
increased foam cell formation. Restoring functional CD36 cDNA in
the TR4 knockdown macrophage cells reversed the decreased foam
cell formation. Together, these results reveal an important signal-
ing pathway controlling CD36-mediated foam cell formation/car-
diovascular diseases, and findings that TR4 transactivation can be
activated via its ligands/activators, such as PUFA metabolites and
TZD, may provide a platform to screen new drug(s) to battle the
metabolism syndrome, diabetes, and cardiovascular diseases.
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Atherosclerosis is a disease of both lipid disorder and chronic
inflammation that results from interactions of modified
lipoproteins, monocyte-derived macrophages, T cells, and cells
from the vessel wall (1). Foam cell formation has a central role
in the pathogenesis of atherosclerosis. Uptake of oxidized forms
of low-density lipoproteins (oxLDL) induces macrophage mat-
uration to form foam cells, which lead to the fatty streaks
characteristic of early atherosclerosis. This uptake is mediated by
specific macrophage scavenger receptors, including cluster of
differentiation (CD)36 (2) and scavenger receptor A (SRA) (3),
which recognize and internalize modified lipoproteins such as
oxLDL. Among these 2 SRAs, CD36 accounts for a large
proportion of oxXLDL uptake by macrophages (4—7). Combined
inhibition of SRA and CD36 blocks human and mouse foam cell
formation in vitro, yet human subjects carrying CD36 mutation
usually have a higher risk for atherosclerosis. CD36 roles in
oxLDL-mediated foam cell formation in vitro are clear, but its
roles in atherosclerosis in vivo are equivocal, which can be either
atherogenic (6—8) or atheroprotective (9-11).

Peroxisome proliferator-activated receptor (PPAR)y is one of
the major CD36 upstream regulators in which PPARy/retinoid
X receptor (RXR) can bind to DNA responsive elements on its
5'-promoter to modulate CD36 gene expression (12). This
upregulation of CD36 by PPARYy can be further enhanced by
oxLDL and linoleic acid (13, 14) and PPARYy ligands, including
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15d-PGJ2 and antidiabetic drugs (thiazolidinediones, TZDs)
(15-18).

Testicular orphan nuclear receptor 4 (TR4) belongs to a
nuclear receptor superfamily without an identified ligand. TR4
is closely related to TR2 and RXRs (19). The expression of TR4
was found in all tissues tested including central nervous system,
metabolic system, and cardiovascular system (20, 21). TR4~/~
mice have significant growth retardation (22), defects in female
reproductive function and maternal behavior (22), impaired
cerebella function (23), reduced sperm production (24), and
reduced myelination (25). Other studies suggested that TR4
might be a master regulator controlling glucose and lipid me-
tabolism (26), which is consistent with the previous report that
TR4 has a strong circadian expression in key metabolic tissues,
including fat, liver, and muscle (20, 21). TR4 is also highly
expressed in immune cells and macrophages. However, its roles
within the macrophage remain unknown (27, 28).

Given the facts on TR4 circadian expression profiles, the
similarly of its DNA responsive element with PPAR, and the
complexity of CD36 in regulating of lipid metabolism, we
hypothesize that TR4 is another nuclear receptor that may
function as a fatty acid sensor to modulate the CD36-mediated
lipid metabolism process. Here we identify a previously unde-
scribed signaling pathway in which TR4 regulates CD36-
mediated foam cell formation. More importantly, this TR4-
mediated CD36 induction can be activated by its endogenous and
exogenous ligands/activators. These findings suggest that TR4 is
a member of the nuclear receptor superfamily that functions as
lipid sensor in the metabolism syndrome, diabetes, and cardio-
vascular diseases.

Results

TR4 Plays a Vital Role in Foam Cell Formation. To investigate whether
TR4 has a pathophysiological role in cardiovascular diseases
such as atherosclerosis, we first investigated if TR4 is involved in
foam cell formation, a critical step in atherogenesis. Peritoneal
macrophages isolated from TR4~/~ and wild-type TR4 (TR4*/™)
mice were treated with 100 wg/mL oxLDL for 24 h. Microscopic
examination of these macrophages revealed a significant accu-
mulation of oil red O-positive droplets in TR4*/* macrophages,
indicative of lipid accumulation. In contrast, little oil red O
staining was observed in TR4~/~ macrophages. Typical data
from 2 pairs of TR4~/~ vs. TR4*/* mice are presented in Fig. 14.
This reduction of foam cell formation in TR4~/~ as compared to
TR4** macrophages suggests the presence of TR4 is critical for
foam cell formation.

To further confirm TR4 roles in foam cell formation, we
modulated TR4 expression level in RAW264.7 (RAW) macro-

Author contributions: C.C. designed research; S.X., Y.-F.L., E.K,, L.-M.C,, J.N,, L.-Y.F.,S.L.,and
S.-).L. performedresearch; S.X., Y.-F.L., J.-i.A., B.B., F.-M.H., and C.C. analyzed data; and S.X.,
Y.-F.L., and C.C. wrote the paper.

Conflict of interest: The authors declare no conflict of interest.

1To whom correspondence should be addressed. E-mail: chang@urmc.rochester.edu

PNAS | August 11,2009 | vol. 106 | no.32 | 13353-13358

CELL BIOLOGY




'd

oA : W- "
 TR4sct = -

5

Fig. 1. TR4 modulates foam cell formation. (A) Foam cell formation is
decreased in TR4~/~ macrophages. Thioglycolate-stimulated peritoneal mac-
rophages from TR4*/* mice and TR4~/~ mice were seeded on a 96-well plate
and exposed to 100 wg/mL oxLDL for 24 h. Oil red O staining was performed
as described in Materials and Methods. Cells containing oil red O-positive fat
droplets were considered foam cells. (B) Knockdown of TR4 in macrophage
RAW264.7 cells (RAW-TR4-siRNA) reduces foam cell formation. RAW264.7
cells were infected with retrovirus expressing TR4-siRNA or control TR4-
scramble. After selection with puromycin (5 ug/mL) for 3 days, the cells were
harvested and TR4 expression levels were examined by Western blot analysis
(Left). (Right) RAW-TR4siRNA cells and their empty vector control cells were
treated with 100 ug/mL oxLDL for 24 h. Oil red O staining was performed as
above. (C) Overexpression of TR4 in macrophage RAW264.7 cells (RAW-TR4)
induces foam cell formation. RAW264.7 cells were stably transfected with
pCDNA3-flag-TR4 or empty vector pCDNA3-flag. After selection with G418
(500 ug/mL) for 2 weeks, the stable cells were harvested and TR4 protein
expression was examined by Western blot analysis. GAPDH served as the
loading control (Left). (Right) RAW-TR4 cells and their empty vector control
cells were treated with 8 pg/mL oxLDL for 24 h. Oil red O staining was
performed as described in Materials and Methods.

phage cells by either overexpression of functional TR4 cDNA or
knockdown of TR4 by siRNA interference. These TR4-
modulated RAW cells were treated with oxLDL for 24 h after
depletion of lipids, and foam cell formation ability was com-
pared. Consistent with the above in vivo observation, oil red O
staining revealed that knockdown of TR4 expression
(TR4siRNA) resulted in significant reduction of foam cell
formation compared to scramble control (TR4src) (Fig. 1B). In
contrast, overexpression of TR4 enhanced foam cell formation
in RAW cells (Fig. 1C). Together, our in vivo data from TR4~/~
mice (Fig. 14) and in vitro data from RAW cells transfected with
TR4-siRNA (Fig. 1B) or functional TR4 cDNA (Fig. 1C) suggest
that TR4 plays a vital role in foam cell formation.

TR4 Promotes the Scavenger Receptor CD36 at the mRNA and Protein
Levels. As CD36 has been demonstrated to play an essential role in
foam cell formation, we were interested to see if TR4 might
modulate CD36 to control foam cell formation. CD36 is mainly
responsible for the uptake of oxLDL in macrophages. We used
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Fig. 2. TR4 modulates CD36 expression. (A) CD36 expression is reduced in

TR4~/~ mice. Peritoneal macrophages were isolated from TR4*/* and TR4~/~
mice. CD36 mMRNA (Upper) and protein level (Lower) were then examined by
semiquantitative RT-PCR, real-time PCR, and Western blot analysis. (B) Overex-
pression of TR4 enhances CD36 expression in mouse macrophage RAW264.7 cells.
The stable cells RAW-TR4 and control RAW-flag, which were established for Fig.
1C, were harvested and CD36 mRNA levels were examined by real-time RT-PCR
(Left), and CD36 and TR4 protein expression was examined by Western blot
analysis (Right). GAPDH served as the loading control. (C) Knockdown of TR4
expression reduces CD36 expression in mouse macrophage RAW264.7 cells. The
RAW-TR4siRNA and RAW-TR4scramble cells were harvested and real-time RT-PCR
was applied to examine the mRNA levels of TR4 and CD36. The data represent
mean = SD of triplicate samples. (D) Knockdown of TR4 expression reduces CD36
mMRNA expression in primary-cultured mouse peritoneal macrophage. WT male
mice were injected i.p. with 1 mL of 3.8% thioglycollate medium. After 4 days,
mouse peritoneal macrophages were isolated and purified by 2 h adherence. The
adherent macrophages were infected with TR4-siRNA or control scramble
(TR4scr) for 1day, then the cells were harvested, and real-time RT-PCR was applied
to examine the mRNA levels of TR4 and CD36. The internal control was 18s rRNA
and the mRNA expression in control (TR4scr) cells was set as 1. The data represent
mean = SD of triplicate samples.

peritoneal macrophages, which expressed CD36, from TR4™/* and
TR4~~ mice to examine CD36 gene expression in response to
knockout of endogenous TR4 expression. By using semiquantita-
tive PCR, real-time quantitative PCR, and Western blotting anal-
ysis, we found that CD36 mRNA and protein expression in peri-
toneal macrophages isolated from TR4~/~ mice was significantly
lower as compared to that from TR4*/* mice (Fig. 24).
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Fig. 3. CD36 rescues TR4-mediated reduced foam cell formation. (A) RAW-TR4siRNA cells were stably transfected with pCDNA3-flag-CD36 or empty vector.
After selection with G418 (500 ug/mL) for 2 weeks, the cells were harvested and the CD36 protein expressions were confirmed by Western blot analysis. (B)
Overexpression of CD36 rescues TR4-mediated reduced foam cell formation. The cells were seeded on a 96-well plate and exposed to 100 ug/mL oxLDL for 24 h.
Oil red O staining was then performed. These data represent results from at least 2 independent experiments.

The upregulation of CD36 by TR4 was confirmed by using  TR4 Modulates CD36 Expression at the Transcriptional Level. TR4 is
established RAW stable cell lines that express functional TR4  a transcriptional factor that can regulate its target gene expres-
cDNA or retroviral-mediated siRNA against TR4. As shown in  sion via binding to TR4 responsive element (TR4RE) located in
Fig. 2 B and C, transfection of TR4 increases CD36 expression  the gene promoter region. Therefore, we investigated if TR4 can
and knockdown of TR4 reduces CD36 gene expression at the  directly regulate CD36 gene expression at the transcriptional
mRNA level. TR4 protein level was also confirmed by Western  level. By sequence analysis and literature search, we found that
blotting analysis, where TR4 expression is induced in Flag-TR4  the CD36 promoter contains a putative TR4RE, with the
overexpressed RAW cells and reduced in TR4-siRNA RAW  sequence of 5'-AAGTCAGAGGCCA-3’', which could be also
cells. bound by PPAR/RXR (12). A 300-bp CD36 5’ promoter, which

To avoid the indirect effects of CD36 reduction from the total ~ contains TR4RE, was linked to a luciferase reporter and tested.
TR4 knockout mouse macrophage, we also used TR4*/* mouse ~ As shown in Fig. 44, TR4 enhanced CD36 5’ promoter activity
primary peritoneal macrophages with TR4 knocked down via  in a dose-dependent manner. Furthermore, TR4 failed to activate
lentiviral-mediated TR4-siRNA. The results showed that de-  the mutated CD36 promoter activity that replaced functional
creasing TR4 (via TR4-siRNA) in peritoneal macrophages re- TR4RE with mutated TR4RE (5'-AAGTCAGTTTCA-3") (12),
sulted in reduction of CD36 gene expression (Fig. 2D). Together,  suggesting this TR4RE is indeed a TR4 binding site (Fig. 4B).
both in vivo data from TR4~/~ mice and in vitro data from RAW  Moreover, retrovirus-based siRNA against TR4 reversed the CD36
cells or primary macrophages transfected with either TR4- 5’ promoter activity induced by TR4 (Fig. 4C).
siRNA or functional TR4 cDNA suggest that TR4 may regulate
CD36 expression at both mRNA and protein levels. TR4 Binds to the CD36 5’ Promoter. To prove physical interaction

between TR4 and TR4RE in vitro and in vivo, we performed
TR4 Influences Foam Cell Formation via Modulation of CD36 Expres-  electrophoretic mobility shift assays (EMSA) and chromatin
sion. To investigate whether TR4 promotion of foam cell for-  immunoprecipitation (ChIP) assays. As shown in Fig. 54, incu-
mation is via regulating CD36, we restored functional CD36  bation of 3?P-labeled TR4R E with in vitro transcribed/translated
cDNA via retroviral transduction into the stable RAW-TR4-  TR4 proteins yielded a slowly migrating band, indicated as a
siRNA cells. As shown in Fig. 34, transduction of functional = protein-DNA complex (lane 2), and adding an anti-TR4 anti-
CD36 cDNA resulted in increased CD36 protein expression in ~ body resulted in a supershift band (lane 3). This specific band
stable RAW-TR4-siRNA cells. Furthermore, this increased  formed by the TR4-DNA complex can be competed with an
CD36 expression also resulted in the reversion of reduced foam  excess amount of TR4RE, but not mutant TR4RE competitor
cell formation caused by knockdown of TR4 via TR4-siRNA  (Fig. 54, lanes 4 and 5), which further proved the specific binding
(Fig. 3B). These results from Fig. 3 clearly demonstrated that  between TR4 and TR4RE. Next, we performed ChIP assays to
TR4 might influence foam cell formation via modulation of  determine whether TR4 was able to bind to the endogenous

CD36 expression. CD36 promoter. DNA-protein complexes in the RAW cells
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Fig. 4. TR4 promotes CD36 promoter activity via TR4RE. (A) TR4 dose-dependently enhanced CD36-luciferase activity. A schematic diagram of the CD36
promoter that contains TR4RE is illustrated. CD36-luc (0.2 ng) was cotransfected with increasing amounts of pCMX-TR4 (0.2, 0.4, and 0.6 pg) into CV-1 cells. The
total amount of plasmids was adjusted to equality by vector pCMX. The cells were harvested for the luciferase assay. The data with only CD36-luc transfection
(lane 1) were set as 1 and results represent mean =+ SD. (B) TR4 significantly activates the activity of WT CD36-luc (P < 0.01; Student’s t test) but not mutant (mt)
CD36-luc. (C) TR4-siRNA reduces TR4-mediated CD36-luc activity (P < 0.01, Student’s t test). Reporter plasmids CD36-luc with TR4-siRNA or TR4scramble were
transfected into H1299 cells, and then the cells were harvested for luciferase assay.
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Fig.5. TR4directly binds to the TR4RE site of the CD36 promoter region. (A)
TR4 directly binds to the TR4RE site of the CD36 promoter region through
EMSA. The 32P-labeled probe was incubated with or without in vitro translated
TR4 protein. Complexes were resolved on 4.5% polyacrylamide gels. The
specific complexes are indicated by arrows. TR4 protein—-DNA complexes were
also incubated with TR4 antibody. (B) TR4 directly binds to the promoter of
CD36 through ChIP assay. RAW cells were cross-linked with formaldehyde
(final 1%) for 15 min at room temperature and then subjected to chromatin
immunoprecipitation using an anti-TR4 antibody or IgG (negative control)
and the indicated primers. Reaction products were resolved by electrophore-
sis.

were cross-linked in situ, and the chromatin was isolated and
sheared. Subsequently, the chromatin was immunoprecipitated
with the anti-TR4 antibody, and the DNA was purified and
subjected to PCR using CD36 promoter-specific primers. As
shown in Fig. 5B, this primer set specifically amplified a fragment
of the predicted size, and adding anti-TR4 antibody caused
4-fold upregulation (Fig. 5B), suggesting that this transcription
factor indeed is bound in vivo to the regulatory portion of the
CD36 gene. Taken together, both EMSA and ChIP assays
suggest that TR4 induces CD36 expression by binding directly to
the CD36 promoter region.

Polyunsaturated Fatty Acid (PUFA) Metabolites and TZD Activate
TR4-Mediated CD36 Transactivation. In addition to TR4, another
member of the nuclear receptor superfamily, PPARY, was also
reported to be able to modulate CD36 expression (12). Early
studies demonstrated that several CD36 upstream activators,
such as cytokine (TNFea, IFN-v, and IL-13), PUFAs [arachidonic
acid (AA), linoleic acid (LA), docosahexaenoic (DHA), and
eicosapentaenoic acid (EPA)], PUFA metabolites [15-
hydroxyeicosatetraenoic acid (15-HETE) and 13-hydroxyocta-
decadienoic acid (13-HODE)], TZD (rosiglitazone/BRL 49653),
and 15-deoxy-A-prostaglandin J2 (15d-PGJ2), were able to

13356 | www.pnas.org/cgi/doi/10.1073/pnas.0905724106

modulate CD36 expression. We were interested to see if these
activators/ligands were also able to modulate CD36 expression
via activation of TR4. As shown in Fig. 64, we found that AA and
EPA, from 1 to 250 puM, mildly induced TR4-mediated and
PPARYy/RXR-mediated CD36 expression. Interestingly, the
PUFA metabolites, including 15-HETE and 13-HODE, showed
much better induction for both TR4- and PPARy/RXR-
mediated CD36 expression.

To further confirm that PUFAs and their metabolites could
activate TR4 or PPARY via direct binding to receptors that
include conformational changes, we performed a limited pro-
teolysis assay. As shown in Fig. 6B, 15-HETE-bound TR4 and
13-HODE-bound TR4, as well as 15-HETE-bound PPARYy and
13-HODE-bound PPARY, display several changed proteolysis
resisting fragments (labeled with *) as compared to the DMSO
control. The TR4 distinct conformational alterations upon bind-
ing to PUFA metabolites strongly suggested that these PUFA
metabolites might act as endogenous ligands for TR4 (and
PPARY, refs. 29-31).

TZD, a drug for treating type II diabetes, is a synthetic PPARy
ligand with better binding affinity to PPARy that results in a
stronger induction of CD36 expression (18). As expected, we
found that rosiglitazone, a TZD, strongly promotes TR4-induced
CD36 transactivation (Fig. 6C). Similar induction was also found
when we replaced TR4 with PPARy/RXR (Fig. 6C). Together,
results from Fig. 6 demonstrate that PUFA metabolites and TZD
may function as ligands/activators for TR4 (and PPARy), which
suggest TR4, like PPARY, is a fatty acid sensor that may play
vital roles in the metabolism syndrome, diabetes, and cardio-
vascular diseases.

Discussion

Here we demonstrated an important TR4 role in foam cell
formation/atherosclerosis via regulation of CD36. We further
revealed that TR4 functions as a transcriptional factor that
directly binds to the CD36 promoter and regulates CD36 gene
expression in macrophage cells. Overexpression of CD36 in the
TR4 knockdown macrophages can restore foam cell formation,
suggesting that CD36 is involved in TR4-mediated foam cell
formation. Interestingly, the TR4 binding site in the CD36
promoter is the same as PPARvy, which controls CD36 gene
expression and foam cell formation (32-36). However, we did
not observe significant PPARy gene expression level changes in
TR4~/~ mouse macrophages (data not shown), suggesting that
PPARy-CD36 signaling may not be able to compensate or rescue
the TR4-CD36 signaling.

During screening of CD36 upstream activators, we found that
some PPAR<y ligands/activators could also stimulate TR4-
mediated CD36 expression to different levels, which uncovered
a selective array of ligands/activators between TR4 and PPARs
with different potencies to activate their downstream target
genes. And knockdown of TR4 in the RAW cells did not
eliminate CD36 mRNA induction by 15-HETE, 13-HODE, and
TZD (data not shown), suggesting other transcriptional factors
such as PPARs may also respond to these activators indepen-
dently from TR4. Because both TR4 and PPARSs recognize
similar DNA responsive elements, it will be very important to
identify distinct ligands/activators that can differentially activate
their own distinct target genes that may result in the different
effects on the cardiovascular diseases and diabetes.

Identification of TZD, a diabetes drug, functions as a TR4
ligand/acticator to modulate CD36 activity indicates that TZD
mediates lipid metabolism via multiple routes. The fact that
activating TR4-CD36 signaling by TZD can promote foam cell
formation, a key pathological alteration in atherosclerosis/
cardiovascular disease, might provide an explanation for the
cardiovascular adverse effect found in some TZD-treated type 11
diabetes patients (37, 38). Further investigation of TR4 roles in
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Lo L

P

1\

BN AS DN AS P

A s
PPAR TR4
c a4
.0
O 35
>
T 3
£
o 25
e,
[}
= 15
©
E 1
m 0.5
0 T
Receptor - PPAR - TR4
Treatment - - c—AAJ—TFPAIA\®A® - - —BAI—FFA] A0 A uM
& K & K
Q\Q/ Q\O Q‘Q’ Q\O
RS RS
B DMSO  1SHETE 13-HODE AA  EPA
trypsin 0 025 25 025 25 0.25 25 025 2.5 0.25 pg/ml
72 C 5
e - o = - - »| PPAR TR4
é — — S 9_9. 7 _L
Ay 364 — — B —_— o
— S
28+ e e — P— 5
= 5
e k=]
R
72| g 3
55 —| 2
X 36— =2
& o5— — O
= 28 - [~
17 4 an 0 - ,_L
Receptor - + + + + + c o+ o+ o+ 4+
TZD - - QM2 A D - - Mo A M

Fig. 6. PUFA metabolites and rosiglitazone act as activators/ligands for TR4. (A) PUFA metabolites induced PPAR- and TR4-mediated CD36 activity. Increasing
amounts of arachidonic acid (AA), ecosapentaenoic acid (EPA) (1, 10, 50, 100, and 250 M in BSA), and 15-HETE and 13-HODE (1 and 20 uM in DMSO) were added
24 h after cotransfection of 0.6 ug PPARY/RXR or TR4 with 0.2 ng CD36-luc into CV-1 cells. After 24 h, cells were harvested for luciferase activity. The relative
luciferase activity was calculated while setting pPCMX-TR4 in vehicle control as 1. (B) Protease protective peptide mapping was analyzed in liganded PPARy and
TR4. 15-HETE, 13-HODE, AA, and EPA were incubated with 3>S-labeled PPARy and 3>S-labeled TR4 for 15 min, and then different concentrations of trypsin (0.25
and 2.5 ug/mL) were added for another 10 min. The reaction was stopped by adding 2 SDS-sample buffer. The protease digestion pattern was resolved by gel
electrophoresis in 12.5% (for PPARYy) and 16% (for TR4) SDS/PAGE. (C) Rosiglitazone dose-dependently activates PPARy- and TR4-mediated CD36-luc activity.
Rosiglitazone (0.1, 0.5, 1, and 3 uM in DMSO) was added 24 h after cotransfection of 0.6 ug PPARY/RXR or TR4 with 0.2 ug CD36-luc into CV-1 cells. After 24 h,

cells were harvested for luciferase activity. The relative luciferase activity was calculated while setting pCMX-TR4 in vehicle control as 1.

vivo, especially in the myocardial cells, and the impact of this
identified TR4 upstream regulator affecting TR4 function would
be of interest to uncover the complexity of TR4 in regulating
lipid metabolism in different tissues under normal physiological
and pathological processes.

Taken together, our study identifies the TR4 role in foam cell
formation/cardiovascular diseases through regulation of CD36
expression. More importantly, we found that TR4 transactiva-
tion can be further promoted via its ligands/activators, such as
PUFA metabolites and TZD, suggesting TR4 is a new potential
therapeutic target for the battle of TR4-mediated lipid metab-
olism syndromes.

Methods

Isolation of Mouse Peritoneal Macrophages. Mice were peritoneally injected
with 3 mL of 4% thioglycolate broth media. Four days later, thioglycolate-
elicited peritoneal macrophages were isolated, seeded with RPMI medium
supplemented with 8% FBS, and purified by 2 h adherence.

0il Red O Staining of Foam Cells. Macrophages were seeded on 96-well plates
overnight, cultured in lipid-depleted medium for 1 day, and then treated with
oxLDL (8 ug/mL or 100 ng/mL) for 24 h. After washing with PBS, the cells were
fixed with 3.7% formaldehyde for 2 min and then stained with fresh 0.5% oil
red O for 2 h. oxLDL was purchased from Intracel.

Analysis of Atherosclerosis. Aortas were collected and stained by Sudan IV,

Xie et al.

as described previously (39). The extent of atherosclerosis in en face mouse
aortas was quantified using photoshop software (Adobe) (40).

Cell Culture, Transient Transfection, and Luciferase Assay. Mouse macrophage
RAW?264.7 cells were obtained from the American Type Culture Collection. For
the CD36-luc assay, cells (CV-1 and H1299) were seeded in 24-well plates, and
reporter plasmids were cotransfected with TR4 or PPARY/RXR and then
treated with BSA-PUFAs (AA and EPA) (41), their metabolites (13-HODE and
15-HETE in DMSO), and TZD (rosiglitazone/BRL 49653). After 24 h, cells were
harvested for luciferase assays.

DNA Constructs. Full-length CD36 was isolated from cDNA of mouse RAW264.7
cells and then subcloned into pCDNA3-flag. Mouse CD36-promoter-300 and
mtCD36-promoter were amplified and subcloned into pGL3-basic vector. All
of the constructions were verified by sequencing and/or Western blot analysis.

RNA Interference. The pSuperior.retro.puro vector (OligoEngine) and lentivi-
rus-based pLVTHM vector (Clontech) were used for the expression of shRNAs
against TR4. TR4shRNA was generated by targeting a gene-specific sense
sequence CGGGAGAAACCAAGCAATT. The scramble control was constructed
by targeting the sequence GTTCTCCGAACGTGTCACG. The construction was
confirmed by sequencing.

Virus Infection and Generation of Stable Cell Lines. For retrovirus-mediated

infection, phoenix cells were transfected with pSuperior.retro.puro-TR4-
siRNA or its control scramble plasmids. To produce recombinant lentivirus,
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293T cells were cotranfected with pLVTHM-TR4siRNA or its control scramble
plasmid and lentivirus packaging plasmids, using the Superfect method (Qia-
gen). At 48-72 h after transfection, infectious retrovirus or lentivirus was
harvested and filtered through a 0.45-uM filter. The infection was carried out

by

adding the virus into the RAW264.7 cells or primary-cultured mouse

peritoneal macrophages. After 2 days transfection by Superfect or transduc-
tion, RAW264.7 cells were selected with 500 ng/mL G418 for 10 days or 5 ug/mL
puromycin for 3 days. The stable clones were confirmed by Western blot analysis.
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Mouse studies, real-time RT-PCR, Western blot analysis, ChIP assay, and

EMSA were described previously (42-44).

Statistical Analyses. The statistical analyses were performed using Student’s t
test. P < 0.05 is considered significant.
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