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In mouse models of atherosclerosis, normalization of hyperlipidemia promotes macrophage emigration and regression of ath-
erosclerotic plaques in part by liver X receptor (LXR)-mediated induction of the chemokine receptor CCR7. Here we report that
LXRa serine 198 (S198) phosphorylation modulates CCR7 expression. Low levels of S198 phosphorylation are observed in
plaque macrophages in the regression environment where high levels of CCR7 expression are observed. Consistent with these
findings, CCR7 gene expression in human and mouse macrophages cell lines is induced when LXRa« at $198 is nonphosphory-
lated. In bone marrow-derived macrophages (BMDMs), we also observed induction of CCR7 by ligands that promote nonphos-
phorylated LXRa S198, and this was lost in LXR-deficient BMDMs. LXRa occupancy at the CCR7 promoter is enhanced and
histone modifications associated with gene repression are reduced in RAW264.7 cells expressing nonphosphorylated LXRa
(RAW-LXRa S198A) compared to RAW264.7 cells expressing wild-type (WT) phosphorylated LXRae (RAW-LXRa WT). Expres-
sion profiling of ligand-treated RAW-LXRa S198A cells compared to RAW-LXRa WT cells revealed induction of cell migratory
and anti-inflammatory genes and repression of proinflammatory genes. Modeling of LXRa S198 in the nonphosphorylated and
phosphorylated states identified phosphorylation-dependent conformational changes in the hinge region commensurate with
the presence of sites for protein interaction. Therefore, gene transcription is regulated by LXRa $198 phosphorylation, including

that of antiatherogenic genes such as CCR?7.

iver X receptors (LXRs) are oxysterol-responsive transcription

factors that manage cholesterol absorption, transport, and
elimination. In macrophages, LXR signaling initiates the homeo-
static response to cellular lipid loading. Macrophage uptake of
normal and oxidized low-density lipoprotein (LDL) leads to in-
creased cellular concentrations of cholesterol and oxysterols. Ac-
tivation of LXRs by oxysterols induces the expression of genes
involved in cellular cholesterol trafficking and efflux (1). How-
ever, in the face of persistent high cholesterol levels (hyperlipid-
emia), the LXR-regulated cholesterol homeostatic mechanisms in
macrophages are overwhelmed (2). This results in the accumula-
tion of cholesterol in the cytoplasm of macrophages, promoting
their differentiation into foam cells that become retained in the
subendothelial space and contributing to the formation and
growth of an atherosclerotic plaque. In some mouse models, nor-
malization of cholesterol levels promotes macrophage emigration
from plaques and the regression of atherosclerosis (3—6). This is
mediated in part by the induction of the chemokine receptor
CCR?7 via LXRs (7).

LXRa (NR1H3) and LXRB (NR1H2) belong to the nuclear
receptor (NR) superfamily of transcription factors (1). LXRp is
ubiquitously expressed, while LXRa is more tissue selective and is
preferentially expressed in macrophages and tissues involved in
lipid metabolism, such as the liver. LXRs form obligate het-
erodimers with retinoid X receptor (RXR) and are activated by
ligands that are oxysterol cholesterol derivatives or cholesterol
precursors (8-10). In the absence of ligand, the LXR/RXR het-
erodimer is nuclear and is bound to LXR response elements
(LXREs) in the promoter of many (but not all) target genes in a
complex with corepressors, such as silencing mediator of retinoic
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acid and thyroid hormone receptor (SMRT) and nuclear receptor
corepressor (N-CoR) (11). Upon ligand binding, the receptors
undergo a conformational change that dismisses corepressors and
recruits coactivators to induce gene activation. In macrophages,
upon ligand binding, LXR upregulates the expression of genes
involved in cholesterol transport and efflux (12, 13), including the
ATP-binding cassette (ABC) transporters (ABCA1 and ABCG1)
and extracellular cholesterol acceptors, such as apolipoprotein E
(APOE) (14). These processes contribute to the stimulation of the
reverse cholesterol transport (RCT) by LXRs. Accordingly, sys-
temic administration of LXR agonists not only reduces atheroscle-
rosis progression in LDL receptor /~ and ApoE ™'~ mice (15) but
also promotes the atherosclerosis regression of plaques (7, 16).
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Both LXRa and LXRp are necessary for full regression of plaques,
though the requirement for LXRa is greater (15, 17).

LXRa is modified by phosphorylation at serine 198 (S198),
which affects transcriptional regulatory activities (18-20). Phos-
phorylation of LXRa at S198 is conserved across species but is not
conserved in LXR, suggesting that common signaling pathways
modulate LXRa in rodents and humans, while different signals
impact LXRB (20). Foam cells in progressing plaques, as well as
cholesterol-loaded cultured macrophages, showed increased
phosphorylation of LXRa at S198 (20). Treatment with synthetic
LXR agonist T0901317 (here referred to as T) also increased LXRa
$198 phosphorylation (20). Casein kinase 2a (CK2) phosphory-
lates LXRa at S198 in macrophages, which selectively affects
LXRa target gene expression (20). Changes in expression of cer-
tain LXR-dependent genes, including CCL24 (20), are markedly
enhanced in cultured macrophages expressing a LXRa phospho-
rylation-deficient mutant (S198A) or by treatment with RXR ago-
nists, such as 9-cis-retinoic acid (9cRA), that reduce the level of
T-dependent S198 phosphorylation (20). This suggests that LXRa
phosphorylation at S198 negatively regulates gene expression.

Our previous results suggested that LXRs contribute to expres-
sion of CCR7 via a promoter-proximal regulatory element (7). In
the present studies, we examined the regulation of CCR7 gene
expression by LXRa S198 phosphorylation in human and mouse
macrophage cells and compared the results to LXRa S198-P levels
in mouse progressing and regressing plaques. In addition, expres-
sion profiles from wild-type (WT) RAW-LXRa (RAW-LXRa
WT) and RAW-LXRa S198A cells were used to identify genes
selectively affected by LXRa phosphorylation upon ligand treat-
ment. We also performed molecular modeling of LXRa/RXR on
DNA to identify the location of S198 on the structure of LXRa in
the absence and presence of phosphorylation. Our results suggest
that LXRa phosphorylation may be an important determinant of
atherosclerosis regression, for example, by regulating CCR7 ex-
pression through local conformational alterations, and that novel
LXRa pharmacology could be achieved by targeting the phos-
phorylation of this receptor.

MATERIALS AND METHODS

Cell culture and transfections. THP1 cells were obtained from the ATCC.
RAW264.7 cells expressing FLAG-tagged WT human LXRa (hLXRa)
(RAW-LXRa WT) or mutant human LXRa S198A (RAW-LXRa S198A)
have been described previously (20). Cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). For ligand treatments, RAW cells were cultured in DMEM
supplemented with 1% FBS and the indicated amounts of LXR agonist
T0901317 (T; Sigma-Aldrich), 9-cis-retinoic acid (9cRA; Sigma-Aldrich),
or 24(S),25 epoxycholesterol (EC; Sigma-Aldrich). THP1 cells were main-
tained in RPMI medium supplemented with 10% FBS. After differentia-
tion in the presence of phorbol myristate acetate (PMA) (5 ng/ml) for 3
days, cells were cultured in RPMI medium with 1% FBS and subjected to
ligand treatment as done with the RAW cells.

Mouse primary macrophage isolation and culture. LXRa '~ /B~
mice were generated as previously described (21). Bone marrow-derived
macrophages (BMDMs) were prepared from wild-type and knockout
mice as described previously (22). Tibiae and femurs were isolated from
10-to-20-week-old C57BL/6 (WT) or SV129 X C57BL/6 (LXRa '~/
Bfl ") mice, and the bone marrow was flushed out with DMEM. Cells
were seeded into petri dishes in RPMI medium—20% FBS supplemented
with 10 ng/ml macrophage colony-stimulating factor (M-CSF) (Pepro-
tech). After 7 days in culture, BMDMs were scraped off, split into 6-well
plates, and treated as described in the figure legends.
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qPCR. Total RNAs from RAW and THP1 cells were extracted with
TRIzol (Invitrogen) as described by the manufacturer. RNA from
BMDMs was prepared using a Qiagen RNeasy minikit. The total RNA was
converted into cDNA using enhanced avian reverse transcriptase (USB)
and random primer hexamers by following the manufacturer’s instruc-
tions. cDNAs were amplified using a SYBR green quantitative PCR
(qPCR) kit (USB) on an iCycler instrument (Bio-Rad). The following
primers were used: for mouse CCR7, 5'-TGTACGAGTCGGTGTGCTT
C-3" and 5'-GGTAGGTATCCGTCATGGTCTTG-3'; for human CCR?7,
TGAGGTCACGGACGATTACAT-3' and 5-GTAGGCCCACGAAACA
AATGAT-3" and 5'-GACGGAGCTTGTGTCCAAGAT-3'; for human
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5'-CATGAGAA
GTATGACAACAGCCT-3" and 5'-AGTCCTTCCACGATACCAAAGT-
3’; and for mouse cyclophilin, 5'-GGCCGATGACGAGCCC-3" and 5'-T
GTCTTTGGAACTTTGTCTGCAA-3'.

Chromatin immunoprecipitation (ChIP) assays. Assays were per-
formed as described previously with the following modifications. After
treatments (2 h), the cells were cross-linked with 1% formaldehyde at
room temperature for 10 min, followed by neutralization with 0.125 M
glycine for 5 min. The cells then were washed twice in ice-cold phosphate-
buffered saline (PBS) and resuspended in Farnham lysis buffer {5 mM
PIPES [piperazine-N,N’-bis(2-ethanesulfonic acid)] (pH 8.0), 85 mM
KCl, 0.5% NP-40, proteinase inhibitor cocktail (Sigma-Aldrich)} for 10
min. The fractions of nuclei were separated by spinning and resuspended
in sonication buffer (PBS supplemented with 1% NP-40, 0.5% sodium
deoxycholate, 0.5% sodium lauryl sulfate, and proteinase inhibitor cock-
tail). The sonication was done in a Bioruptor sonication system (Diag-
enode). The lysates were cleared by centrifugation and diluted to 0.1%
sodium lauryl sulfate. Specific antibodies (anti-LXRa [PPZ0412; Perseus
Proteomics], anti-H3K9me3 [ab8898; Abcam|, and anti-H3K27me3 [07-
449; Millipore]) or matching IgGs were coupled to Dynabeads (protein G
or protein A; Invitrogen) and then added to cell lysates. After immuno-
precipitation, beads were washed 5 times with LiCl buffer (Tris [100 mM;
pH 7.5], 500 mM LiCl, 1% NP-40, 1% sodium deoxycholate) and once
with TE buffer (Tris [10 mM; pH 7.5], 0.1 mM EDTA) and then resus-
pended in elution buffer (1% sodium lauryl sulfate, 0.1 M NaHCO;)
and incubated at 65°C for 1 h. The supernatants were transferred and
kept at 65°C overnight, followed by purification with a PrepEase DNA
cleanup kit (USB). qPCR was done to measure binding on DNA with
the following primer pair for mCCR7 —120 to —15: 5'-TCCTATGAC
AGCCGAATGTG-3' and 5'-GCCCCTTTTAAGTTGTTCCA-3'.

Immunohistochemistry. The grafted arches from progressing and re-
gressing plaques were removed, embedded in OCT, and frozen. Serial
sections (6 pwm thick) were obtained using a cryostat. Sections were fixed
in ice-cold acetone for 10 min and rinsed in PBS three times for 3 min each
time. Sections were incubated in 3% H,O, for 10 min to quench the
peroxidase activity and blocked with 5% normal horse serum—PBS for 1 h.
Fixed sections were stained overnight at 4°C with the primary antibody to
LXRa (ab3585; Abcam) at 10 pg/ml or LXRa-S198-P (affinity-purified
rabbit 1135 [20]) at 15 pg/ml in 2% BSA-PBS. Sections were washed five
times in PBS for 3 min each time and incubated with a secondary biotin-
ylated anti-rabbit IgG (H+L) antibody at a 1:1,000 dilution (BA-1000;
Vector Laboratories) for 1 h at room temperature. Sections were washed
five times in PBS for 3 min each time, incubated with horseradish perox-
idase streptavidin (SA-5704; Vector Laboratories) for 30 min, and washed
again five times in PBS for 3 min each time. Staining was visualized using
a DAB (3,3'-diaminobenzidine) peroxidase substrate kit (SK-4100; Vec-
tor Laboratories) following the manufacturer’s protocol, and the reaction
mixture was counterstained with hematoxylin for 2 min (H3401; Vector
Laboratories) and rinsed with tap water until the water ran clear. Sections
were imaged on a Zeiss microscope.

Microarray. Total RNA was isolated from a murine macrophage
RAW 264.7 cell line expressing wild-type (WT) human LXRa or human
LXRa with a serine-to-alanine mutation (S198A) (20) (1.1 X 10° cells)
cultured in DMEM-10% FBS, washed twice with PBS, and treated with T
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FIG 1 LXRa and LXRa-S198-P levels in atherosclerotic plaques. Aortic arches from donor ApoE~'~ mice fed a high-fat diet for 16 weeks were transplanted into
WT (regression) or ApoE~'~ (progression) recipients. At 6 days posttransplant, the grafts were harvested. Sections were immunostained for LXRa and
LXRa-S198-P. Dark brown areas indicate areas of staining. A representative section is shown. No staining above the background level is evident in the presence

of the secondary antibody alone (secondary only). Magnification, X200.

(1 uM) in phenol-red free DMEM-10% lipoprotein-deficient serum for
24 h. A murine 430A 2.0 Affymetrix GeneChip was used for analysis of
gene expression.

Normalization and analysis. CEL files representative of four different
conditions and duplicates (a total of 8) were normalized to account for
technical variations between the arrays using Robust Multichip Average
(RMA) Express for Windows. Primary data were analyzed by using
MultiExperiment Viewer (MeV) for significance and hierarchical cluster-
ing. The analysis of variance (ANOVA) test was performed under each set
of conditions to find those probe sets that were considered significant
(P < 0.05). Genes were considered significant if (i) they were identified in
the ANOVA test as significant and (ii) they displayed a fold change in
expression of >1.5 when the logarithmic values determined in the pres-
ence and absence of hormone treatment were subtracted.

The L2L Microarray Database (L2L MDB), a collection of published
microarray data, in the form of a set of lists, was used to determine gene
ontology (GO) classes and associations.

Molecular modeling. A three-dimensional (3D) structural model of
LXRa was built by homology based on the LXRa sequence (Uniprot se-
quence accession no. Q13133). The published crystallographic structure
of LXRP in a liganded hLXRB-hRXRa heterodimer on DNA (PDB acces-
sion no. 4NQA) was used as the template (23). The DNA binding domain
(DBD) and ligand binding domain (LBD) as well as the hinge region
connecting the two are present in both hRXRa and hLXRp in the “b”
chain of the LXRP template structure, so this specific chain from the
crystal structure was used as a template. The DBD, LBD, and hinge region
were thus all modeled in LXRa in the context of hRXRa and DNA. A
previously published homology modeling method was used (24, 25). The
sequence similarities between the LXRa and LXRB DBDs and LBDs were
sufficiently high to unambiguously assign all of the amino acids in those
domains and build an initial model via sequence alignment. The LXRa
hinge loop region was first modeled in the absence of the hRXRa and
DNA. The lowest-energy loop conformation was then used as the starting
conformation for the subsequent loop sampling in the context of the
hRXRa and DNA, with and without a serine phosphorylation at LXRa
amino acid position 198 (S198), via a previously published loop modeling
method (26). The loop was subjected to a biased-probability Monte-Carlo
conformational search with local minimization for 50 million steps/calls
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(27). ICM-Pro software (Molsoft, LLC, La Jolla, CA) was used to perform
all modeling manipulations.

RESULTS

LXRa S198 phosphorylation is enhanced in atherosclerosis pro-
gression versus regression. To address the relevance of LXRa
phosphorylation in atherosclerosis, we examined the protein lev-
els of LXRa-S198-P and LXRa from aortic arches of ApoE-defi-
cient mice undergoing atherosclerosis progression and regression
by immunohistochemistry. We found that LXRa-S198-P was
higher in progressing plaques than in regressing plaques (Fig. 1).
This correlates with previous studies showing increased CCR7
mRNA and protein levels in regressing plaques (4, 7) and suggests
that the nonphosphorylated form of LXRa S198 in the regression
environment is associated with CCR7 expression.

Expression of CCR7 in macrophages is associated with non-
phosphorylated LXRa-S198. We next examined the impact of
LXRa S198 phosphorylation on Cer7 expression in mouse mac-
rophage RAW264.7 cells ectopically expressing human LXRa
(RAW-LXRa WT) (20) and in human differentiated THP1 cells
expressing endogenous LXRa. When either RAW-LXRa cells
(Fig. 2A) or THP1 cells (Fig. 2B) were stimulated with both
T0901317 (T) and 9-cis-retinoic acid (9cRA), the combination of
which reduces the level of LXRa S198 phosphorylation compared
to that seen with T treatment alone, we observed an increase in
CCR7 mRNA expression. In contrast, treatment with either ligand
alone elicited little Ccr7 expression. In parental RAW cells that
contained abundant LXRB but lacked LXRa, we did not see in-
duction of Ccr7 mRNA upon T or 9cRA or T-plus-9cRA treatment
(not shown). Thus, the S198 nonphosphorylated form of LXRa is
associated with Ccr7 expression in macrophage cell lines.

We also tested the LXR dependency of Ccr7 expression in primary
bone-derived macrophages (BMDMs). We isolated BMDMs from
wild-type and Lxra/Lxr3 double-knockout mice (here termed
Lxr~'7) (21) and treated them in culture with vehicle (dimethyl
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FIG 2 RXR ligand 9-cis-retinoic acid inhibits LXRa phosphorylation and induces Ccr7 expression. (A) (Top panel) Cer7 expression was analyzed by qPCR in
RAW?264.7 cells expressing WT LXRa in the absence of ligand (DMSO) and in the presence of T0901317 (T; 5 uM) or 9-cis-retinoic acid (9cRA; 1 M) or upon
cotreatment with both T (5 wM) and 9cRA (1 uM) for 24 h. The values indicate expression levels normalized to cyclophilin A mRNA levels and are presented
relative to the expression in vehicle-treated cells, which was set as 1. Error bars represent standard deviations (SD). (Bottom panel) Nuclear extracts were prepared
from RAW-LXRa WT cells cultured for 4 h in the absence (DMSO) or presence of T (5 uM) or 9cRA (1 uM) or a combination of T (5 uM) and increasing (0.1
and 1 M) concentrations of 9cRA. LXRa S198 phosphorylation and the total level of LXRa were detected by Western blotting. (B) (Top panel) Ccr7 expression
was analyzed by qPCR in differentiated THP1 cells treated as described for panel A. Values were normalized to GAPDH gene levels. (Bottom panel) Nuclear
extracts from THP1 cells were analyzed for T-dependent LXRa S198 phosphorylation over a 4-h time course and in the presence of a 2-h 9cRA (1 pM)
cotreatment. (C and D) LXR functions as an activator of Ccr7 mRNA expression. Bone marrow-derived macrophages were isolated from Lxr /" and Lxra/B ™/~
mice. Cells were treated in culture with the vehicle (DMSO), T (5 pM), 9cRA (1 wM), or both ligands for 18 h, and Ccr7 mRNA expression normalized to

cyclophilin A levels was analyzed by qPCR; data are presented relative to the expression in vehicle-treated cells, which was set as 1. Error bars represent SD.

sulfoxide [DMSO]), T alone, 9cRA alone, or T in combination
with 9cRA and examined Ccr7 mRNA expression. Treatment with
T alone or 9cRA alone resulted in a small induction of Ccr7 mRNA
expression, whereas the combination of T plus 9cRA resulted in a
3-fold increase in the induction of Ccr7 mRNA (Fig. 2C). Treat-
ment with GW3965, a synthetic LXR agonist that induces S198
phosphorylation, did not induce the expression of Ccr7 mRNA
(not shown). Importantly, the induction of Ccr7 expression was
LXR dependent as there was no induction by ligand of Ccr7
mRNA from Lxr~/~ macrophages (Fig. 2D). Thus, the ligand-
dependent induction of Ccr7 requires LXR.

We next determined the impact of inhibiting LXR S198 phos-
phorylation through mutation of the site from a serine to an ala-
nine in RAW cells (RAW-LXRa S198A). We found that, in those
cells, LXRa S198A markedly enhanced basal levels of Ccr7 mRNA
compared to the results seen with phosphorylated WT LXRa (Fig.
3A, DMSO). Whereas Ccr7 expression was slightly decreased by
LXR S198A upon treatment with T plus 9cRA (or treatment with
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T alone; not shown), the natural ligand 24(S),25-epoxycholesterol
further increased the expression of Ccr7 (Fig. 3B), suggesting that
additional changes imparted by ligand affect LXRa-mediated
transcription of CCR7. In addition, the chemotactic potential of
cells with respect to CCR7-specific chemokines (CCL21 and
CCL19) was higher in LXRa-S198A cells than in LXRa WT cells
(Fig. 3C). These results demonstrate that, in RAW cells, Ccr7 ex-
pression and chemotaxis are modulated by LXRa S198 phosphor-
ylation.

Nonphosphorylated LXRa S198 relieves histone H3-repres-
sive chromatin at CCR7. We next examined chromatin modifi-
cations at the endogenous CCR7 promoter as a function of LXRa
$198 phosphorylation. As CCR7 expression is repressed in most
cell types, we analyzed the histone-repressive modifications,
H3K9me3 and H3K27me3 (28, 29), of the mouse CCR7 promoter
by ChIP analysis as previously described (7). In RAW-LXRa WT
cells, compared to basal and T treatment conditions, CCR7 regu-
latory regions showed a reduction in the levels of H3K9me3 and
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FIG 3 LXRa phosphorylation regulates Ccr7 gene expression and chemotaxis. (A) RAW-LXRa WT and LXRa-S198A-expressing cells were incubated with
DMSO vehicle (=) or T (1 pM) and 9cRA (1 uM) (T+9) for 24 h, and transcripts were analyzed by qPCR. Values indicate expression of CCR7 normalized to
expression of cyclophilin A, and levels are presented as fold induction relative to the expression in vehicle-treated LXRa WT cells, which was arbitrarily set as 1.
(B) RAW-LXRa WT cells or the RAW-LXRa S198A cells were incubated for 24 h with DMSO vehicle (—) or 24(S),25-epoxycholesterol (5 wM) (EC). Transcripts
were analyzed as described above. Error bars represent SD. The experiment was repeated at least 3 times with similar results. (C) RAW-LXRa WT or RAW-LXRa
S198A cells (4 X 10*) were added to the upper chambers of a Transwell (Neuroprobe) (5-um-diameter pore) plate. Chemotaxis buffer (DMEM-10% FBS)
without (—) or with (+) CCR?7 ligands (100 ng/ml CCL19 and 100 ng/ml CCL21) was added to the lower chambers, and plates were placed at 37°C for 3 h. The

cells that migrated toward the lower chamber were counted. Assays were performed in triplicate, and the results were averaged. Error bars represent SD.

H3K27me3 upon cotreatment with T-plus-9cRA (Fig. 4A, LXRa-
WT). The levels of H3K9me3 and H3K27me3 at the CCR7 pro-
moter were substantially lower in RAW-LXRa S198A cells, which
express CCR7 at high levels, than in RAW-LXRa WT cells (Fig.
4A, LXRa-S198A).

We also examined the recruitment of LXRa to the CCR7 pro-
moter and found a higher level of LXRa occupancy upon stimu-
lation with T plus 9cRA in RAW-LXRa WT cells than in control
and T-treated cells (Fig. 4B, LXRa-WT). LXRa displayed greater
occupancy at the CCR7 promoter in the S198A cells than in the
cells expressing the wild-type LXRa under basal (DMSO) condi-
tions, while LXRa binding was reduced upon treatment with T
plus 9cRA (Fig. 4B, LXRa-S198A). This mirrors the expression
pattern of Ccr7 in the S198A line, where Ccr7 expression was high
under basal conditions and was reduced upon T-plus-9cRA treat-
ment. Thus, it appears that both a decrease in repressive histone
modifications and increased occupancy of the unphosphorylated
LXRa contribute to Cer7 expression.

LXRa S198 phosphorylation affects changes in global gene
expression in RAW cells. To assess global gene expression

>

changes related to LXRa phosphorylation, microarray analysis
was performed on RNA extracted from RAW-LXRa WT and
RAW-LXRa S198A cells upon T treatment. At a differential gene
expression threshold of 1.5-fold, a total of 177 genes were induced
(93 genes) or repressed (84 genes) by T treatment in the RAW-
LXRa WT cells, whereas a total of 233 genes were induced (113
genes) or repressed (120 genes) by T treatment in the cells express-
ing LXRa S198A (Fig. 5A). Of the 113 genes that were induced in
the S198A cells, 59 were activated by T treatment only when the
5198 site was mutated to alanine (Fig. 5B). Similarly, of the 120
repressed genes, 77 were suppressed by T treatment only in the
S198A-expressing cells (Fig. 5C). There were also genes induced
and repressed in the RAW-LXRa WT cells that were neither en-
hanced nor suppressed in the S198A cells (Fig. 5B and C). This
suggests that phosphorylation affected the LXRa ligand-depen-
dent gene expression.

We performed gene ontology (GO) analysis of the genes pref-
erentially regulated by T treatment in the S198A cells. We focused
our analysis on the 59 genes upregulated and the 77 genes down-
regulated selectively in S198A versus WT cells upon T treatment,
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FIG 4 Unphosphorylated LXRa decreases the repressive chromatin state and increases LXRa occupancy at the CCR7 promoter. H3K9me3 and H3K27me3
binding was assessed by ChIP. RAW-LXRa WT and RAW-LXRa S198A cells were incubated with vehicle and 5 wM T (T) alone or in combination with 1 pM
9¢cRA for 2 h, and chromatin was prepared and processed as described in Materials and Methods. ND, not determined. (A) Modified histones were immuno-
precipitated using antibodies against H3K9me3 and H3K27me3. Precipitated DNA was amplified by qPCR using primers located between residues —120 and
—15 of the CCR7 promoter and normalized to input chromatin levels; data are reported as percent input. (B) LXRa occupancy at CCR7 as assessed by ChIP.
RAW-LXRa WT and RAW-LXRa S198A cells were treated as indicated; chromatin was prepared and precipitated using an LXRa-specific monoclonal antibody.
DNA was amplified by qPCR using primers located between residues —120 and —15. Samples were measured in triplicate, and the results were averaged. Error
bars represent SD.
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FIG 5 The effects of LXRa S198 phosphorylation on gene expression. (A) Numbers of genes induced and repressed upon T treatment from RAW264.7 cells
expressing LXRat WT versus LXRa S198A (<1.5-fold change). (B and C) Venn diagrams of the induced (B) or repressed (C) genes from RAW-LXRa WT and
RAW-LXRa S198A cells. (D) Fold change in the expression of selected genes upon T treatment in the S198A-expressing cells compared to the WT-expressing cells
from the array data. (E) LXRa-mediated repression of PTGS2 (Cox2) by nonphosphorylated LXR S198. RAW-LXRa S198A cells were incubated with DMSO (—)
or T (1 wM) for 24 h, and levels of Ptgs2 (Cox2) mRNA were analyzed by qPCR. Values indicate expression normalized to cyclophilin A levels, and the RNA levels
are presented relative to the expression in vehicle-treated (—) RAW-LXRa WT cells, which was set to 1.

as these represented the broadest LXRa S198 phosphorylation
states (completely nonphosphorylated LXRa in the RAW LXRa-
S198A cells compared to the fully S198-phosphorylated LXRa in
the T-treated RAW LXRa WT cells) in order to uncover key pro-
cesses associated with LXRa S198 phosphorylation. This analysis
revealed that the GO classes of T-dependent S198A-upregulated
genes were associated with membrane organization, endocytosis,
cell adhesion, phagocytosis, and vesicle transport, whereas the GO
classes of the downregulated genes include genes linked to the
inflammatory response, cell proliferation, and cytokine produc-
tion (Table 1).

Because the basal level of Ccr7 is high in S198A-expressing cells
and because T treatment does not enhance its expression, Ccr7 was
not included in the genes induced by T treatment in the S198A
cells. Additionally, genes encoding products such as AIM and LPL
are not included in the set of genes selectively induced upon T
treatment in RAW-LXRa S198A cells, since these genes are also
induced in RAW-LXRa WT cells (20).

Examples of specific gene products induced by T treatment in
RAW-LXRa S198A but not RAW-LXRa WT cells (Fig. 5D) in-
clude MARCKS, a factor that promotes macrophage motility
(30); KLKS, a serine protease involved in collagen IV degradation
(31); EDIL3, an integrin ligand and leukocyte adhesion inhibitor
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(32); DAB2, a protein involved in endocytosis (33); and LILRB3, a
suppressor of M1 macrophage activation (34).

Genes repressed in RAW-LXRa S198A compared to RAW-
LXRa WT cells (Fig. 5E) include those encoding products such as

TABLE 1 GO analysis of genes upregulated or downregulated upon T
treatment in RAW-LXRa S198A-versus RAW-LXRa WT-expressing cells”

No.of  Fold
Biological process genes enrichment P value
Upregulated in S198A cells
Membrane organization 7 9 8.40 X 107
Endocytosis 6 11 1.46 X 107
Immune response 7 5 1.57 X 107%
Cell adhesion 7 4 3.76 X 10~
Phagocytosis 3 22 7.83 X 107
Vesicle-mediated transport 6 5 8.18 X 107
Downregulated in S198A cells
Regulation of cell proliferation 7 5 228 X 107
Inflammatory response 5 8 2.56 X 107
Cell activation 5 8 3.53 X 107
Cytokine production 3 26 5.45 X 107

Molecular and Cellular Biology

“ Fold enrichment of actual over expected probe sets is shown along with P values.
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FIG 6 Molecular modeling of the DNA-bound LXRa-RXRa heterodimer reveals alterations in the orientation of the S198 residue upon phosphorylation.
Simulated conformations of the hLXRa-hRXRa heterodimer bound to DNA (multicolored cylinder with central plates) in the context of nonphosphorylated
S198 (green, arrow) (A) and phosphorylated S198 (purple, arrow) (B) are shown. RXRa is shown in blue, and LXRa is depicted in gray. Three serines (red)
located at residues 191, 197, and 207 in the hinge do not contact any elements of the hRXRa-hLXRa heterodimer. (C) Superimposition of the images in panels
A and B, showing the difference in the orientations of S198 in its unphosphorylated (green) and phosphorylated (purple) conformations. (D) Closeup view
showing the conformations of unphosphorylated (green) and phosphorylated (purple) S198. Note the helical tendency of residues 191 to 195 in the LXRa S198

nonphosphorylated state (arrow).

the CXCL14 chemokine, a chemoattractant for monocytes (35);
lymphotoxin beta (LTB; tumor necrosis factor [TNF] superfam-
ily, member 3), an inducer of the inflammatory response in ath-
erosclerosis (36); RAB15, a GTPase involved in endocytosis (37);
SLC6A4, a serotonin transporter expressed in neurons and mac-
rophages (38); and the proinflammatory factors PTGS2 (COX2)
and TNF-a. The repression of PTGS2 mRNA in the RAW-LXRa
S198A cells compared to the RAW-LXRa WT cells was verified by
qPCR and shows that, consistent with the gene array studies, re-
pression of the level of Ptgs2 mRNA by LXR signaling is a function
of the nonphosphorylated receptor (Fig. 5E). Therefore, ligand-
treated S198A cells enhance the expression of genes involved in
cell motility and anti-inflammatory responses while also reducing
the expression of proinflammatory genes, suggesting a role for
LXRa phosphorylation in macrophage inflammatory responses.
Molecular modeling of LXRax $198. We next determined the
location of S198 on the structure of LXRa. Recently, the crystal
structure of LXRB in complex with RXRa on the canonical DR4
DNA element has been solved (23). From this, we built a homol-
ogy model for LXRa, which included conformational sampling of
the hinge region between the DNA and the ligand binding do-
mains in the context of bound RXRa and DNA (Fig. 6). S198 does
not contact DNA, the RXRae DNA binding domain, or either the
LXRa or RXRa ligand binding domains in our model (Fig. 6A).
Moreover, phosphorylation of S198 did not introduce any con-
tacts with the other domains (Fig. 6B). Interestingly, phosphory-
lation of S198 alters the orientation of the residue such that un-
phosphorylated S198 is buried whereas phosphorylated S198 is
exposed on the surface of the complex, which is consistent with a
site for protein interaction (Fig. 6C and D). In addition, a segment
containing unphosphorylated S198 adopts a short alpha helical
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stretch which is not observed in the phosphorylated S198 simula-
tions, suggesting an alternative surface for protein interaction in
the S198 nonphosphorylated state (Fig. 6D, arrow). Hence, phos-
phorylated S198 and nonphosphorylated S198 are predicted to
impart distinct structural characteristics to the LXRa hinge do-
main which we hypothesize could influence cofactor recruitment,
ultimately modulating LXRa activity in a gene-specific manner.

DISCUSSION

We have examined the regulation of CCR7 in macrophages and
found that phosphorylation of LXRa at S198 is an important de-
terminant. The regulation of expression of CCR7 appears multi-
faceted and distinct from that of canonical LXR targets such as
ABCAL1. For example, reduction of LXRa S198 phosphorylation is
associated with enhanced Ccr7 expression (this study) but has
little effect on Abcal expression (20). In addition, analysis of the
ENCODE database (39) reveals that, in cells where CCR7 is ex-
pressed (such as the GM12878 lymphoblastoid cell line), an open
chromatin configuration is observed, and a host of transcription
factors (including PU.1, an Ets family member transcription fac-
tor that determines LXR occupancy and gene expression in mac-
rophages [40, 41]) and RNA polymerase II occupy the promoter,
whereas in cells that do not express CCR7 (such as hepatoma
HEPG?2 cells), a closed chromatin configuration is detected, and a
lack of transcription factors and RNA polymerase II at the pro-
moter is observed. This is in contrast to ABCA1, which has an
open chromatin configuration independent of its expression (not
shown). Such a preaccessible chromatin pattern at ABCA1 is also
consistent with the observation that, in NIH 3T3 fibroblasts and
3T3-F422A preadipocytes with ectopic LXRa expression (13),
Abcal expression is induced upon LXR ligand treatment. How-
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ever, expression of APOE, another LXR target gene, is induced by
LXR ligands only in preadipocytes and not fibroblasts, suggesting
cell type-dependent regulation of certain LXR target genes. Thus,
our findings suggest that for LXR to induce the expression of Ccr7
it would have to overcome a repressive chromatin environment.
We speculate that such a change in chromatin in the CCR7 locus
occurs in vivo during atherosclerosis regression, where the pheno-
typic state of macrophages changes from M1 to M2 upon normal-
ization of hyperlipidemia (5, 29, 42). Consistent with this idea,
treatment of RAW-LXRa WT cells with the M2 polarizing cyto-
kine interleukin-4 (IL-4) resulted in the T- and PU.1-dependent
induction of Ccr7 mRNA expression (B. Pourcet and 1. Pineda-
Torra, unpublished data). Additional studies, including the gen-
eration of an LXRa S198A knock-in mouse, will be required to
determine the impact of LXRa phosphorylation on regulation of
CCR7 in macrophages upon atherosclerosis progression and re-
gression in vivo.

Global gene expression analysis in regressing versus progress-
ing plaque macrophages identified arginase 1 (ARG1) as one of the
most highly upregulated genes in macrophages from regressing
plaques (42). Interestingly, ARGI is also upregulated by LXR sig-
naling in RAW-LXRa WT cells. The induction of ARG1 upon
LXR signaling is indirect and involves the activation of interferon
regulatory factor 8 (IRF8) (41). However, this regulatory mecha-
nism does not underlie the LXR-dependent induction of CCR7
since depletion of IRF8 had no effect on Ccr7 expression (Pourcet
and Pineda-Torra, unpublished). ARG1 is a marker of M2 (anti-
inflammatory or tissue repair) macrophages, and other accepted
M2 markers, such as mannose receptor, are also upregulated in
both RAW-LXRa S198A (not shown) and regressing plaque mac-
rophages (5, 29). This might represent an association of nonphos-
phorylated LXRa S198 with a more reparative M2 macrophage
phenotype. Although CCR?7 is considered an M1 marker, our
findings suggest a complexity in the regulation of gene expression
by LXR S198 phosphorylation that is not specific to either an M1
or M2 lineage. Such a phenotypic spectrum is also reflected in
regressing plaque macrophages that express M2 (ARG1) and M1
(CCR?7) determinants (3, 4, 42, 43).

Insight into how phosphorylation of LXRa at S198 might
impart such gene selectivity comes from the recently deter-
mined structure of the LXRB-RXRa heterodimer on a DR4
DNA element (23). Judging of the basis of our LXRa-RXRa
model, functional effects of S198 in the hinge region are un-
likely to occur through contacting either the DNA binding or
ligand binding domains. This is in contrast to the peroxisome
proliferator-activated receptor y (PPARY)/RXRa structure on
a DRI element, which shows the hinge region contacting the
minor groove of the DNA (44). Whereas the phosphorylated
S198 is surface exposed, the nonphosphorylated S198 assumes the
opposite orientation. Importantly, the nonphosphorylated form
promotes a short a-helix in the hinge region that is not observed
in the phosphorylated S198 simulation, suggesting a unique sur-
face for protein interaction in the S198 nonphosphorylated state
(Fig. 6D). Interestingly, mutations in LXRa have been identified
at S198 and P199 in ovarian and intestinal cancers, respectively,
suggesting roles for these residues in LXRa function (45, 46).

CCR?7 does not contain a classical DR4. Indeed, recent ge-
nome-wide studies identifying LXR binding sites in mouse liver
and human macrophage THP1 cells revealed that less than 10% of
LXR binding site sequences contain a DR4 element, implying in-
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direct or non-DR4 element binding of LXRa to its target genes
(47, 48). Interrogation of chromatin immunoprecipitation se-
quencing (ChIP-seq) data from RAW-LXRa WT cells did not
reveal an association of LXRa within 50 kb of the CCR7 locus
(M. A. Hussein, D. Savic, M. J. Garabedian, and R. M. Myers,
unpublished data). This might reflect weak or transient binding of
LXRa to the CCR7 promoter and the inability of ChIP-seq to
reveal low-occupancy sites because of limitations in the number of
sequence reads (49). Consistent with this interpretation, we find
that LXRa occupancy can be detected at the CCR7 promoter by
directed ChIP-qPCR, an approach not constrained by read depth
(7) (Fig. 4B). Given the complexity of CCR7 regulation, it would
seem that additional functional analyses of the CCR7 regulatory
regions are warranted to reveal the LXR-responsive region(s) in
the context of the gene’s endogenous chromatin environment us-
ing genome-editing approaches (50).

We propose a model for LXRa S198 phosphorylation-depen-
dent gene regulation using CCR7 as an example (Fig. 7). We spec-
ulate that, in the absence of ligand, LXRa is associated with the
promoter in a repressed state. We further envision that T (or
GW9365)-dependent LXRa S198 phosphorylation results in a
conformation that is not compatible with coactivator binding to
relieve repression. Thus, T treatment alone would not elicit a ro-
bust transcriptional response. In contrast, upon T-plus-9cRA
treatment, by promoting the S198 nonphosphorylated state and
an alternative conformation, LXRa is competent for coactivator
assembly, thereby relieving repression and inducing transcription.
The requirement for 9cRA-liganded RXR would be to recruit a
phosphatase (or dismiss a kinase) to reduce LXRa S198 phos-
phorylation and promote a conformation compatible with coacti-
vator binding.

Recent studies also indicate that tumors secrete a sulfotrans-
ferase 2B1b (SULT2B1)-sensitive product that inhibits Ccr7 ex-
pression in maturing dendritic cells to dampen the antitumor re-
sponse (51). Given that SULT2BI inactivates endogenous LXR
oxysterol ligands (52) and that deletion of LXRa in bone marrow-
derived cells restores CCR7 to control tumor growth (51), this
suggests that Ccr7 expression is suppressed by LXRa signaling in
tumor-infiltrating dendritic cells. Whether alterations in LXRa
S198 phosphorylation contribute to Ccr7 expression in tumor-
associated dendritic cells remains unknown. However, this obser-
vation is consistent with our finding that basal expression of Ccr7
is high when LXRa is in the S198 nonphosphorylated state and
that, under these conditions, certain LXR ligands suppress Ccr7
expression.

Alterations in gene expression between the phosphorylated
LXRa WT and LXRa-S198A cells are evident in the RAW cell
model and suggest that the changes elicited by the nonphosphor-
ylated LXRa promote a more motile and less inflammatory mac-
rophage state, features that are consistent with an antiatherogenic
phenotype. Thus, it would be interesting to identify LXR ligands
that selectively promote the nonphosphorylated form of LXRa
and test their effects as potential anti-inflammatory and anti-
atherogenic compounds (53). In fact, PPARYy ligands that block
phosphorylation of the hinge region have been shown to selec-
tively affect gene expression, resulting in antidiabetes activity
without the side effects that promote fat accumulation (54, 55).
This suggests that novel pharmacology can be achieved by target-
ing nuclear receptor phosphorylation.
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FIG 7 Model for LXRa-S198 phosphorylation-dependent regulation. A schematic representation of LXR regulation of CCR7 is shown. In the absence of ligand,
nonphosphorylated LXR is bound to CCR7 in a repressive chromatin state (high H3K9me3 [diamond] and high H3K27me3 [triangle]). Upon T treatment, S198
becomes hyperphosphorylated; this conformation is not compatible with the coactivator recruitment that would reverse the repressive chromatin condition.
Upon T-plus-9cRA treatment, S198 is nonphosphorylated, and this promotes the assembly of an as-yet-unidentified coregulator complex (CoR) that relieves the
repressive chromatin environment and promotes gene expression. The model excludes RXR for simplicity, although we propose that the requirement of 9cRA
and RXR would be to recruit a phosphatase to reduce LXRa S198 phosphorylation.
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