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Chemerin is an adipocyte-secreted protein that regulates adi-
pogenesis and the metabolic function of mature adipocytes via
activation of chemokine-like receptor 1 (CMKLR1). Herein we
report the interaction of peroxisome proliferator-activated
receptor y (PPARYy) and chemerin in the context of adipogene-
sis. Knockdown of chemerin or CMKLR1 expression or antibody
neutralization of secreted chemerin protein arrested adipogenic
clonal expansion of bone marrow mesenchymal stem cells
(BMSCs) by inducing a loss of G,/M cyclins (cyclin A2/B2) but
not the G,/S cyclin D2. Forced expression of PPARYy in BMSCs
did not completely rescue this loss of clonal expansion and adi-
pogenesis following chemerin or CMKLR1 knockdown. How-
ever, forced expression and/or activation of PPARyin BMSCs as
well as non-adipogenic cell types such as NIH-3T3 embryonic
fibroblasts and MCA38 colon carcinoma cells significantly
induced chemerin expression and secretion. Sequence analysis
revealed a putative PPARYy response element (PPRE) sequence
within the chemerin promoter. This PPRE was able to confer
PPARYy responsiveness on a heterologous promoter, and muta-
tion of this sequence abolished activation of the chemerin pro-
moter by PPARy. Chromatin immunoprecipitation confirmed
the direct association of PPARy with this PPRE. Treatment of
mice with rosiglitazone elevated chemerin mRNA levels in adi-
pose tissue and bone marrow coincident with an increase in cir-
culating chemerin levels. Together, these findings support a
fundamental role for chemerin/CMKLR1 signaling in clonal
expansion during adipocyte differentiation as well as a role for
PPARY in regulating chemerin expression.

Peroxisome proliferator-activated receptor y (PPARYy)? is a
ligand-activated transcription factor belonging to the nuclear
hormone receptor gene superfamily (1, 2). This nuclear recep-

* This work was supported in part by grants from the Canadian Institutes of
Health Research and the Canadian Foundation for Innovation.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables ST and S2.

" Supported by a scholarship from the Canadian Institutes of Health Research.

2To whom correspondence should be addressed: Dept. of Pharmacology,
1459 Oxford St., Dalhousie University, Halifax, Nova Scotia B3H 4R2,
Canada. E-mail: csinal@dal.ca.

3The abbreviations used are: PPARy, peroxisome proliferator-activated
receptor y; CMKLR1, chemokine-like receptor 1; BMSC, bone marrow mes-
enchymal stem cell; PPRE, PPARY response element; VEH, vehicle; SVF,
stromal vascular fraction; DR1, direct repeat-1; pDR1, proximal DR1; dDR1,
distal DR1; C/EBP, CCAAT/enhancer-binding protein; gPCR, quantitative
PCR.

23982 JOURNAL OF BIOLOGICAL CHEMISTRY

tor is generally considered as a master regulator of adipogenesis
as no other single factor is known to induce adipocyte differen-
tiation in the absence of PPARYy (1-4). PPARYy has also been
implicated in the regulation of numerous genes in the mature
adipocyte, including those encoding adipocyte-derived signal-
ing proteins (adipokines), which have a variety of hormone-like
actions to regulate diverse physiological processes (5-9).
Altered synthesis and secretion of adipokines have been impli-
cated as a factor contributing to an increased risk for the devel-
opment of a number of obesity-related comorbidities, includ-
ing type 2 diabetes, inflammation, and cardiovascular disease
(10). For example, adiponectin is a key adipokine with anti-
inflammatory, antiatherogenic, and insulin-sensitizing proper-
ties (11, 12). Circulating adiponectin levels are commonly
decreased with obesity and insulin resistance (11, 13, 14).
PPARY is a positive regulator of adiponectin gene expression,
and promotion of adiponectin synthesis and secretion by
PPARY agonists such as thiazolidinediones is believed to be an
important aspect of the clinical benefit of this class of insulin-
sensitizing drugs (5).

Chemerin is a secreted protein that is most highly expressed
in adipose tissue and liver (15—17). Most evidence indicates that
chemerin is secreted as 18-kDa prochemerin, an inactive pre-
cursor protein that is subsequently activated by proteolytic
cleavage of 6 amino acids from the C-terminal end. Early stud-
ies established that chemerin has proinflammatory chemoat-
tractant properties elicited through interaction with the G pro-
tein-coupled receptor chemokine-like receptor 1 (CMKLR1)
(16, 18). Chemerin has also been identified as an adipokine that
regulates adipogenesis and adipocyte metabolism (15).
Chemerin synthesis and secretion increase dramatically with
adipocyte differentiation, and chemerin functions in an auto-
crine/paracrine fashion to promote adipogenesis through acti-
vation of CMKLRI1 (15, 19). Adipose tissue has the ability to
increase in mass through the expansion of both adipocyte size
(hypertrophy) and number (hyperplasia) (20). Experimental
evidence indicates that at least 10% of total body adipocytes are
regenerated every year throughout adult life from precursor cell
types that are capable of replication and differentiation (20, 21).
Thus, mechanisms regulating the formation of adipocytes from
precursor cells, including chemerin/CMKLRI1 signaling, may
contribute to the expansion of adipose tissue in obese individ-
uals. Beyond this, circulating levels of chemerin are elevated in
obesity and correlate with markers of inflammation and meta-
bolic syndrome (15, 22—29). Thus, altered chemerin secretion
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may be of pathological relevance to various disorders associated
with adipose dysfunction, including obesity, dyslipidemia, dia-
betes, inflammation, insulin resistance, and atherosclerosis
(22-24, 26, 27, 29-33). Moreover, increased local chemerin
levels in adipose tissue may directly contribute to the inflam-
mation and metabolic dysfunction of this tissue that commonly
occur in the obese (34, 35). Therefore, an increased understand-
ing of factors that regulate chemerin expression will provide a
better appreciation of the pathogenic mechanisms underlying
obesity and associated comorbidities as well as the possibility of
new therapeutic approaches to treat these disorders. In the
present study, we examined the association between PPAR7y
and chemerin signaling throughout different phases of adipo-
genesis. Using various complementary models and experimen-
tal approaches, we provide evidence for functional interactions
between PPARYy and chemerin/CMKLR1 signaling in both an
adipogenic and non-adipogenic context.

EXPERIMENTAL PROCEDURES

Animals—All experiments were approved by the Dalhousie
University Committee on Laboratory Animals and were per-
formed according to the guidelines of the Canadian Council on
Animal Care. The mice (C57BL/6]; 8 —10 weeks of age) had free
access to a standard rodent chow and water and were main-
tained at an ambient temperature of 20-22°C, a relative
humidity of 18 -22%, and a 12-h light/dark cycle. Mice were
treated with rosiglitazone (3 mg/kg, intraperitoneal; Cayman
Chemical Co.) once daily for 5 days. Three hours after the final
injection of rosiglitazone or the vehicle (DMSO) control, the
animals were euthanized with pentobarbital (90 mg/kg, intra-
peritoneal), and blood samples were immediately collected by
cardiac puncture. Unless otherwise noted, tissues were col-
lected and snap frozen for mRNA and protein expression
analysis.

Adipose Tissue Fractionation—Freshly isolated inguinal
(subcutaneous) fat pads were minced using scissors to a homo-
geneous consistency in a total volume of 2 ml of HEPES buffer.
The minced tissue was incubated with 2500 units of collagenase I
(Sigma-Aldrich) for 60 min at 37 °C in a 5% CO, incubator with
intermittent pipetting. The resulting suspension was added to
30 ml of DMEM/F-12 and passed through a 100-m mesh filter
to remove undigested tissue. The filtrate was centrifuged (50 X
g 5 min), and the adipocyte fraction that collected as a cloudy
white layer on the top was carefully removed with a pipette and
transferred to a new tube for RNA isolation. The remaining
supernatant beneath the adipocyte layer was transferred to a
sterile tube and centrifuged (200 X g, 10 min). The resulting
pellet was resuspended in DMEM/F-12, red blood cells were
lysed using RBC lysis buffer, and the resulting cell suspension
was filtered through a sterile 20-um mesh filter. The final fil-
trate was centrifuged (200 X g, 10 min), and the pellet was used
for stromal vascular fraction RNA isolation.

Generation and Transduction of Adenovirus—For
chemerin (NM_027852), CMKLR1 (NM_008153), or PPARYy
(NM_011146) overexpression, a cDNA encoding the complete
murine coding sequence of the respective gene was synthesized
by RT-PCR using mRNA prepared from mouse adipose tissue
as a template and the primers given in supplemental Table S1
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(restriction sites are underlined). The ¢cDNA product was
inserted directionally using the restriction sites into the
pENTR4 entry vector (Invitrogen). For knockdown of gene
expression, shRNA vectors were constructed using the
pENT/U6 entry vector (Invitrogen) as described previously
(19). The target sequences used to achieve knockdown of the
respective mRNAs are given in supplemental Table S1. A loop
sequence of CGAA was used for generating all the shRNAs. The
entry vectors for knockdown or overexpression of target genes
were recombined with the pAD/BLOCK-IT-DEST vector or
pAD/CMV/V5-DEST vector, respectively. HEK-293A cells
were transfected with positive adenoviral clones (pAD-
chemerin-shRNA, pAD-CMKLR1-shRNA, pAD-PPARYy-
shRNA, pAD-CMV-chemerin, pAD-CMV-CMKLR1, and
pAD-CMV-PPARY) to generate crude viral lysates that were
subsequently used to produce amplified stocks by transduc-
tion of large scale HEK-293A cultures. A ViraBind Adenovi-
rus Purification kit (Cell Biolabs, Inc., San Diego, CA) was
used to purify the amplified viral lysates, and the QuickTiter
Adenovirus Titer ELISA kit (Cell Biolabs, Inc.) was used to
determine the titers according to the manufacturer’s
instructions. For all cell types, cells were seeded at a density
of 1.5 X 10* cells/cm? in 12-well plates with a minimum
period of 12 h before initiating transduction. For knockdown
or overexpression of target sequences, viral transduction was
carried out at an optimal dose of 20 multiplicity of infection
(viruses/cell) in 0.5 ml of transduction medium (serum-free
a-minimum Eagle’s medium containing 6 ng/ml Polybrene).
For the rescue experiments, cells were transduced with each
virus at a multiplicity of infection of 10. After 24 h, the trans-
duction medium was replaced with complete medium, and
the cells were allowed to grow for an additional 24 h prior to
initiating further experimentation.

Induction of Adipogenic Differentiation—Isolation, culture,
and adipocyte differentiation of BMSCs was achieved as
described previously (19). For analysis of adipogenesis, the cells
were fixed in 4% paraformaldehyde and then stained using a
filtered solution of 0.3% oil red O in 60% isopropanol for 15 min.
Microscopy images were taken using an inverted light micro-
scope. The lipid droplets were observed as red-stained droplets
within the cells, and the amount of stain in each well was quan-
tified after extraction in isopropanol and measuring the absorb-
ance at 520 nm. In some experiments, chemerin activity was
neutralized as described previously (26) by adding an anti-
chemerin antibody (catalogue number AF2325, R&D Systems
Inc., Minneapolis, MN) to the samples of media at a final con-
centration of 100 wg/ml. Goat IgG (R&D Systems Inc.) was used
as a control in all the experiments using the chemerin-neutral-
izing antibody.

Thymidine Incorporation Assay— Thymidine incorporation
assays were performed as described previously (19) using
[methyl-*H]thymidine (Amersham Biosciences) at a final con-
centration of 1 wCi/ml and a pulse time of 15 min.

Gene Expression Analysis—Total RNA was isolated from fro-
zen tissue samples using TRIzol® reagent (Invitrogen) and from
cultured cells using an RNeasy Plus minikit (Qiagen) according
to the respective manufacturer’s procedures. Reverse transcrip-
tion and quantitative PCR detection of genes were performed as
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described previously (15, 19, 26). The Ct values for cyclophilin
A were used to normalize the expression level of the gene of
interest using the AACt method (36). Exon-spanning primers
were designed using the PrimerBank web application and are
listed in supplemental Table S1.

Analysis of Bioactive Chemerin—A cell-based Tango assay
for CMKLR1 activation was used as described previously (26) to
determine the apparent concentrations of biologically active
chemerin in mouse serum and plasma samples as well as super-
natants from cultured cells.

Immunoblotting—For cell lysate preparation, medium was
aspirated, and the cells were washed with ice-cold PBS followed
by incubation for 15 min in lysis buffer (10 mm HEPES, pH 7.4,
200 mMm NaCl, 2.5 mm MgCl,, 2 mm CaCl,, 0.1% Triton X-100)
containing the protease inhibitor mixture (1:100). The cells
were scraped and transferred to centrifuge tubes for further
incubation on ice for 30 min. The final cell lysates were cleared
by centrifugation for 10 min at 4 °C. Tissue culture medium was
collected for the assessment of the amount of chemerin and
adiponectin protein secreted into the medium during a period
of 24 h. The protein concentrations were determined with the
Bio-Rad D/C protein assay. Equal amounts (20 ug of total pro-
tein from the cell lysates or 20 ul of tissue culture medium) were
separated by 15% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and blotted onto nitrocellulose membranes.
Immunostaining of the blots was performed using goat anti-
chemerin (1:1000) (catalogue number AF2325, R&D Systems)
or mouse anti-adiponectin (1:5000) (catalogue number
MAB3604, Chemicon), mouse anti-cyclin A2 (1:1000) (cata-
logue number AF5999, R&D Systems), mouse anti-cyclin B2
(1:1000) (catalogue number AF6004, R&D Systems), mouse
anti-cyclin D2 (1:1000) (catalogue number AF4196, R&D Sys-
tems), mouse anti-PPARy (1:1000) (catalogue number
PP-K8450B-00, R&D Systems), and mouse anti-B-actin
(1:1000) (catalogue number ab8226, Abcam). The appropriate
secondary antibodies conjugated with a 680 nm infrared fluo-
rophore (LI-COR Biosciences, Lincoln, NE) were used at
1:10,000 dilution. The immunoreactive bands were detected by
scanning at 700 nm using a LI-COR Odyssey (LI-COR Biosci-
ences) infrared scanner.

Luciferase Reporter Constructs—DNA sequences containing
the proximal —4459/+38 or —600/+38 region of the mouse
chemerin promoter were amplified by PCR using genomic
DNA from C57BL/6] mouse liver as a template. The PCR prod-
ucts were directionally cloned into pGL3-Basic (Promega Mad-
ison, WI). DNA regions containing the proximal (pDR1; —61/
—49) and distal direct repeat-1 (dDR1; —472/—460) putative
PPARvyresponse elements were generated by PCR and inserted
into pGL4.27 (Promega), a luciferase reporter vector contain-
ing a minimal promoter sequence. The putative PPARYy re-
sponse elements (PPREs) were individually mutated to reduce
the homology with the consensus sequence using site-directed
mutagenesis. Complementary primers were designed to
decrease the homology to 50% of the native DR1 and simulta-
neously introduce a Kpnl recognition site for restriction map-
ping analysis. Mutant constructs were generated by Phusion
(New England Biolabs) PCR using a 0.5 uM concentration of
each primer, 26 ng of the pGL3-Chem(—600/+38) as template,
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0.04 units/ul Phusion polymerase, 3% DMSO, 1X Phusion HF
buffer. The recommended cycling conditions were adapted as
follows to permit amplification of the full plasmid containing
the desired mutation: denaturation at 98 °C for 30's; 25 cycles of
98 °C for 10 s, 58 °C for 30 s, and 72 °C for 3 min; and final
extension at 72 °C for 10 min. A Dpnl digestion was performed
prior to bacterial transformation of the plasmid DNA to elimi-
nate the parent promoter plasmid. All oligonucleotides used for
these procedures are given in supplemental Table S2 (restric-
tion sites or mutations are underlined).

For functional analysis, MCA38 cells were plated at a cell
density of 20,000 cells/well in a 48-well plate and were tran-
siently transfected with 75 ng of the indicated reporter vectors
along with 50 ng of PPARYy expression plasmid or empty vector
(pSG5), 115 ng of pBSK (a carrier plasmid), and 0.2 ul of poly-
ethyleneimine transfection reagent (Sigma-Aldrich) per well.
10 ng of the Renilla luciferase expression plasmid (pHRL-TK)
was used to normalize for transfection efficiency. After 48 h, the
transfection medium was removed and was replaced with
either fresh medium containing 1 um rosiglitazone or an equal
volume of vehicle (0.01% DMSO) control for a subsequent
period of 72 h after which the cells were harvested using
Reporter Lysis Buffer (Promega) according to the manufactur-
er’s instructions. The Dual Luciferase Assay System (Promega)
was used to assess the luciferase activity in the cell lysates using
a Luminoskan Ascent (Thermo Labsystems, Franklin, MA).
The -fold stimulation of the promoter activity was calculated
after normalizing the reporter firefly luciferase values to the
Renilla luciferase values that were measured on the Lumino-
skan Ascent.

Chromatin Immunoprecipitation (ChIP) Analysis—ChIP
analysis was performed using a ChampionChIP One-Day kit
(SABiosciences Corp.) according to the manufacturer’s proto-
col. The cells were fixed with 1% formaldehyde, harvested by
scraping, lysed, and sonicated to shear DNA into less than
2.0-kb fragments, and cellular debris were removed by centri-
fugation (14,000 X g, 10 min, 4 °C). The resultant solution was
precleared with protein A beads. Samples were then incubated
with anti-PPARvy antibody (catalogue number PP-K8450B-00,
R&D Systems), mouse IgG (control), or no antibody (mock)
overnight at 4 °C with rotation. After the incubation period,
protein A beads were added to each ChIP fraction and incu-
bated at 4 °C for 1 h with rotation. Beads were then collected by
centrifugation, and the chromatin cross-links were reversed by
incubation at 95 °C for 10 min in elution buffer. The samples
were centrifuged, and the supernatant was collected. The DNA
from the supernatants was purified using DNA spin columns,
and the final DNA was eluted in an elution buffer. Each sample
was then subjected to both end point PCR analysis using Tag
DNA polymerase (Invitrogen) (25 cycles) and also to real time
PCR analysis (Stratagene). The primers used for PCR analysis
are given in supplemental Table S2.

Statistical Analyses—Statistical analysis was performed
using the Student’s ¢ test (two-tailed) in all experiments except
for experiments in Fig. 5 where a two-way analysis of variance
with Bonferroni post hoc analysis was used. The difference in
mean values between groups was considered to be significant
when p was <0.05.
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FIGURE 1. Association between PPARy and chemerin during adipogenesis of bone marrow-derived mesenchymal stem cells. Differentiation of BMSCs
into mature adipocytes (day 14) was associated with the intracellular accumulation of lipid droplets (A) and an induction of chemerin and PPARy gene
expression (B). Chemerin and PPARy mRNA levels were measured using qPCR and expressed relative to undifferentiated BMSCs (day 0). Immunoblots of BMSCs
during adipogenesis showed an induction of chemerin (C) and PPARy (D) protein expression in a differentiation-dependent manner. Knockdown of either
chemerin (CHE-KD) or PPARy (PPARy-KD) gene expression using adenovirally delivered shRNAs markedly reduced adipogenesis as assessed by the quantifi-
cation of oil red O staining (E) and expression of chemerin and PPARy (F). Error bars represent S.E. (n = 3). *, p < 0.05 versus day 0 (B); *, p < 0.05 versus the no

virus and LacZ knockdown (LZ-KD) controls (E and F).

RESULTS

Parallel Expression and Function of Chemerin and PPARYy
during Adipogenic Differentiation—To investigate functional
interactions between chemerin and PPARY, we used a multipo-
tent murine primary BMSC model. Following 14 days of adipo-
genic stimulation, the majority of cells adopted a rounded
appearance and contained large oil red O-stained lipid droplets
indicative of robust adipocyte differentiation (Fig. 14). Both
mRNA and protein levels of chemerin and PPARy exhibited a
profound differentiation-dependent increase beginning 24 h
after adipogenic stimulus with maximal levels after 14 days (Fig.
1, B-D). The early (1-3-day) induction of chemerin and PPARy
mRNA levels corresponded with the adipogenic clonal expan-
sion phase, a period during which lipid accumulation was not
yet evident (data not shown). To examine the interdependence
of chemerin and PPARy expression, we determined the effect of
knockdown of each gene on the expression of the other. Con-
sistent with previous results obtained with a 3T3-L1 fibroblast
model, chemerin knockdown resulted in an 80% reduction of
lipid accumulation in the BMSC model (Fig. 1E) compared with
the no virus and LacZ shRNA controls. This effect was similar
in degree to the reduction of lipid accumulation produced by
knockdown of PPARy. Knockdown of PPARYy also abrogated
the increase in chemerin expression that is characteristic of
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adipocyte differentiation. Likewise, knockdown of chemerin
abrogated the differentiation-dependent induction of PPAR7y
(Fig. 1F). Transduction with the control LacZ shRNA adenovi-
rus did not affect the mRNA levels of either gene. Taken
together, these data demonstrate the interdependence of
chemerin and PPARvy expression that is required both for
BMSC adipogenesis and the adipogenic induction of these
genes.

Differential Effects of Chemerin/CMKLR1 and PPARYy on
Mitotic Clonal Expansion—To determine any role for
chemerin and PPARYy signaling in the mitotic clonal expansion
phase of the adipogenic program, we used shRNA to knock
down chemerin, CMKLRI, or PPAR7y expression and subse-
quently assessed cell proliferation. At 72 h, the BMSCs formed
a dense monolayer of cells (Fig. 24). Knockdown of chemerin or
CMKLRI expression, but not PPAR7y nor the LacZ control, pre-
vented the formation of this dense monolayer compared with
the no virus (vehicle (VEH)) control (Fig. 24). Consistent with
the microscopy examination, there was a significant loss of cell
proliferation (~70%) following chemerin or CMKLR1, but not
PPARYy, knockdown compared with the LacZ and VEH controls
(Fig. 2B). When we took the gain-of-function approach, there
was no significant change in clonal expansion caused by
increasing chemerin or CMKLR1 expression in the cells (Fig.
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FIGURE 2. Role of chemerin/CMKLR1 signaling in adipogenic mitotic clonal expansion. Compared with cells treated with the adenoviral transduction VEH
(Polybrene; 6 wg/mlin PBS), chemerin (CHE) or CMKLR1 (CMK) knockdown, but not PPARy knockdown or LacZ transduction control (LZ), resulted in reduced cell
density when grown under an adipogenic stimulus for a period of 72 h (A). Cell proliferation over the indicated times in the presence of adipogenic medium was
measured using a thymidine incorporation assay following knockdown of LacZ (LZ), chemerin (CHE), CMKLR1 (CMK), or PPARy (B) or following forced adenoviral
expression of GFP, chemerin, CMKLR1, or PPARvy (C). For assessment of rescue effects of PPARy, BMSCs were treated with VEH, adenovirus expressing GFP, or
adenovirus expressing PPARy concomitant with adenovirus expressing LacZ (LZ), chemerin (CHE), or CMKLR1 (CMK) shRNA (D). Immunoblot analysis of cell
cycle proteins revealed a loss of cyclins A2 and B2 with chemerin or CMKLR1 knockdown that was not rescued by PPAR+y overexpression (E). Analysis of mRNA

levels for each of these cyclins by qPCR revealed largely consistent results (F-H).

2C). However, there was a significant decrease in the prolifera-
tion of cells during clonal expansion when PPARy was overex-
pressed (Fig. 2C) consistent with a role for this protein in
growth arrest. Considering the importance of PPARy as a mas-
ter regulator of adipogenesis, we examined whether forced
expression of this transcription factor could restore clonal
expansion in chemerin or CMKLR1 shRNA-treated BMSCs.
Although PPARY overexpression rescued 20-30% of the pro-
liferation deficit, it failed to fully restore the impaired clonal
expansion caused by chemerin or CMKLR1 knockdown (Fig.
2D). To further investigate this, we examined the expression of
key cell cycle regulators in response to loss of chemerin/
CMKLRI1 signaling. Chemerin or CMKLR1 knockdown caused
a >50% loss of cyclins A2 and B2 (mRNA and protein), key
drivers of the mitotic phase of the cell cycle (Fig. 2, E-G). A
modest increase in the mRNA levels of cyclin D2, a cyclin driv-
ing the DNA synthesis phase, was also observed; however, this
was not reflected in the levels of protein (Fig. 2, E and H). Over-
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Error bars represent S.E. (n = 3). *, p < 0.05 versus VEH.

expression of PPARy did not modify the effects of chemerin or
CMKLR1 knockdown on these cell cycle proteins.

PPARvy Partially Restores Adipocyte Differentiation in the
Context of Chemerin/CMKLRI Deficiency—The next goal was
to establish whether PPARYy could restore adipogenesis to cells
in which CMKLR1 or chemerin had been knocked down.
Untreated cells (VEH) or cells transduced with control adeno-
viruses (LZ-GFP) exhibited normal adipocyte differentiation as
assessed by oil red O staining (Fig. 3, A and B) and by the expres-
sion of both mRNA and protein of adipogenic markers,
chemerin, adiponectin, and PPARY (Fig. 3, C-F). Knockdown
of chemerin or CMKLR1 expression resulted in >90% loss of
lipid accumulation compared with the controls (Fig. 3, A and
B). Consistent with inhibition of adipogenesis, knockdown of
each target was associated with an ~90% loss of chemerin, adi-
ponectin, and PPARy mRNA expression levels (Fig. 3, C-E) and
a >50% reduction in their corresponding protein levels (Fig.
3F). Overexpression of PPARvy, as compared with GFP in
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adiponectin, and PPARy mRNA levels were quantified after a 14-day differentiation period using qPCR and are expressed relative to VEH control (C-£).
Chemerin and adiponectin protein levels were measured by immunoblot of equal volumes of the adipocyte medium after 14 days of differentiation (F). Total
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versus respective GFP control.

chemerin or CMKLR1 knockdown cells, showed the expected
increase in the expression of mRNA (>50-fold) and protein
(>5-fold) levels of PPARy as long as 14 days after transduction
(Fig. 3, E and F). Overexpression of PPARy in chemerin or
CMKLR1 knockdown cells (CHE-PPARy or CMK-PPARY)
also resulted in a >2-fold increase in the amount of lipid accu-
mulation within the cells as compared with CHE-GFP or CMK-
GEFP, respectively (Fig. 3, A and B). However, PPARYy failed to
restore the amount of lipid accumulation within the cells to the
levels seen in the VEH or LZ-GFP control groups (Fig. 3, A and
B). Consistent with the partial rescue effect of PPARvy, both
mRNA and protein levels for the adipogenic markers chemerin
and adiponectin were also rescued by PPARy (CHE-PPARy or
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CMK-PPARYy) albeit not to levels observed for cells with intact
chemerin or CMKLR1 expression (Fig. 3, C, D, and F).
Chemerin Neutralization Affects Early Events in Adipocyte
Differentiation—The combined results from clonal expansion
and adipocyte differentiation studies confirmed a role for
chemerin/CMKLRI1 signaling in the adipogenic differentiation
program. However, it was not clear whether the defect in adi-
pogenesis observed with loss of chemerin/CMKLR1 signaling
was solely a consequence of effects on the clonal expansion
phase or whether it also resulted from an effect on later stages of
adipogenic differentiation. To assess this, a blocking antibody
was used to neutralize extracellular chemerin activity. When
chemerin neutralization was initiated prior to clonal expansion,
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FIGURE 4. Major impact of chemerin is on adipogenic clonal expansion. Chemerin was neutralized using an anti-chemerin IgG at a final concentration of 100
rg/ml either beginning prior to application of adipogenic medium (day 0; A) or after completion of the clonal expansion phase (day 5; B). Lipid accumulation
was visualized using oil red O staining and quantitated using absorption spectrophotometry. Error bars represent S.E. (n = 3).*, p < 0.05 versus VEH control.

asubstantial reduction oflipid accumulation was observed (Fig.
4A). However, when chemerin neutralization was applied after
the clonal expansion phase (starting from day 5), there was no
significant effect on lipid accumulation (Fig. 4B). These data
confirm a key paracrine/autocrine proadipogenic role for
chemerin during the clonal expansion phase of BMSCs.

PPARYy Induces Chemerin Gene Expression Independent of
Adipogenesis—Given the well established role of PPARYy to reg-
ulate the expression of many adipogenic genes, we examined
the impact of this transcription factor on chemerin expression.
BMSCs were transduced with PPARy- or GFP-expressing ade-
novirus in conjunction with treatment with the PPARy agonist
rosiglitazone. Rosiglitazone treatment caused a dose-depen-
dent induction of chemerin mRNA levels in GFP-expressing
cells that reached a maximal value of 80-fold compared with
untreated control (Fig. 5). Overexpression of PPARYy did not
result in a further increase of chemerin gene expression, sug-
gesting that levels of PPARy expression in BMSCs were not
limiting the magnitude of chemerin induction by rosiglitazone.
The BMSCs exhibited robust induction (>2000-fold) of PPARYy
expression with activation by rosiglitazone alone, indicating a dual
effect of rosiglitazone to mediate both PPARy induction and acti-
vation in these cells (Fig. 5). In the VEH- and adenoviral GFP-
transduced cells, the magnitude of chemerin induction in
response to rosiglitazone treatment was similar to that observed
for the known PPARvy target gene CD36. However, a further
10-fold increase of CD36 mRNA levels was observed when adeno-
viral PPARy overexpression was combined with rosiglitazone
treatment, suggesting that the response of this gene was limited by
the amount of endogenous PPARY in these cells.

Given that PPARYy expression/activation was observed to
induce some degree of adipocyte differentiation in the absence

23988 JOURNAL OF BIOLOGICAL CHEMISTRY

of other adipogenic stimuli (data not shown), it was important
to determine whether chemerin gene expression was regulated
by PPARY independently of adipogenesis. To test this, murine
colon adenocarcinoma MCA38 cells and murine embryonic
mesenchymal NIH-3T3 stem cells were utilized as additional
experimental models. These lines express very low levels of
endogenous PPARy and importantly do not exhibit an adipo-
genic response upon exposure to PPAR+y ligands and/or forced
expression of PPARvy. Treatment with rosiglitazone alone or in
combination with PPARy overexpression significantly in-
creased chemerin mRNA levels in MCA38 cells (Fig. 5).
Chemerin expression was maximal (5- and 20-fold induction
in non-transduced and adenoviral PPARy-transduced cells,
respectively) at 100—-1000 nM concentrations of rosiglitazone,
whereas higher concentrations produced a submaximal
response. Consistent with BMSCs, rosiglitazone treatment of
MCA38 cells also resulted in a significant induction of PPARy
and CD36 (Fig. 5). Chemerin mRNA levels were increased to
more than 10-fold when PPARy was overexpressed in NIH-3T3
cells in the absence of rosiglitazone treatment (Fig. 5). This
response was unique to this cell type and was consistent with
the extremely low basal level of endogenous PPAR7y in NIH-
3T3 cells. This was also consistent with a lack of any effect of
rosiglitazone on chemerin or CD36 gene expression in the
NIH-3T3 cells in the absence of PPARYy overexpression (Fig. 5).
Similar to MCA38 cells, the combination of PPARy overexpres-
sion and rosiglitazone activation further increased the induc-
tion of chemerin gene expression to more than 60-fold higher
than basal levels (Fig. 5).

Consistent with the effect on mRNA levels, treatment with
rosiglitazone alone induced chemerin protein secretion from
BMSCs in a time-dependent fashion (Fig. 64). Given the rela-
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FIGURE 5. Induction of chemerin expression by forced expression and/or activation of PPARy. BMSCs, MCA38 cells, or NIH-3T3 cells were treated with the
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Chemerin, PPARy, and CD36 mRNA levels were quantified using gPCR and expressed relative to VEH control. Error bars represent S.E. (n = 6).*, p < 0.05 versus

VEH control.

tively high endogenous PPARY level in these cells, we used a
loss-of-function approach to determine whether the response
to rosiglitazone was dependent upon this transcription factor.
VEH- and LacZ shRNA-transduced cells showed the expected
increase in chemerin gene expression with rosiglitazone treat-
ment (Fig. 6B). In contrast, transduction of adenoviral vectors
expressing shRNA targeting PPARy resulted in a nearly com-
plete (>95%) loss of rosiglitazone-induced chemerin gene
expression in BMSCs (Fig. 6B), further confirming that the
rosiglitazone-induced chemerin gene expression was mediated
through PPARYy signaling. Consistent with the data shown in
Fig. 5, robust induction (>2000-fold) of PPARy expression was
observed with activation by rosiglitazone alone, and knock-
down of PPARYy completely abolished this effect (Fig. 6B).
Induction of the established PPAR<y target gene CD36 by
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rosiglitazone was also abrogated by knockdown of PPARy (Fig.
6B). Together, these results support a role for PPARY in the
regulation of chemerin expression that is independent of a gen-
eralized effect on adipocyte differentiation.

Rosiglitazone Does Not Activate Chemerin Expression in
Mature Adipocytes—To explore the significance of PPARy sig-
naling in chemerin expression in mature adipocytes, fully dif-
ferentiated (14 days) mature adipocytes were treated with
rosiglitazone. Unlike the BMSCs, the mature adipocytes exhib-
ited a dose-dependent reduction of chemerin mRNA levels in
response to treatment with rosiglitazone (Fig. 7A). These
results coincided with a similar marked dose-dependent
decrease of PPARy mRNA levels in response to rosiglitazone
(Fig. 7B). By comparison, CD36 mRNA expression was induced
(=~10-fold) in the adipocytes (Fig. 7C) but to a lesser extent than
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FIGURE 6. PPARy-dependent induction of chemerin expression by rosiglitazone in BMSCs. PPARy activation by rosiglitazone (1 um) induced a time-de-
pendent increase of chemerin protein secretion as assessed by immunoblotting analysis (A). Knockdown (KD) of PPARy expression abrogated the induction of
chemerin and CD36 mRNA levels as assessed by qPCR analysis in BMSCs in response to rosiglitazone (ROSI) treatment (B). Error bars represent S.E. (n = 4) and

are expressed relative to the VEH control. ¥, p < 0.05 versus VEH. LZ, LacZ.

that for BMSCs (=1000-fold; Fig. 5). Total chemerin protein
(by immunoblot analyses) and bioactive chemerin (by Tango
assay) secreted from mature adipocytes was not significantly
affected even at the highest concentration of rosiglitazone (Fig.
7,D and E). Together, these results indicate that PPARy activa-
tion induces chemerin expression selectively in adipocyte pre-
cursor cells but not in mature adipocytes.

PPARy Regulates Chemerin Expression in Vivo—To deter-
mine the effects of rosiglitazone on chemerin expression in
vivo, mice were treated with rosiglitazone for 5 days. Adipose
tissue was fractionated to permit differential analysis of
chemerin expression in the preadipocyte-rich stromal vascular
fraction (SVF) and mature adipocyte-rich adipocyte fraction.
Consistent with the results from the BMSC cell culture exper-
iments, rosiglitazone increased chemerin mRNA levels in the
SVF fraction but decreased transcript levels of this gene in the
adipocyte fraction (Fig. 84). In contrast, this treatment did not
alter PPARy mRNA levels in either fraction (Fig. 84). CD36
expression was increased both in the SVF and adipocyte frac-
tion of subcutaneous adipose tissue from animals treated with
rosiglitazone (Fig. 84). Bioactive chemerin levels were elevated
in both plasma and serum samples collected from rosiglita-
zone-treated animals as compared with vehicle-treated con-
trols (Fig. 8B). To better understand the overall contribution of
different tissues to the increase in circulating chemerin, adipose
tissue, colon, crude bone marrow, and liver were analyzed for
chemerin mRNA levels. A significant induction of chemerin,
PPARry, and CD36 expression was observed for adipose tissue,
colon, and bone marrow (Fig. 9). In contrast, the liver, which
lacked detectable expression of PPARy mRNA, exhibited no
change in chemerin or CD36 expression with rosiglitazone
treatment in vivo (Fig. 9).
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Activation of Chemerin Promoter by PPARy—To determine
whether the observed PPARy-dependent changes in chemerin
gene expression were a consequence of direct modulation of
gene promoter activity, a series of luciferase reporter constructs
were developed. To eliminate the impact of any adipogenic
effects associated with PPARy expression/activation, MCA38
cells were used as an experimental model. Consistent with
a direct regulatory role of PPARy on chemerin expression,
PPARYy expression alone or in combination with rosiglitazone
increased the activity of a luciferase reporter construct contain-
ing either 0.6 (—600/+38) or ~4.5 kb (—4459/+38) of the
murine chemerin promoter to a similar extent (Fig. 104).
Sequencing of the mouse chemerin promoter between —600
and +38 revealed the presence of two potential DR1 hormone
response elements, one between —61 and —49 (pDR1) and
another between —472 and —460 (dDR1; Fig. 10B). When DNA
fragments containing each of these putative PPREs were
inserted into pGL4.27, pDR1, but not dDR1, conferred PPAR7y
responsiveness upon the minimal reporter contained in this
luciferase reporter vector (Fig. 10C). Conversely, mutation of
pDR1 in the pGL3-Chem(—600/+38) abolished PPARY stim-
ulation of this reporter gene construct (Fig. 10C). In contrast,
mutation of the dDR1 element was without effect.

To determine whether PPARYy bound directly to the pDR1
element in the native chemerin promoter in the context of
chromosomal DNA, ChIP was used. Lysates were prepared
from NIH-3T3 cells transduced with PPARy-expressing ade-
novirus as well as BMSCs during the clonal expansion (day 2)
and differentiation (day 8) phases of adipogenesis. Fig. 10D
demonstrates that ~0.5% of the input DNA containing the
pDR1 target sequence was specifically bound to PPARYy in
PPARy-NIH-3T3 cells, suggestive of a direct binding of PPAR7y
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FIGURE 7. Repression of chemerin gene expression by rosiglitazone in mature adipocytes. BMSCs were treated with the indicated concentrations of
rosiglitazone (Rosi) 14 days after the initiation of adipocyte differentiation. Chemerin (A) and PPARy (B) mRNA levels were measured by gPCR analysis and found
to be decreased in a dose-dependent manner. In contrast, CD36 mRNA levels were increased (C). Rosiglitazone had no effect on total immunodetectable
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represent S.E. (n = 3). %, p < 0.05 versus 0 nm rosiglitazone.

with this putative PPRE even in the absence of ligand activation.
A similar but higher magnitude (>2%) of PPAR+y binding to the
pDR1 was observed for samples prepared from BMSCs (Fig.
10D). Taken together, these results support a direct activation
of chemerin gene expression through interaction with a DR1
element present between —61 and —49 of the chemerin
promoter.

DISCUSSION

Adipogenesis is a multistep process driven by a complex of
signaling pathways that is well orchestrated by a temporally
regulated transcriptional cascade (2, 4). Among several tran-
scription factors that regulate adipogenic commitment and/or
differentiation, PPARYy is regarded as the master regulator of
adipogenesis as no other factor has yet been identified to induce
adipogenesis in the absence of PPARY (1, 2, 4). During adipo-
genesis, the increased expression and activation of PPARy drive
the expression of many genes that are essential determinants of
adipocyte phenotype and function (2). In BMSCs, an increase in
PPAR<yand chemerin expression was detected within 24 h after
adipogenic stimulation and increased with the progression of
adipogenesis to maximal levels in fully differentiated, lipid-
laden cells. The temporal relationship of PPARy and chemerin
induction indicated that the latter may be one of the essential
adipogenic target genes for PPARy that is activated during adi-
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pocyte differentiation. This idea is supported by the observa-
tion that knockdown of PPARy expression abrogated both adi-
pocyte differentiation and the induction of chemerin gene
expression that is characteristic of adipogenesis. In contrast,
the loss of PPARYy induction with the knockdown of chemerin
expression likely reflected a generalized inhibition of adipocyte
differentiation.

Many cellular models of adipogenesis exhibit an early period
of mitotic clonal expansion during the determination phase. At
this time, the cells undergo one or two rounds of cell division
prior to entering the terminal differentiation phase (37, 38).
The suppression of clonal expansion by chemerin/CMKLRI,
but not PPARY, knockdown observed in the present study indi-
cated that although chemerin and CMKLR1 promote this pro-
cess in BMSCs PPARy does not. Moreover, the lack of effect of
chemerin or CMKLR1 overexpression on clonal expansion or
subsequent growth arrest indicated that endogenous expres-
sion levels of those genes were not limiting to these processes.
Forced expression of PPARy coincident with chemerin knock-
down produced only a partial rescue of proliferation and adipo-
genesis, suggesting that chemerin/CMKLRI signaling may
affect transcription factors such as C/EBPS and C/EBP$ that
are upstream of PPARy and required for full progression
through the adipogenic program (39, 40). PPARy overexpres-
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sion alone caused a mild but significant suppression of cell pro-
liferation during clonal expansion, a finding consistent with
that from other models (41). This generalized role for PPARy to
inhibit clonal expansion as cells become terminally differenti-
ated is well established (41-46) and may have also contributed
to the failure to achieve a full rescue of adipogenesis in the face
of chemerin or CMKLR1 knockdown.

It is well established that adipogenic clonal expansion is reg-
ulated by a variety of cell cycle proteins (42, 45, 47-53). Con-
sistent with a role for chemerin/CMKLR1 signaling in driving
the proliferative phase of adipogenic clonal expansion in
BMSCs, there was a marked loss of cyclin A2/B2 mRNA and
protein expression with chemerin or CMKLR1 knockdown.
The lack of any substantial effect on cyclin D2 suggests that the
predominant impact of chemerin/CMKLRI signaling is on the
G,/M phase of the cell cycle where cyclins A2/B2 play an essen-
tial role rather than the G,/S phase, which is more affected by
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cyclin D2 expression and activity. Moreover, consistent with
the lack of complete rescue of clonal expansion by PPARY, the
loss of cyclins A2 and B2 with chemerin/CMKLR1 knockdown
was not rescued by PPARYy overexpression, suggesting a
PPARvy-independent role for chemerin signaling in clonal
expansion.

Our experiments demonstrated that neutralization of
secreted chemerin has the greatest impact upon BMSC adipo-
genesis when initiated prior to the clonal expansion phase.
These data are consistent with our previous findings with
3T3-L1 cells where we found that when knockdown of
chemerin or CMKLR1 was initiated 4 days after the application
of the adipogenic stimulus the effects on subsequent adipocyte
formation were minimal (15). In contrast, when chemerin or
CMKLR1 knockdown was initiated prior to exposure to the
adipogenic stimulus, adipogenesis was abrogated. Taken
together, this indicates that autocrine/paracrine effects of

S
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chemerin to promote adipogenesis are most important at the
earliest stage but are largely dispensable after clonal expansion
is complete and commitment to the adipocyte lineage has
occurred. Thus, it appears that in mature adipocytes chemerin/
CMKLRI1 signaling is most important in the context of regulat-
ing key metabolic functions such as lipolysis and glucose uptake
(15, 22, 24, 29).

The induction of chemerin mRNA levels in both adipogenic
BMSCs and non-adipogenic MCA38 or NIH-3T3 cells with
PPARvy agonism and/or forced expression of PPARy demon-
strated that this response was not a generalized consequence of
adipocyte differentiation but rather regulation of the chemerin
promoter by PPARvy. This was further supported by our iden-
tification and characterization of a functional DR1-type PPRE
present within the chemerin promoter. Thus, our data provide
the first experimental evidence of a direct role for PPARY in
regulating the expression of chemerin at the level of gene tran-
scription. Unexpectedly, this effect was cell type-dependent as
evidenced by finding that chemerin gene expression was
decreased by PPARy activation in mature BMSC-derived adi-
pocytes. Although rosiglitazone increased the expression of this
gene in vivo in total subcutaneous white adipose tissue, cell type
selectivity was also preserved as chemerin mRNA levels were
increased in the preadipocyte-containing SVF but decreased in
the adipocyte fraction. These data are consistent with recent
findings by Vernochet et al. (54) who reported that troglitazone
treatment repressed chemerin mRNA levels in Swiss 3T3-de-
rived adipocytes and increased chemerin mRNA levels in sub-
cutaneous white adipose tissue iz vivo. Also consistent with our
data was their finding that troglitazone markedly increased
chemerin mRNA levels in a non-adipogenic variant Swiss 3T3
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line. To explain these findings, Vernochet et al. (54) provided
evidence for a PPARvy-stimulated C/EBPa-CTB1/2 transcrip-
tional co-repressor complex that interacted directly with the
promoter regions of genes that exhibited reduced expression in
response to troglitazone treatment of mature adipocytes. It is
certainly plausible that a similar mechanism could account at
least in part for the findings in the present study. A further
possible explanation for the lack of chemerin induction is a
plateau effect whereby expression levels were already maximal
in mature adipocytes as a consequence of the extremely high
levels of PPARy expression and activation in this cell type. Our
in vivo results further demonstrated that PPARYy activation
increased chemerin expression in white adipose tissue but not
liver. Both liver and adipose tissue are large organs that express
comparatively high levels of chemerin (15, 28); however, it is
likely that the latter was the major contributor to the observed
changes in plasma/serum chemerin outside of what were likely
small contributions from other tissues such as colon and bone
marrow.

Our results have provided important new information not
only regarding the role of chemerin in adipocyte differentiation
but also the role of this adipokine in adipose tissue physiology
and pathophysiology. In tissue culture, chemerin functions as a
paracrine/autocrine factor to promote adipocyte differentia-
tion primarily through effects on the clonal expansion phase of
adipogenesis. In the context of adipose tissue in vivo, it is likely
that chemerin secretion from mature adipocytes exerts a proa-
dipogenic drive on precursor cells and thereby may contribute
to the expansion of adipose mass that is characteristic of obe-
sity. Increased secretion of chemerin with increased adiposity
has been implicated as a factor that may contribute to the unde-
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FIGURE 10. Direct activation of chemerin promoter by PPARy. PPARy expression alone or in combination with rosiglitazone (Rosi; 1 um) induced the activity
of a luciferase (luc) reporter construct containing either ~4.5 (—4459/+38) or 0.6 kb (—600/+38) of the murine chemerin promoter to a similar extent (A).
Sequencing of the murine chemerin promoter between —600 and +38 revealed the presence of two potential DR1 hormone response elements, one located
proximally between —61 and —49 (pDR1) and another located distally between —472 and —460 (dDR1) (B). When these two PPREs were tested for PPARy
responsiveness, pDR1, but not dDR1, conferred PPARy responsiveness upon the minimal promoter of the pGL4.27 luciferase reporter construct (C). Conversely,
site-directed mutagenesis of the chemerin promoter luciferase reporter (—600/+38) revealed that the mutation of pDR1, but not dDR1, abolished PPARy
stimulation of this reporter gene construct (C). The mutated residues are shown underlined in B. ChIP analysis (D) confirmed the direct binding of PPARy to the
pDR1 PPRE. Chromatin fractions isolated from NIH-3T3 cells transduced with PPARy or from BMSCs 2 or 8 days after the initiation of adipocyte differentiation
were examined for the association of PPARy with the pDR1 PPRE fragment of the chemerin gene promoter. Anti-PPARvy antibody was used to immunopre-
cipitate PPARy-bound chromatin fractions. Equal amounts of the chromatin fractions were also aliquoted and used as no antibody control and mouse IgG
control. Theimmunoprecipitated chromatin fractions were amplified by PCR/qPCR to verify the identity and quantify the extent of PPARy binding to PPRE. The
results are expressed as percentage of input DNA. The identity of PCR products was also verified by agarose gel electrophoresis (D). Error bars represent S.E.

sirable systemic metabolic alterations that are common with
obesity (22-24, 28, 31). Moreover, given that chemerin is a pro-
inflammatory chemokine, a further potential implication of
increased secretion of this adipokine is the initiation or promo-
tion of adipose tissue inflammation, a condition that is believed
to contribute substantially to the dysfunction of adipose tissue
with obesity (55). PPARYy agonism by thiazolidinediones such
as rosiglitazone has been established as an effective strategy for
the treatment of hyperglycemia associated with type 2 diabetes
mellitus, a disorder particularly prevalent in the obese (56, 57).
The beneficial effects of these drugs have been attributed in part
to the “normalization” of secretion of adipokines such as adi-
ponectin (58 — 60). Given our finding that rosiglitazone reduces
the expression of chemerin selectively in mature adipocytes
both in vitro and in vivo, it is tempting to speculate that the
therapeutic benefit of this drug may be elicited at least in part
through a normalization of chemerin secretion akin to that for
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other adipokines. However, although chemerin expression was
reduced in mature adipocytes, the overall expression in adipose
tissue increases along with the plasma and serum levels of
chemerin. This suggests that chemerin could also be contribut-
ing to the adverse effects of rosiglitazone such as weight gain
and the increased risk for cardiac effects (61). Further research
will help to clarify the pathological significance of PPARYy reg-
ulation of chemerin gene expression in precursor cells and
mature adipocytes.
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