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Abstract

RIP140 (Receptor-interacting protein 140) is highly expressed in mature adipocytes and functions
as a co-repressor for gene expression involved in lipid and glucose metabolism. In adipocytes,
activated PKCe (Protein kinase C epsilon) phosphorylates nuclear RIP140 which is then
subsequently arginine methylated and exported to the cytoplasm. In the cytoplasm, R1140 can
elicit additional activities. Here we report a new functional role for cytoplasmic RIP140 in
adipocyte in regulating adiponectin secretion. Targeting cytoplasmic RIP140 by knocking down
RIP140 itself or its nuclear export trigger, PKCe, promotes the secretion of adiponectin without
affecting the production or oligomerization of adiponectin. Consequentially, conditioned media
from either RIP140- or PKCe-silenced adipocytes, which contain higher levels of adiponectin,
enhance glucose uptake in C2C12 cells and reduce gluconeogenesis in HepG2 cells. Further, these
effects can be inhibited by an adiponectin-neutralizing antibody. The effect of cytoplasmic RIP140
in regulating adiponectin secretion is via interacting with AS160, a known RIP140-interacting
protein. This study reveals a new functional role for cytoplasmic RIP140 in modulating
adiponectin vesicle secretion, and suggests that targeting cytoplasmic RIP140 may be a potentially
effective therapeutic strategy to improve adiponectin secretion and possibly to manage metabolic
disorders.
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1. Introduction

In recent years obesity has become a worldwide epidemic. A major complication of obesity
is type 2 diabetes mellitus (T2DM). The hallmark of this condition is the development of
insulin resistance in adipose, muscle and liver [1]. In healthy individuals, adipocytes store
lipid and secretes adipokines, and these adipokines are important in the regulation of
metabolism. But in diabetic subjects, there is adipocyte dysfunction with changes in the
profile of secreted adipokines, increase of lipolysis and reduction in glucose uptake. These
changes may worsen the disease state leading to such complications as hypertension,
atherosclerosis and cardiomyopathy [1, 2]. Although inflammation and endoplasmic
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reticulum (ER) stress could cause adipocyte dysfunction, the exact etiology of many of these
pathophysiological processes is unclear [2—4].

RIP140 is a co-regulator for various nuclear receptors and transcription factors. It plays
important roles in many biological activities and several disease conditions including the
metabolic syndrome, especially T2DM [5-8]. In adipogenesis, both the expressions of
RIP140 mRNA and protein are elevated. In this process, RIP140 acquires extensive post-
translational modifications (PTMSs) such as phosphorylation, acetylation, methylation and
vitamin B6 conjugation. These PTMs can modulate RIP140’s gene-regulatory activity and
alter its sub-cellular distribution [6, 9-11]. Recently, we found that activated nuclear PKCg
phosphorylates RIP140 in adipocytes and the phosphorylated RIP140 is subsequently
methylated at three arginine residues by protein arginine methyltransferase 1 (PRMT1).
These modifications enhance the interaction of exportin 1 with RIP140 to promote RIP140’s
nuclear export [9, 10]. We also demonstrated that the cytoplasmic RIP140 can blunt both
basal and insulin-stimulated glucose uptake by interacting with AS160 to retard GLUT4
vesicle trafficking in adipocytes [7]. We found that interaction of RIP140 with AS160
maintains AS160’s activity by preventing Akt-mediated inactivation. In another study, we
reported cytoplasmic RIP140 can reduce lipolysis through interacting with perilipin [11].
However, the full spectrum of functions of cytoplasmic RIP140 in adipocytes is not clear.
The understanding of these functions and the regulatory mechanisms may reveal novel
targets to treat adipocyte dysfunctions frequently observed in metabolic disorders.

Adiponectin is one of the most abundant adipokines and is known for its insulin-sensitizing
effect. It also regulates systemic glucose and fatty acid metabolism and may also reduce
inflammation [12-14]. Adiponectin’s targets include muscle, liver, macrophages, and the
central nervous system [13]. There are three major oligomeric forms of adiponectin: trimer
(low molecular weight: LMW), hexamer (medium molecular weight) and the high molecular
weight form (HMW) which consists of 12- to 18-mer of adiponectin. These three oligomers
of adiponectin have different affinities for adiponectin receptors in different cell types and
they also show different biological activities [13]. Although disulfide bond formation in ER
has been shown to control the oligomerization of adiponectin, the regulation of the secretion
of adiponectin vesicle is not fully understood. In adipocytes of obese and diabetic patients
and animals, secretion of adiponectin, as well as the translocation of GLUT4 vesicle, is
reduced. It has been proposed that a reduction in circulating adiponectin levels in these
subjects may lead to the development of cardiovascular diseases and other metabolic
complications [15-17]. In adipocytes, insulin can stimulate both adiponectin and GLUT4
vesicles trafficking but they are two different secretory vesicles [18]. When adipocytes are
dysfunctional, the trafficking of both GLUT4 and adiponectin vesicles is retarded, implying
that these two vesicles may share some common mechanisms to regulate their transport.

Other studies have also suggested that receptor interacting protein 140 (R1P140) may be
involved in the regulation of adipocyte function [7, 19]. In our preliminary screening for
RIP140-related adipocyte dysfunctions, we found that cytoplasmic RIP140 can regulate
adiponectin secretion. This current study presents evidence for this new functional role of
cytoplasmic RIP140. We also determine the underlying mechanism, and provide a proof-of-
concept that targeting RIP140 itself or PKCe to prevent RIP140’s nuclear export can
promote the secretion of functional adiponectin. This can be beneficial for several
adiponectin’s target cells, such as improving glucose uptake in C2C12 muscle cells and
reducing glucose production in HepG2 hepatocytes.
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2. Materials and methods

2.1. Cell culture, reagents and transfection

3T3-L1 cells and RIP140-null mouse embryonic fibroblasts were maintained and
differentiated as described [20]. C2C12 cells were maintained in DMEM with 10% FBS,
and differentiated in DMEM with 2% horse serum for six days. HepG2 was maintained in
DMEM with 10%FBS. 293TN (System Biosciences) were maintained in low glucose
DMEM with 10%FBS. siRNAs in this study were from Qiagen. Adiponectin ELISA kit was
from Invitrogen. DeliverX Plus siRNA transfection kit (Panomics) was used for sSiRNA
transfection. Plasmid transfection in 3T3-L1 adipocytes was done by electroporation with
GenePluser (Bio-Rad). Lentivirus transduction was conducted for RIP140-null adipocytes.

2.2. Plasmid and reagents

The wild type and phosphor-deficient form (CN) of Flag-RIP140 fragments were amplified
by PCR from Flag-RIP140 vectors [7] and cloned into pPCDH-CMV-EF1 (System
Biosciences). The wild type and non-phosphorylatable form (4P) of AS160 were amplified
from AS160 vectors (gifts of Gustav Lienhard) and cloned into pCMV-PL1 containing HA-
tag. Adiponectin ELISA kit was from Invitrogen. Endothelin-1 ELISA kit was from Assay
Designs. Mouse/Rat insulin ELISA kit was from Millipore.

2.3. Lentivirus production and transduction

Lentivirus was produced in 293TN cells using lentivirus packing system (System
Biosciences) and concentrated with lenti-X concentrator (Clontech). For transduction,
RIP140-null adipocytes were differentiated with concentrated lentivirus for 4 days, and
changed to a polybrene-containing medium (8 ug/ml) on day 5. After 24 h, medium was
refreshed using a normal medium with the differentiation cocktail.

2.4. Treatment and protein precipitation

Differentiated 3T3-L1 adipocyte cultures were washed with PBS twice and incubated with
DMEM without serum for another 6 hr. Secreted proteins in the medium were precipitated
by TCA. Medium and cell lysate were both collected for Western blotting and ELISA. To
quantify adiponectin complex, media were collected and subjected into SDS-PAGE in a
non-reducing loading buffer. Immunoblots were quantified by Image J.

2.5. Antibodies, Western blotting and cellular fractionation

Anti-actin, anti-HA and anti-lamin antibodies were from Santa Cruz. Anti-RIP140 antibody
and anti-alpha-tubulin antibody were purchased from Abcam and Sigma-Aldrich,
respectively. Isolation of nuclear and cytoplasmic fractions was conducted as described [7].
Briefly, cells were gently lysed by hypotonic buffer and then, after centrifugation for 10 min
at 1,000g, supernatants (cytosolic fraction) were collected. Pellets were further lysed in
RIPA buffer by sonication. Lysates were centrifuged and supernatants were nuclear fraction.

2.6. Glucose uptake and glucose production assays

Conditioned media were collected from mature adipocytes cultured in DMEM with 10%
FBS for 48 hr. Glucose uptake assay was conducted as described [21] with modification.
Differentiated C2C12 was serum-starved for 3 hrs and then treated, in the presence or
absence of 100 nM insulin, with conditioned medium. After 30 min, cultures were refreshed
with KRPH buffer containing 25 uM 2-deoxy-glucose for 5 min. To determine glucose
production, HepG2 was serum-starved for 3 hr and then treated with conditioned media for
another 1 hr. Cells were washed with PBS and then incubated in a glucose production
medium in the absence or presence of 100 nM insulin for 4 hr. Glucose levels were
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determined using a glucose assay kit (Sigma Aldrich) and normalized to the protein
concentrations of cell lysates. To neutralize the activity of adiponectin, 200 pug anti-mouse
adiponectin antibody (AF1119, R&D Systems) was added to a 5 ml conditioned medium for
2 hr at 4°C [22]. The neutralized conditioned media were used in glucose uptake and
glucose production assays.

2.6. Statistical analyses

3. Results

Results were presented in the means + SD. P values were examined using student t test in
the two-tail condition. P < 0.05 is considered as statistically significant.

3.1. Reducing RIP140 or its nuclear export stimulus, PKCg, enhances adiponectin

secretion

We previously found that RIP140 can be exported into the cytoplasm of adipocytes both in
vitro and in vivo [7, 10]. In 3T3-L1 adipocytes, silencing RIP140, or more specifically
knocking down its nuclear export stimulator PKCe to decrease cytoplasmic RIP140,
enhanced basal adiponectin secretion without altering adiponectin mRNA levels (Fig. 1A).
But we found no change in other adipokines such as leptin, resistin, IL-6 and TNFa (data not
shown). To rule out potential effects on adiponectin translation or its protein stability, we
performed metabolic labeling in the presence of a proteosome inhibitor, MG132, and a post-
Golgi trafficking inhibitor, Brefeldin A to block protein degradation and post-Golgi
secretion [23]. Neither general translation nor specific adiponectin translation was
significantly altered, which ruled out the possibility that these treatments might affect
adiponectin production (Fig. 1B). Adiponectin secretion is mainly controlled by post-
translational modifications in ER and vesicle transport in trans-Golgi networks (TGN) [13,
24-26]. Disulfide bond formation of adiponectin molecules is also critical to their secretion.
We performed Western blotting in a non-reducing condition to detect various forms of
secreted adiponectin obtained from adipocyte cultures under RIP140- or PKCe-silencing.
The results show that silencing of RIP140 or PKCeg significantly enhanced the secretion of
all forms of adiponectin (Fig. 1C), suggesting that RIP140 regulates adiponectin secretion in
an unbiased manner.

We then assessed the functional role of RIP140 in modulating adiponectin secretion using
RIP140-null adipocytes. As shown in Fig. 2, RIP140-null adipocytes rescued with a wild
type (Wt) RIP140 secreted less adiponectin as compared to the control vector (GFP). On the
contrary, adiponectin secretion from RIP40-null adipocytes rescued with a mutant RIP140-
GFP defected in its nuclear export (CN, a phospho-deficient form that loses cytoplasmic
activity) was not affected as compared to the control group. Taken together, these results
show that cytoplasmic RIP140 dampens adiponectin secretion in an unbiased manner, and
targeting the nuclear export or RIP140 itself can elevate the secretion of adiponectin.

3.2. Adiponectin secretion is regulated by AS160 activity

AS160 is a Rab GTPase-activating protein (GAP) whose activity can be diminished by Akt-
mediated phosphorylation upon insulin binding with insulin receptor [27]. Rab GTPases are
important in vesicle secretion in many steps including recycling, trafficking, tethering and
membrane docking. The increased activity of AS160 reduces GLUT4 vesicle secretion by
decreasing GTP-bound form of Rab proteins [27]. In addition, insulin also promotes the
secretion of adiponectin vesicle, but the mechanism is unclear [28]. Recently, we found that,
in adipocytes, AS160 activity can be maintained by interacting with RIP140 in the
cytoplasm [7]. A recent study demonstrated that Rab11 regulates adiponectin vesicle
trafficking and suspected that AS160 might modulate Rab11 activity by interacting with
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Rab11-interacting protein, Rip11 (also see Discussion) [28]. We then determined the
functional role for AS160 in adiponectin secretion using a gain-of-function approach. Figs.
3A and 3B show that over-expression of the wild type (Wt) AS160, or its constitutively
active form (4P) [27], dramatically reduced basal and insulin-stimulated adiponectin
secretion. Of note, constitutively active AS160 (4P) almost blocked the secretion of
adiponectin completely. Besides, both over-expressions of the wild type (Wt) AS160 and
constitutively active form (4P) blunted insulin’s effect on promoting adiponectin secretion.
Altogether, the data support the notion of negative regulation of adiponectin secretion by
AS160.

3.3. Blocking RIP140-AS160 interaction enhances adiponectin secretion

RIP140 interacts with AS160 through its amino terminal domain to prevent AKT-mediated
inactivation [7]. The results described above suggest that AS160 can negatively regulate
adiponectin vesicle secretion and cytoplasmic RIP140 may retard adiponectin secretion
through interacting with AS160. Because RD1 is the main interacting domain for RIP140 to
interact with AS160 [7], over-expression of this domain might compete the interaction
between AS160 and the full length RIP140. We then examined if over-expressing RIP140°’s
RD1 (repressive domain 1) can enhance adiponectin secretion. Interestingly, expressing
RD1 in 3T3-L1 adipocytes substantially elevated adiponetin secretion (Fig. 4). This result
further supports the hypothesis that cytoplasmic RIP140 might dampen adiponectin
secretion via interacting with AS160 and targeting the interaction of RIP140 with AS160
might elevate adiponectin vesicle trafficking.

3.4. Targeting cytoplasmic RIP140 is beneficial for glucose metabolism in C2C12 muscle
cells and hepatocytes in an adiponectin-dependent manner

Adiponectin is an important insulin sensitizer to promote glucose uptake in muscle cells and
to reduce glucose production in hepatocytes through an AMPK-dependent signaling
cascade. The net effect of elevation of circulating adiponectin is better glucose tolerance
[13]. To further examine if targeting RIP140 or its nuclear export trigger, PKCg, can be
beneficial for glucose metabolism in muscle cells, we determined the effect of conditioned
media collected from RIP140- or PKCe-silencing 3T3-L1 adipocytes on glucose uptake
ability of C2C12 muscle cells. Indeed, the conditioned media from both RIP140- and PKCe-
knocked down adipocytes increased both basal and insulin-stimulated glucose uptake (Fig.
5A). Besides, the phosphorylation status of AMP-activated protein kinase (AMPK) in
C2C12 cells was also elevated by conditioned media from both RIP140- and PKCg-knocked
down adipocytes (Fig. 5B). Finally, the anti-adiponectin antibody substantially blocked the
effect of conditioned media from both RIP140- and PKCg-knocked down adipocytes on
elevation of glucose uptake ability (Fig. 5C), supporting that the beneficial effect on glucose
uptake ability in C2C12 muscle cells was likely due to the secreted adiponectin in the
conditioned media.

In addition to the effect on C2C12 muscle cells, we further investigated the effect of
adipocyte-conditioned media from RIP140- or PKCe-silencing adipocytes on
gluconeogenesis ability in hepatocytes. As shown in Fig. 6A, conditioned media from both
RIP140- and PKCe-knocked down adipocytes significantly reduced glucose production in
HepG2 hepatocytes. In the presence of insulin, there is no further reduction of glucose
production in HepG2 cells. As same as the effects on C2C12 muscle cells, these conditioned
media promoted the level of phosphorylated AMPK in HepG2 cells. Most importantly, the
anti-adiponectin antibody effectively neutralized the effect of conditioned media on glucose
production in the absence of insulin (Fig 6C).
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All together, the data demonstrate that cytoplasmic RIP140 may play a role in regulating
adiponectin secretion in adipocytes, and the elevated secretion of adiponectin is functional in
promoting glucose uptake in muscle cells and reducing glucose production in hepatocytes.

4. Discussion

We have previously shown that HFD increases the levels of RIP140 in the cytoplasm of
epididymal adipocytes, and proposed that the cytoplasmic accumulation of RIP140 may
provide a disease marker [7]. The cytoplasmic RIP140 interacts with AS160 to retard
GLUT4 vesicle trafficking, and with perilipin A on lipid droplets to promote lipolysis [7,
19]. The current study reports a new function of cytoplasmic RIP140 in adipocytes, that is to
negatively regulate adiponectin secretion. Because adiponectin can target multiple cell/tissue
types for different functions, its role in maintaining metabolic homeostasis on a systemic
level has been intensively studied; but regulation of its secretion is poorly understood. The
regulatory role of cytoplasmic RIP140 in adiponectin secretion significantly expands the
scope of the biological activity of cytoplasmic RIP140, and suggests that targeting the
functions of cytoplasmic RIP140 may provide a potential therapeutic strategy in managing
metabolic diseases.

Although both adiponectin release and GLUT4 trafficking can be stimulated by insulin, the
two proteins are localized in two different types of vesicles [18]. But both adiponectin and
GLUT4 vesicles reside in the trans-Golgi network (TGN) and the recycling endosomes [26].
Secretion of these vesicles is regulated by Rab GTPases in multiple steps such as trafficking,
docking, tethering and fusion of the vesicles [27, 29]. AS160 is a RIP140 interacting GAP
that can inactivate several Rab GTPases [27]. RIP140 can maintain AS160 activity through
a direct interaction and preventing its Akt-mediated inactivation. This would presumably
affect the trafficking of multiple types of vesicles. This would also suggest a possible
mechanism for the action of insulin in enhancing both adiponectin release and GLUT4
trafficking, and substantiates the significance of the molecular interaction between RIP140
and AS160. Rab5 and Rab11 are the only two Rab GTPases shown to be involved in
adiponectin vesicles trafficking to modulate adiponectin release [26, 28]. However, neither
Rab5 nor Rab11 activities can be directly modulated by AS160 in vitro [27]. Therefore, the
detailed mechanism by which AS160 regulates adiponectin vesicles, such as via regulating
Rab5 or Rab11, or other unknown factors, remains to be examined. To this end, a previous
study has suggested that AS160 may modulate Rab11 by interacting with its interacting
proteins such as Rip11 [27, 30], which would be a potential topic of future studies.
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Fig. 1.

Targeting RIP140 or PKCe increases adiponectin secretion. (A) Adiponectin secretion
pattern in ctrl-, RIP140- or PKCe-silenced 3T3-L1 adipocytes. Commasie staining shows
loading control. WCE: whole cell extract. (B) Production of adiponectin and its mRNA.
Differentiating adipocytes were transfected with indicated SiRNA on day 5. On day 8,
mature adipocytes were treated with MG132 and Brefeldin A in the presence of 35S-labeled
methionine for indicated time. General (total cpm counts) and specific (determined by
antibody against adiponectin and actin, respectively) translation was each examined. The
general translation rate, per 100 pug whole cell lysate, in each experimental condition was
represented as the relative fold of CPM using the CPM of control at 15 minutes as the value
of 1. The differences among indicated knockdown at each time point examined are not
statistically significant. (C) Secreted adiponectin profiles. Differentiating adipocytes were
transfected with indicated siRNA on day 5. On day 8, mature adipocytes were cultured in
serum-free medium for 6 h. Adiponectin profile was determined by western blotting in non-
reducing condition. HMW: high molecular weight complex; MMW: medium molecular
weight complex; LMW: low molecular weight complex. *: P < 0.05, compared to ctrl
knockdown group (CtrlKD).
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Fig. 2.

Cytoplasmic RIP140 reduces adiponectin secretion in RIP140-null adipocytes. The effect of
various forms of RIP140 on adiponectin secretion in RIP140-null adipocytes rescued with
RIP140 expression vectors. Wt: wild type RIP140; CN: phosphor-defective mutant RIP140.
All values represent the means + SD., n=3; *: P < 0.05, compared to ctrl group.
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Fig. 3.

AS160 modulates adiponectin secretion. (A) Western blot detection of adiponectin secretion
from adipocytes transfected with control vector (Ctrl) or indicated AS160 vectors.
Differentiating 3T3-L1 adipocytes were electroporated with indicated vector on day 6. After
two days, mature adipocytes were cultured in serum-free medium with or without 200nM
Insulin for 6 h. Adiponectin profile was determined by western blotting in non-reducing
condition. Wt: wild type; 4P: constitutive active form of AS160. Commasie staining shows
loading control. (B) ELISA detection of secreted adiponectin from transfected adipocytes
was examined by ELISA. All values represent the means + SD., n=3; *: P < 0.05 compared
to control treatment.
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Fig. 4.

Over-expression of the amino terminus (RD-1) of RIP140 elevates adiponectin secretion.
Left: Secreted adiponectin from transfected adipocytes was examined by ELISA. Control
vector or flag-RD1 vector was electroporated into day 6 differentiating 3T3-L1 adipocytes.
After two days, adipocytes were cultured in serum-free medium for 6 h. The adiponectin
levels of culture supernatants were measured by ELISA. All values represent the means +
SD., n=3; *: P < 0.05 compared to control group. Right: immunoblotting of whole cell
lysates for indicated antibodies to determine the efficiency of over-expression.
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Fig. 5.

Targeting RIP140 or PKCe in adipocytes enhances functional adiponectin secretion to
promote glucose uptake in muscle cells. (A) The effect of conditioned media from ctrl-,
RIP140- or PKCe-silenced adipocytes on glucose uptake in C2C12 cells in the absence
(control) or presence of insulin. All values represent the means = SD., n=3; *: P < 0.05
compared to control group in Ctrl conditioned medium. **: P < 0.05 compared to insulin
group in Ctrl conditioned medium. (B) The effect of conditioned media in (A) on AMPK
activation in C2C12 cells. The ratio of pAMPK/AMPK was quantified. (C) Anti-adiponectin
antibody (anti-adipoQ) neutralized the effect of conditioned media on C2C12 glucose uptake
in the presence of insulin
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Fig. 6.

Targeting RIP140 or PKCe in adipocytes enhances functional adiponectin secretion to
reduce gluconeogenesis in hepatocytes. (A) The effect of conditioned media from ctrl-,
RIP140- or PKCe-silenced adipocytes on gluconeogenesis in HepG2 cells in the absence
(control) or presence of insulin. All values represent the means = SD., n=3; *: P < 0.05
compared to control group in Ctrl conditioned medium. (B) The effect of conditioned media
on AMPK activation in HepG2 cells. The ratio of pAMPK/AMPK was quantified. (C) Anti-
adiponectin antibody (anti-adipoQ) neutralized the effect of conditioned media on glucose
production ability of HepG2 in the absence of insulin. *: P < 0.05 compared to 1gG group in
conditioned medium from indicated silencing group.
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