THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 18, pp. 11526-11536, May 1, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Insulin Resistance Induces Posttranslational Hepatic Sortilin 1

Degradation in Mice”

Received for publication, January 26, 2015, and in revised form, March 18,2015 Published, JBC Papers in Press, March 23, 2015, DOI 10.1074/joc.M115.641225

Jibiao Li, David J. Matye, and Tiangang Li'

From the Department of Pharmacology, Toxicology and Therapeutics, University of Kansas Medical Center,

Kansas City, Kansas 66160

Background: Sortilin 1 mediates lysosome-dependent apoB100 degradation in hepatocytes.

Results: Blocking insulin/PI3K/AKT signaling caused posttranslational hepatic sortilin 1 degradation.

Conclusion: Insulin resistance is an underlying cause of decreased hepatic Sortl in diabetes.

Significance: This study suggests a new mechanism underlying altered hepatic apoB100 metabolism in type 2 diabetes.

Insulin promotes hepatic apolipoprotein B100 (apoB100)
degradation, whereas insulin resistance is a major cause of
hepatic apoB100/triglyceride overproduction in type 2 diabetes.
The cellular trafficking receptor sortilin 1 (Sortl) was recently
identified to transport apoB100 to the lysosome for degradation
in the liver and thus regulate plasma cholesterol and triglyceride
levels. Genetic variation of SORTI was strongly associated with
cardiovascular disease risk in humans. The major goal of this
study is to investigate the effect and molecular mechanism of
insulin regulation of Sort1. Results showed that insulin induced
Sortl protein, but not mRNA, in AML12 cells. Treatment of
PI3K or AKT inhibitors decreased Sortl protein, whereas
expression of constitutively active AKT induced Sort1 protein in
AML12 cells. Consistently, hepatic Sortl was down-regulated in
diabetic mice, which was partially restored after the administra-
tion of the insulin sensitizer metformin. LC-MS/MS analysis
further revealed that serine phosphorylation of Sortl protein
was required for insulin induction of Sortl in a casein kinase
2-dependent manner and that inhibition of PI3K signaling or
prevention of Sortl phosphorylation accelerated proteasome-
dependent Sort1 degradation. Administration of a PI3K inhibi-
tor to mice decreased hepatic Sortl protein and increased
plasma cholesterol and triglyceride levels. Adenovirus-medi-
ated overexpression of Sortl in the liver prevented PI3K inhib-
itor-induced Sortl down-regulation and decreased plasma tri-
glyceride but had no effect on plasma cholesterol in mice. This
study identified Sortl as a novel target of insulin signaling and
suggests that Sortl may play a role in altered hepatic apoB100
metabolism in insulin-resistant conditions.

Diabetic dyslipidemia significantly increases the risk of car-
diovascular disease, which is the leading cause of morbidity and
mortality in type 2 diabetes (1). Hepatic insulin resistance is a
characteristic feature of type 2 diabetes and a key underlying
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cause of hepatic triglyceride (TG),” rich very low density lipo-
protein (VLDL) overproduction, dyslipidemia, and an athero-
genic lipoprotein profile (2, 3). Apolipoprotein B100 (apoB100)
is the principal apolipoprotein component of VLDL and plays a
key role in promoting hepatic VLDL assembly and secretion. It
is well known that insulin, via activation of the PI3K pathway,
promotes postendoplasmic reticulum presecretory apoB100
degradation and thus inhibits hepatic VLDL production by lim-
iting the apoB100 availability for VLDL assembly (4). Under
physiological conditions, it is thought that insulin inhibition of
hepatic apoB100 production is necessary to allow rapid plasma
clearance of gut-derived TG-rich chylomicrons and thus pre-
vent postprandial hyperlipidemia. However, hepatic insulin
resistance is considered a major cause of reduced apoB100 deg-
radation and increased apoB100 secretion in type 2 diabetes.
Existing evidence suggests that insulin regulation of apoB100
degradation requires the endosome/lysosome system; however,
the downstream factors involved are still not well defined (4).

Recent studies revealed that hepatic sortilin 1 (Sortl), a
transmembrane multiligand sorting receptor, is a novel regula-
tor of lipid metabolism. Genetic variations of SORT1 showed
strong and reproducible association with plasma LDL choles-
terol (LDL-C), TG, and cardiovascular disease risk in large
human populations (5-9). Sortl mainly localizes in the trans-
Golgi network (TGN) and facilitates the transport of various
target proteins for lysosome targeting (10). A minor fraction of
Sortl localized to the plasma membrane is involved in recep-
tor-mediated endocytosis. Studies in both mice and cell models
showed that liver Sort1 directed intracellular apoB100 for lys-
osomal degradation (5, 11). In addition, plasma membrane-
bound Sort1 can also mediate circulating apoB100 endocytosis
and lysosome targeting (6, 11). Liver-specific Sort1 overexpres-
sion attenuated hepatic apoB100 secretion and decreased
plasma TG and LDL-C in various diabetic and hyperlipidemic
mouse models, and conversely, liver-specific Sortl knockdown
resulted in hyperlipidemia in these models (5, 12—14).

In this study, we investigated the effect and mechanism of
insulin regulation of hepatic Sortl. Our results revealed that

2 The abbreviations used are: TG, triglyceride; Sort1, sortilin 1; apoB100, apo-
lipoprotein B100; TGN, trans-Golgi network; CK2, casein kinase 2; LDL-C,
LDL-cholesterol; STZ, streptozotocin; TBCA, tetrabromocinnamic acid;
GGA, Golgi-localized, y-ear-containing Arf-binding protein.
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hepatic Sortl was a novel target of the insulin/PI3K/AKT sig-
naling cascade. Furthermore, hepatic Sort1 was highly sensitive
to insulin resistance-induced posttranslational degradation,
which may play a role in altered hepatic apoB100 metabolism in
insulin-resistant conditions.

EXPERIMENTAL PROCEDURES

Reagents—Antibodies against Sortl and TGN46 were pur-
chased from Abcam (Cambridge, MA). Antibodies against
AKT, phospho-AKT (Ser-473), histone 3, HA, and the PI3K
inhibitor wortmannin were purchased from Cell Signaling
Technology (Danvers, MA). Anti-FLAG M2 antibody, actin
antibody, metformin, cycloheximide, AKT1/2 inhibitor VIII,
streptozotocin (STZ), tetrabromocinnamic acid (TBCA), chlo-
roquine, and bafilomycin Al were purchased from Sigma.
PX866 was purchased from Cayman Chemical (Ann Arbor,
MI). Anti-Lampl antibody was purchased from the Develop-
mental Studies Hybridoma Bank (University of lowa). Alexa
Fluor 488 IgG and Alexa Fluor 594 IgG were purchased from
Life Technologies, Inc.

Animals—Male wild type C57BL/6] mice and 0b/ob mice at
10 weeks old were purchased from the Jackson Laboratory (Bar
Harbor, ME). All mice were maintained on a standard chow
diet and water ad libitum for 2 weeks before experiments
began. The Western diet (TD.88137, Harlan Teklad) contains
21% milk fat (w/w) and 0.2% cholesterol. Metformin was mixed
with either chow diet or Western diet at 0.25% (w/w). Insulin-
deficient C57BL/6 mice were generated via intraperitoneal
injection with 7.5 mg/kg STZ once daily for 5 consecutive days.
Control mice were injected with vehicle only (sodium citrate
buffer, pH 4.5). Hyperglycemia was confirmed at 1 week after
the last injection. Liver tissues were collected at 2 weeks after
the last injection. PX866 was dissolved in sterile 1X PBS with
5% EtOH and administered through intraperitoneal injection at
8 mg/kg in a 100-ul volume. Further details regarding individ-
ual experiments are given in the figure legends. All study pro-
tocols were approved by the Institutional Animal Care and Use
Committee.

Cell Culture, Transfection, and Treatment—The mouse hep-
atocyte cell line AML12 cells were a kind gift from Dr. Yanqiao
Zhang (Northeast Ohio Medical University, Rootstown, OH).
Cells were maintained in DMEM supplemented with 10% FBS
and 1X insulin-transferrin-selenium solution (Life Technolo-
gies). Cells were cultured in DMEM without any supplements
overnight before insulin treatment. Sortl mutant plasmids
were generated with a PCR-based QuikChange II site-directed
mutagenesis kit (Agilent Technologies, Santa Clara, CA). Tran-
sient transfection was performed with Lipofectamine 2000 rea-
gent (Life Technologies).

Immunofluorescent Staining—AML12 cells were plated in
chamber slides and transfected or treated as indicated in the
figure legends. Cells were fixed with 4% paraformaldehyde, per-
meabilized, and blocked in 10% donkey serum with 0.3 m gly-
cine and 0.1% Tween 20, followed by incubation with primary
antibodies at 4 °C overnight. Cells were then washed in 1X PBS
and incubated with Alexa Fluor-conjugated secondary antibod-
ies. After washing with 1 X PBS, cells were mounted and imaged
with a Leica DM 5500 confocal microscope.
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Recombinant Adenovirus—Adenovirus expressing human
full-length Sortl was a generous gift from Dr. Anders Nykjaer
(Aarhus University, Denmark). Adenovirus expressing a C-ter-
minal FLAG-tagged human sortilin 1 was generated using the
AdEasy adenoviral vector system (Agilent Technologies).
Adenoviral vectors expressing a constitutively active AKT1 or
AKT?2 were purchased from Vector Biolabs (Philadelphia, PA).

LC-MS/MS Proteomics Analysis—Wild type C57BL/6] mice
were injected with 5 X 10® pfu/mouse adenovirus expressing a
C-terminal lag-tagged human Sort1. After 7 days, FLAG-Sort1
was immunoprecipitated from the mouse liver lysate with anti-
FLAG M2 antibody. The subsequent LC-MS/MS analysis and
phosphopeptide verification were performed by MS Bioworks
(Ann Arbor, MI).

Measurement of Sortl Ubiquitination—Cells were trans-
fected with plasmid expressing HA-tagged ubiquitin and
infected with Ad-Sortl-FLAG (multiplicity of infection = 1).
After 24 h, cells were treated with MG132 and/or wortmannin
or TBCA as indicated, followed by immunoprecipitation with
anti-FLAG (M2) antibody conjugated to magnetic beads
(Sigma). Immunoprecipitated FLAG-Sortl was detected with
anti-FLAG antibody, and ubiquitinated Sortl was detected
with anti-HA antibody.

Lipid Analysis—Cholesterol, triglyceride, and free fatty acids
were measured with colorimetric assay kits (Biovision, Milpi-
tas, CA). FPLC analysis of the lipoprotein profile was conducted
by the Mouse Metabolic Phenotyping Center at the University
of Cincinnati.

Glucose Tolerance Test—Mice were fasted overnight and
received a single intraperitoneal injection of glucose at 2 g/kg of
body weight. A drop of blood was collected from the tail, and
glucose was measured with a glucose monitor.

RNA Isolation and Quantitative Real-time PCR—Real-time
PCR were performed with SYBR primers. Amplification of 18 S
was used as an internal control. Relative mRNA expression was
quantified using the comparative CT (Cf) method and
expressed as 2~ 24,

Immunoblot—Cell or tissue protein samples were prepared
in 1X radioimmune precipitation assay buffer containing pro-
tease inhibitor mixture followed by brief sonication. Protein
concentrations were determined by a BCA assay kit (Life Tech-
nologies). Equal amount of protein was used for SDS-PAGE and
Western blotting. Densitometry was determined with Image]
software for Fig. 5G. All experiments were repeated at least
three times to confirm reproducibility. A representative blot is
shown.

Statistical Analysis—Results were expressed as mean = S.E.
unless noted. Statistical analysis was performed by Student’s ¢
test or analysis of variance. A p < 0.05 was considered statisti-
cally significant.

RESULTS

Hepatic Insulin/PI3K/AKT Signaling Regulates Sort1 in Vitro
and in Vivo—We first found that treating AMLI12 cells with
insulin resulted in a dose-dependent increase in Sortl protein,
but not mRNA, which closely correlated with cellular AKT acti-
vation (Fig. 1, A and B). The mRNA of glucose-6-phosphatase
was measured as a positive control for insulin treatment (Fig.
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FIGURE 1. Insulin/PI3K/AKT signaling cascade induces Sort1 protein in AML12 cells. A, AML12 cells were serum-starved for 16 h, followed by insulin
treatment as indicated. Sort1, phospho-AKT (Ser-473) (P-AKT), total AKT (T-AKT), and histone 3 (H3) were determined by immunoblot. B, AML12 cells were
treated with insulin for 8 h. Sort1 and glucose-6-phosphatase (G6Pase) mRNA expressions were measured by real-time PCR. Results were expressed as the
mean * S.D. (error bars) of three replicates. Cand D, AML12 cells were serum-starved for 16 h. Cells were pretreated with 1 um wortmannin (wort), followed by
100 nminsulin treatment for 8 h. Sort1 protein or mRNA was determined by immunoblot or real-time PCR, respectively. Real-time PCR results were expressed
as mean = S.D. of three replicates. E, AML12 cells were serum-starved for 16 h and pretreated with 10 um AKT1/2 inhibitor for 1 h, followed by 100 nm insulin
treatment for 8 h. Sort1 protein was determined by immunoblot. F, AML12 cells were infected with Ad-GFP or adenovirus expressing HA-tagged constitutively

active AKT1 or AKT2 at a multiplicity of infection of ~1 in serum-free and insulin-free medium for 16 h. Sort1 protein was measured by immunoblot.

1B). Treatment of AML12 cells with 100 nM insulin in time
course showed that maximal induction of Sort1 was observed at
6—8 h but not at 4 h or earlier (not shown). Treating cells with
the PI3K inhibitor, wortmannin, or an AKT1/2 inhibitor not
only blocked insulin induction of Sortl protein but also signif-
icantly decreased basal Sort1 protein without altering the Sort1
mRNA (Fig. 1, C-E). In addition, adenovirus-mediated expres-
sion of constitutively active AKT1 or AKT2 induced Sort1 pro-
tein in AML12 cells (Fig. 1F). Consistent with these in vitro
observations, obese mice with hepatic steatosis and insulin
resistance showed markedly decreased hepatic Sortl protein
(Fig. 2A). Importantly, STZ-treated mice also showed
decreased hepatic Sortl protein but not mRNA (Fig. 2, B and
C), suggesting that decreased hepatic insulin signaling inde-
pendent of hepatic steatosis was sufficient to reduce hepatic
Sortl levels.
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To obtain further in vivo evidence to prove that decreased
PI3K signaling causes hepatic Sortl down-regulation, we
injected mice with a PI3K inhibitor, PX866, a wortmannin ana-
logue with higher potency and lower cytotoxicity (15). A single
injection of PX866 rapidly decreased liver AKT phosphoryla-
tion and liver Sort1 protein at 8 h postinjection without causing
a significant reduction in the Sortl mRNA levels (Fig. 2, D and
E).PX866 injection once daily for 3 days yielded a similar reduc-
tion in liver Sort1 protein in mice (data not shown). Consistent
with a previous report that wortmannin significantly increased
hepatic apoB100/VLDL secretion and caused hyperlipidemia in
mice (16), PX866 injection for 3 days caused significantly ele-
vated plasma TG and cholesterol levels (see Fig. 6). FPLC anal-
ysis showed that PX866 treatment primarily raised plasma
LDL-C with little effect on plasma HDL-cholesterol (Fig. 2F).
These results suggested that blocking hepatic insulin/PI3K sig-
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FIGURE 2. Inhibition of PI3K signaling reduced Sort1 protein in mouse livers. A, hepatic Sort1 protein in male 12-week-old WT and ob/ob mice. Band C,
hepatic Sort1 protein (B) and mRNA (C) in vehicle- and STZ-treated mice. Real-time PCR results were expressed as mean = S.E. (error bars) n = 4. D and E, male
12-week-old C57BL6J mice were intraperitoneally injected with PX866 (8 mg/kg) or vehicle (n = 4). After 8 h, liver Sort1 protein (D) and liver Sort1T mRNA (E)
were measured. F, male 12-week-old C57BL6J mice were intraperitoneally injected with PX866 (8 mg/kg) or vehicle once daily for 3 days. After the last injection,
mice were then fasted for 8 h, and pooled plasma (n = 4) was used for FPLC cholesterol analysis. P-AKT, phospho-AKT; T-AKT, total AKT.

naling caused rapid and marked down-regulation of Sortl,
which inversely correlated with plasma lipid levels. To further
test if improving insulin sensitivity in insulin-resistant mice
could increase hepatic Sort1 levels, we administered the insulin
sensitizer metformin to mice because a recent study showed
that metformin significantly improved hepatic insulin sensitiv-
ity in obese mice via AMP-activated protein kinase-dependent
inhibition of hepatic lipogenesis (17). Consistently, metformin
decreased hepatic steatosis (Fig. 34) and improved whole body
insulin sensitivity, as indicated by a glucose tolerance test (Fig.
3B). Metformin did not induce hepatic Sortl in insulin-sensi-
tive chow-fed mice but partially restored hepatic Sort1 levels in
Western diet-fed mice (Fig. 3C). In addition, metformin treat-
ment at 0.5 and 1 mum for 8 or 18 h did not affect Sort1 protein in
AMLI2 cells (not shown), suggesting that metformin probably
increased hepatic Sort1 protein in mice indirectly by improving
hepatic insulin sensitivity. Metformin also decreased plasma
cholesterol, TG, and free fatty acid levels in Western diet-fed
mice (Fig. 3, D-F), which may be at least partly due to improved
hepatic insulin sensitivity and steatosis.

Phosphorylation of Sortl Mediates Insulin Regulation of
Sort]—After establishing a regulatory relationship between
insulin signaling and Sort1 protein in both in vitro and in vivo
models, we next investigated the molecular mechanisms
underlying the insulin/PI3K/AKT signaling regulation of Sort1.
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We first tested the hypothesis that insulin may regulate Sortl
localization and/or protein stability via protein phosphoryla-
tion. LC-MS/MS analyses showed that Sortl was phosphory-
lated at serine residues Ser-793 and Ser-825 on the cytoplasmic
tail (Table 1 and Fig. 4A). No verified phosphorylation sites
were identified on the luminal/extracellular domain of the
Sortl protein. To test whether phosphorylation at these two
residues is involved in insulin regulation of Sortl, we first
expressed FLAG-tagged wild type or S793A or S825A phospho-
mutant forms of Sortl in AML12 cells. As shown in Fig. 4B,
insulin treatment induced ectopically expressed wild type and
S$793A mutant Sortl but not S825A mutant Sortl, which pro-
vided the initial evidence that phosphorylation of Ser-825, but
not Ser-793, was required for insulin induction of Sortl (Fig.
4B).

Despite the fact that constitutively active AKT directly
induced Sortl protein (Fig. 1F), Ser-825 is not within an
RXRXX(S/T)-like consensus AKT phosphorylation sequence
and thus is probably not directly phosphorylated by AKT (Fig.
4A). Instead, previous studies have established that Ser-825 is a
consensus casein kinase 2 (CK2) target and was directly phos-
phorylated by CK2 in an in vitro kinase assay (18). Interestingly,
previous studies have also demonstrated that CK2 is an insulin-
sensitive kinase, and insulin induced CK2 activity in liver cells
and rat livers, whereas CK2 activity decreased in diabetic rat
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FIGURE 3. Metformin improved insulin sensitivity and partially restored hepatic Sort1 levels in Western diet-fed mice. Male C57BL6J mice at 12 weeks
of age were fed a chow diet (C) or Western diet (WD) with or without 0.25% (w/w) metformin (Met) for 8 weeks. A, H&E staining of liver section. B, a glucose
tolerance test was performed in overnight-fasted mice. C, the liver Sort1 protein was measured by immunoblot. D-F, plasma cholesterol, triglyceride, and free
fatty acid (FFA) were measured with assay kits. All results are plotted as mean = S.E. (error bars) (n = 4). p =< 0.05 is considered as statistical significance; *, versus

chow-fed group; **, versus Western diet-fed group.

TABLE 1
LC-MS/MS identification of phosphorylation sites on human Sort1 purified from mouse liver
Localization
Site Peptide sequence probability MI score Appm A score Start Stop
Ser-825 HDDS*DEDLL 100% 38.04 0.39 1000 822 830
Ser-793 YS*VLQQHAEANGVDGVDA 100% 71.67 —0.64 33.26 792 818

livers (19, 20). We therefore asked whether CK2 was involved in
insulin regulation of Sort1. Results in Fig. 4C showed that a CK2
inhibitor TBCA largely prevented insulin induction of Sortl in
AMLI12 cells (Fig. 4C). Furthermore, TBCA treatment alone
resembled the effects of wortmannin and AKT inhibitor and
strongly decreased basal Sortl protein (Fig. 4C). These results
not only suggested that CK2 was required for insulin induction
of Sort1 but also indicated that blocking CK2 phosphorylation
of Ser-825 may promote Sortl protein degradation. Indeed,
when cells were treated with cycloheximide to block protein
synthesis, phosphorylation-defective S825A mutant Sortl
showed a faster degradation rate than wild type Sort1 (Fig. 4D).
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Unfortunately, we could not directly test the effect of insulin on
Ser-825 phosphorylation because of the lack of a commercially
available phospho-specific antibody. However, existing knowl-
edge from previous studies (18 —20) and new results presented
here suggested that CK2-dependent phosphorylation of Ser-
825 was probably involved in the insulin regulation of Sortl
protein stability.

PI3K Inhibition Results in Proteasome-dependent Sortl
Degradation—As illustrated in Fig. 44, Ser-825 is adjacent to
the N-terminal of the DXXLL dileucine motif, which is highly
conserved among a large number of trafficking proteins (21).
Previous studies have established that the DXXLL motif medi-
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FIGURE 4.Phosphorylation of Ser-825 is required for insulin to induce Sort1in AML12 cells. A, sequenceillustrates phosphorylated serine residues Ser-793
and Ser-825 (S) identified in human Sort1 protein by LC-MS/MS and the conserved DXXLL motifs among species. B, AML12 cells were transfected with wild type
and mutant human FLAG-Sort1 plasmids, as indicated. Cells were serum-starved for 16 h and treated with 100 nminsulin for 8 h. Ectopically expressed Sort1 was
detected with anti-FLAG antibody in immunoblot. C, serum-starved (16 h) AML12 cells were pretreated with 15 um TBCA for 1 h followed by 100 nm insulin
treatment as indicated. Sort1 protein was measured by immunoblot. D, AML12 cells transfected with wild type and mutant human FLAG-Sort1 plasmids were
treated with 100 wg/ml cycloheximide (CHX). FLAG-Sort1 protein was measured by immunoblot. P-AKT, phospho-AKT.

ates the highly specific interaction with an adaptor protein
called Golgi-localized, y-ear-containing Arf-binding protein
(GGA), and the DXXLL-GGA interaction was required for
clathrin-coated vesicle formation and subsequent transport
from TGN to endosomes/lysosomes (18, 22, 23). Structural and
functional studies further found that phosphorylation of Ser-
825 by CK2 significantly increased the binding affinity of the
DXXLL motif with GGAs (24), whereas abolishing serine phos-
phorylation decreased the DXXLL-GGA interaction and
impaired receptor lysosome transport efficiency (25). Based on
these previous findings, we next asked whether impaired insu-
lin/PI3K signaling alters Sort1 cellular trafficking, an event that
could predispose Sortl protein to degradation. We first tested
whether the phosphorylation-defective S825A mutant Sortl
showed altered cellular localization patterns and found that
both wild type and S825A mutant Sort1 co-localized primarily
with the Golgi marker TGN46 (Fig. 54) with minimal co-local-
ization with lysosome marker Lamp1 (Fig. 5B). These results
are consistent with previous findings of a primary TGN local-
ization of Sortl in many cell types (9, 11) and further suggest
that preventing Ser-825 phosphorylation did not cause a major
shift of Sortl cellular localization. We next asked whether
blocking PI3K by wortmannin alters Sortl localization before
wortmannin-induced Sort1 degradation. In AML12 cells, wort-
mannin treatment resulted in a marked Sortl down-regulation
at 4 h but not at the 2 h time point (Fig. 5C). However, wort-
mannin treatment for 2 h did not significantly alter Sort1 cel-
lular localization, which further suggested that the majority of
the Sortl protein still resided in the TGN, but not lysosomes,
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shortly before wortmannin-induced protein degradation (Fig.
5, D and E). In addition, treatment with the lysosome inhibitor
chloroquine or bafilomycin Al for 8 h did not increase but
rather markedly decreased Sortl protein in AML12 cells (Fig.
5F). Despite the fact that Sort1 primarily traffics between TGN
and lysosomes, these results suggested that the involvement of
lysosomes in mediating such rapid and marked Sort1 degrada-
tion seemed unlikely and prompted us to further test the
involvement of proteasome-mediated Sortl degradation. In-
deed, proteasome inhibition by MG132 completely prevented
wortmannin-induced Sortl degradation (Fig. 5G). Similarly,
MG132 also prevented the CK2 inhibitor TBCA-induced Sort1
degradation (Fig. 5I). It is noted that MG132 treatment alone
caused some reduction in basal Sortl protein levels (Fig. 5, G
and /), but the underlying mechanism was not fully clear. We
then tested the effect of wortmannin or TBCA treatment on
Sortl protein ubiquitination. Results showed that wortmannin
treatment (Fig. 5H) or TBCA treatment (Fig. 5/) for 2 h signif-
icantly increased the amount of ubiquitinated Sort1, which pro-
vides additional evidence to suggest that the proteasome-de-
pendent pathway may be involved in Sort1 protein degradation.

Preventing Hepatic Sortl Down-regulation Attenuated
Hypertriglyceridemia in PX866-treated Mice—Previous studies
showed that liver-specific Sortl overexpression decreased
plasma cholesterol and TG levels in various genetic and diet-
induced hyperlipidemic mouse models (5, 11, 12). Last, we
asked how preventing hepatic Sortl down-regulation by ade-
novirus-mediated Sortl overexpression could affect plasma
lipid levels in the PX866-induced hyperlipidemic mouse model.
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plasmid. After 24 h, cells were treated with 1 um wortmannin for 2 h. Sort1 colocalization with TGN46 or Lamp1 were analyzed by immunofluorescent staining
and confocal microscopy as described under “Experimental Procedures.” F, AML12 cells were treated with indicated concentration of chloroquine (CQ) or
bafilomycin A1 (BafAT) for 8 h. Sort1 protein was determined by immunoblot. G, AML12 cells were pretreated with increasing doses of MG132 for 1 h, followed
by 1 uM wortmannin treatment for an additional 4 h. Sort1 protein was measured by immunoblot. Bottom, average Sort1 band intensity of three independent
gel blots (normalized to histone H3). Relative intensity was plotted as mean =+ S.D. (error bars).*, versus untreated control; **, versus 1 um MG132 treated sample.
H, AML12 cells were infected with Ad-FLAG-Sort1 (multiplicity of infection = 1) and transfected with plasmid expressing HA-tagged ubiquitin. After 24 h, some
cells were pretreated with 10 um MG132 for 1 h, followed by 1 um wortmannin treatment for an additional 2 h. FLAG-Sort1 was immunoprecipitated with
anti-FLAG antibody. Ubiquitinated Sort1 was measured by anti-HA antibody. Immunoprecipitated FLAG-Sort1 was measured by anti-FLAG antibody. Lysate,
total cell lysate was used as positive controls for FLAG-Sort1 and HA-ubiquitin. NC, negative control, cells expressing FLAG-Sort1 but not HA-ubiquitin. /, AML12
cells were pretreated with increasing doses of MG132 for 1 h, followed by 15 um TBCA treatment for an additional 4 h. Sort1 protein was measured by
immunoblot. J, AML12 cells were infected with Ad-FLAG-Sort1 (multiplicity of infection = 1) and transfected with plasmid expressing HA-tagged ubiquitin.
After 24 h, some cells were pretreated with 10 um MG132 for 1 h, followed by 15 um TBCA treatment for an additional 2 h. FLAG-Sort1 was immunoprecipitated
with anti-FLAG antibody. Ubiquitinated Sort1 was measured by anti-HA antibody. Immunoprecipitated FLAG-Sort1 was measured by anti-FLAG antibody.
Lysate, total cell lysate was used as positive controls for FLAG-Sort1 and HA-ubiquitin. N.C., negative control, cells expressing FLAG-Sort1 but not HA-ubiquitin.

Asshownin Fig. 64, Ad-Sort1 injection increased hepatic Sort1
protein ~2.5-fold over baseline levels and overcame PX866-
induced Sortl down-regulation. Unlike pathological hepatic
insulin resistance associated with obesity and diabetes, phar-
macological inhibition of PI3K signaling did not cause hepatic
steatosis in mice (Fig. 6B). Interestingly, Sortl overexpression
completely prevented PX866-induced plasma TG elevation
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(Fig. 6C). This is consistent with previous findings that blocking
PI3K signaling by wortmannin increased hepatic TG secretion
in mice (16) and that hepatic Sortl overexpression inhibited
hepatic TG secretion in mice (5, 12). However, Sortl overex-
pression only decreased plasma cholesterol in vehicle-treated
mice and did not prevent PX866-induced plasma cholesterol
elevation (Fig. 6D), suggesting that redundant mechanisms
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FIGURE 6. Hepatic Sort1 overexpression prevented the triglyceride-raising effect of PX866 in wild type mice. Male 12-week-old C57BL6J mice were
intravenously injected with Ad-GFP or Ad-Sort1 at 5 X 10® pfu/mouse. After 5 days, mice received either vehicle (veh) or 8 mg/kg PX866 intraperitoneal
injection once daily for an additional 3 days. Mice were sacrificed after an 8-h fast. A, liver Sort1 protein was measured by immunoblot. B, H&E staining of liver
sections. Cand D, plasma triglyceride (C) and cholesterol (D) were measured with assay kits. E, liver mRNA expression was measured by real-time PCR. Results
in C-E are plotted as mean = S.E. (error bars) (n = 4). p = 0.05 is considered as statistical significance; *, versus Ad-GFP + vehicle group; **, versus Ad-Sort1 +

vehicle group; #, versus Ad-GFP + PX866 group.

mediated the cholesterol-raising effect of PX866. To obtain fur-
ther molecular insights into the TG-lowering effect of Sortl in
PX866-treated mice, we measured the mRNA expression of
genes involved in hepatic lipid metabolism (Fig. 6E). Among all
genes measured, we found that the mRNA levels of stearoyl-
CoA desaturase 1, fatty acid synthase, CD36, and microsomal
triglyceride transfer protein were markedly decreased in
PX866/Ad-Sortl-treated mice, which was consistent with
lower plasma TG levels in this group of mice. We also found a
strong reduction of the cholesterol 7a-hydroxylase mRNA in
the Ad-Sort1/PX866-treated group, suggesting that decreased
hepatic cholesterol catabolism may offset the cholesterol-low-
ering effect of Sortl overexpression in this group of mice. The
mRNA of sterol regulatory element-binding proteins 1 and 2,
LDL receptor, HMG-CoA reductase, and ATP-binding cassette
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subfamily G member 5 were not significantly different between
groups.

DISCUSSION

This study suggests that hepatic Sort1 acts as a novel molec-
ular link between insulin resistance and altered hepatic
apoB100 metabolism in hepatocytes. Hepatic apoB100/VLDL
overproduction is considered as the primary defect in the
pathogenesis of hyperlipidemia in type 2 diabetes. Although the
inhibitory effect of insulin on hepatic apoB100 production has
been well established (4, 26), the downstream mediators have
not been well defined. Recent studies have shown that hepatic
Sortl lowered plasma cholesterol and TG levels by inhibiting
hepatic apoB100/VLDL production in mice (5, 11, 27). New
results presented here demonstrated that hepatic Sortl was
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highly sensitive to insulin resistance-induced degradation. Of
note, pharmacological inhibition of PI3K signaling and STZ-
induced insulin deficiency in lean mice caused hepatic Sortl
down-regulation in the absence of hepatic fat accumulation,
which is another causal factor for VLDL overproduction in type
2 diabetes. This is consistent with previous findings that insu-
lin-dependent hepatic apoB100 degradation depends on the
PI3K signaling and that treatment with the PI3K inhibitor wort-
mannin significantly increases hepatic VLDL production in
mice (16).

The major goal of this study was to delineate the molecular
mechanisms by which insulin regulates Sortl in the liver. To
this end, we have demonstrated that insulin signaling regulated
Sort1 via PI3K/AKT-dependent posttranslational mechanisms.
This study presented important evidence to support that phos-
phorylation of Ser-825 was required for insulin induction of
Sortl and that inhibition of each component in the insulin/
PISK/AKT/CK2 axis or abolishing Ser-825 phosphorylation
was sufficient to promote Sortl protein degradation. Thus, in
addition to the previous findings that CK2-dependent Ser-825
phosphorylation critically regulated receptor cellular traffick-
ing function (18, 22-25), this study further showed that Ser-825
phosphorylation regulated Sortl protein stability. We recog-
nize that our mechanistic study was somewhat limited by the
lack of a commercially available Ser-825 phospho-specific
Sortl antibody. However, this novel signaling mechanism of
Sortl regulation is highly consistent with and thus supported by
previous findings on the regulation of Sortl trafficking and
function (18 -20, 22-25). Furthermore, this study suggests that
blocking PI3K signaling probably increased Sort1 E3-ligase rec-
ognition and subsequent ubiquitination and proteasome-medi-
ated degradation. Previous studies suggested that preventing
Ser-825 phosphorylation may decrease Sortl lysosome target-
ing (24, 25). However, our data were not sufficient to conclude
whether increased Sortl degradation was secondary to de-
creased Sortl exit from the TGN because both WT and S825A
mutant Sortl showed a primary TGN localization. Two other
studies have shown that lysosomes may also mediate Sort1 pro-
tein turnover (28, 29). It is known that Sortl protein that
reached the lysosome compartment is rapidly and efficiently
recycled back to the TGN via the interaction with a retromer
complex for reuse, and these two studies showed that decreas-
ing Sortl transport from the lysosome back to the TGN by
preventing Sort1 palmitoylation increased Sort1 degradation in
the lysosomes (28, 29). In our study, the primary TGN localiza-
tion of Sortl shortly before wortmannin-induced rapid degra-
dation excluded a major role of the lysosome-mediated degra-
dation pathway. Of note, both chloroquine and bafilomycin A1
decreased cellular Sortl protein levels, suggesting that normal
endosome/lysosome function was actually required for Sortl
trafficking between TGN and lysosomes. In addition, this evi-
dence collectively supports the possibility that impaired Sortl
trafficking may be closely linked to Sortl protein stability.

In this study, we further tested how preventing hepatic Sort1
down-regulation by adenovirus-mediated gene expression
could affect plasma lipids in a PX866-induced hyperlipidemic
mouse model. We found that Sortl overexpression in the liver
completely prevented PX866-induced plasma TG elevation
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(Fig. 6C). In addition to the known effect of Sort1 on hepatic TG
production, it was interesting to find decreased expression of
several hepatic lipogenic genes in the Ad-Sort1/PX866-treated
group. Although the mechanism underlying these changes is
not clear and is beyond the scope of the current study, we spec-
ulate that reduced lipogenic gene expression could be second-
ary to the Sortl effect on hepatic apoB100 metabolism because
several previous studies have consistently shown that inhibition
of hepatic apoB100 by antisense oligonucleotide results in
decreased hepatic lipogenic gene expressions, which explains
the absence of hepatic steatosis despite significantly reduced
hepatic TG secretion (30—32). Furthermore, PX866 treatment
could also contribute to further decreased gene expression
because insulin/PI3K is known to positively regulate lipogenic
gene expressions (33-35).

In contrast to the strong TG-lowering effect, Sortl overex-
pression did not prevent the PX866-induced hypercholesterol-
emia (Fig. 6D). One possibility for such a discrepancy compared
with a few previous studies may be the non-pathological hyper-
lipidemic mouse model used in this study (5, 11, 13). In addi-
tion, we speculate that the cholesterol-lowering effect of Sort1
overexpression could be masked in this mouse model due to
other pleiotropic effects of PX866 on cholesterol metabolic
pathways that could not be regulated by Sort1. Of note, hepatic
cholesterol 7a-hydroxylase was markedly decreased in Ad-
Sort1/PX866-treated mice. In addition, it was previously shown
that blocking PI3K signaling by insulin receptor knockout
caused not only hepatic TG overproduction but also impaired
hepatic LDL-C uptake (36, 37). It was thus possible that PX866
could also impair hepatic LDL uptake in our experimental set-
ting. In contrast, hepatic VLDL overproduction was probably
the primary defect underlying pathophysiological diabetic
hyperlipidemia because hepatic cholesterol catabolism and
LDL-C uptake did not decrease in obese and diabetic mice (33,
36). Therefore, due to the different model used in the study, our
plasma cholesterol data do not necessarily contradict a number
of previous reports showing that hepatic Sortl overexpression
significantly lowered plasma cholesterol in obese and hyperlip-
idemic mice (5, 11-14).

In summary, this study revealed a novel posttranslational
regulation of hepatic Sortl by insulin/PI3K/AKT signaling and
thus provided new mechanistic insights into the altered hepatic
lipid metabolism under insulin-resistant conditions. Sort1 is a
novel sorting receptor implicated in hepatic and plasma lipid
metabolism in humans. However, despite being a multifunc-
tional receptor, the roles of liver Sort1 beyond the regulation of
hepatic lipid secretion are still incompletely understood. Future
studies that aim at better defining both the function and the
regulation of Sort1 in metabolism are necessary to better define
the role of Sort1 in the regulation of lipid homeostasis.
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