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Abstract

The phosphotyrosine interacting domain-containing protein 1 (P1D1) serves as a cytosolic adaptor
protein of the LDL receptor-related protein 1 (LRP1). By regulating its intracellular trafficking,
PID1 controls the hepatic, LRP1-dependent clearance of pro-atherogenic lipoproteins. In adipose
and muscle tissues, LRP1 is present in endosomal storage vesicles containing the insulin-
responsive glucose transporter 4 (GLUT4). This prompted us to investigate whether PID1
modulates GLUT4 translocation and function via its interaction with the LRP1 cytosolic domain.
We initially evaluated this in primary brown adipocytes as we observed an inverse correlation
between brown adipose tissue glucose uptake and expression of LRP1 and PID1. Insulin
stimulation in wild type brown adipocytes induced LRP1 and GLUT4 translocation from
endosomal storage vesicles to the cell surface. Loss of PID1 expression in brown adipocytes
prompted LRP1 and GLUT4 sorting to the plasma membrane independent of insulin signalling.
When placed on a diabetogenic high fat diet, systemic and adipocyte-specific PID1-deficient mice
presented with improved hyperglycemia and glucose tolerance as well as reduced basal plasma
insulin levels compared to wild type control mice. Moreover, the improvements in glucose
parameters associated with increased glucose uptake in adipose and muscle tissues from PID1-
deficient mice. The data provide evidence that PID1 serves as an insulin-regulated retention
adaptor protein controlling translocation of LRP1 in conjunction with GLUT4 to the plasma
membrane of adipocytes. Notably, loss of PID1 corrects for insulin resistance-associated
hyperglycemia emphasising its pivotal role and therapeutic potential in the regulation of glucose
homeostasis.
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1. Introduction

Adipose tissues contribute to systemic glucose and lipid homeostasis under both anabolic
and catabolic conditions [1]. In white adipose tissue (WAT), the uptake and processing of
dietary nutrients is stimulated by insulin in the postprandial state, enabling efficient storage
of excess energy as triglycerides within lipid droplets. In the fasted state, lack of insulin
signaling facilitates lipolysis by intracellular lipases to release fatty acids for e.g. VLDL
production in the liver and ATP generation in muscles [1, 2]. In contrast to WAT, energy
substrates internalized by brown adipose tissue (BAT) are used for heat production upon
cold-induced non-shivering thermogenesis, mediated primarily by uncoupling protein 1
(UCP1) [3]. Both thermogenic activation by cold-exposure as well as anabolic insulin
signaling promote BAT uptake of glucose and lipids [4—7]. Accordingly, systemic insulin
resistance triggered by obesity leads to impaired glucose and lipid disposal into adipose
tissues. These metabolic dysfunctions contribute to hyperglycemia and dyslipidemia and
promote the development of type 2 diabetes and atherosclerosis that are associated with
obesity [8, 9]. BAT activation can correct these metabolic disturbances, and consequently the
obesity-associated comorbidities [5, 10-12].

The capacity for glucose uptake in adipocytes and skeletal muscle cells is regulated by
insulin-dependent redistribution of glucose transporter 4 (GLUT4) from intracellular
endosomal vesicles to the plasma membrane. Mice with adipose tissue-specific GLUT4
deficiency or overexpression presented with impaired or enhanced glucose tolerance,
respectively, underscoring the relevance of GLUT4 in adipocytes for systemic glucose
homeostasis [13, 14]. The insulin signaling cascade that initiates GLUT4 translocation to the
cell surface depends on activation of the protein kinase B (AKT) pathway. Subsequently,
GLUT4-containing vesicles are targeted to the plasma membrane in a process dependent on
numerous proteins involved in signaling (e.g. the TBC1 domain family member 4 also
known as AS160 [15]), protein recycling (e.g. syntaxin 6 and tumor suppressor candidate 5
[16, 17]), vesicle tethering (e.g. tether, containing a UBX domain, for GLUT4 [18]) as well
as vesicle fusion (e.g. vesicle-associated membrane proteins [19, 20]). The same GLUT4-
storage vesicles also contain low-density lipoprotein receptor related protein 1 (LRP1) [21],
for which insulin-dependent transport to the plasma membrane has been described in
hepatocytes and adipocytes [22—24]. Insulin-mediated LRP1 translocation in the liver is
dependent on the phosphorylation of its distal NPxYxxL motif [23, 25]. Notably, by binding
to the unphosphorylated form of this motif, the protein phosphotyrosine interacting domain
containing 1 (PI1D1) serves as an intracellular adaptor for LRP1 [23, 26, 27]. In addition,
PID1 has been implicated to regulate glucose uptake via modulation of insulin signaling in
adipocytes and muscle cells [28-31]. We recently demonstrated that insulin signaling in
hepatocytes disrupts PID1 binding to LRP1, which results in the translocation of LRP1 to
the cell surface and thus the efficient lipoprotein receptor-mediated endocytosis in the
postprandial state [23]. Based on these findings and the high co-expression of PID1 and
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LRP1 in adipose tissues [23], we propose that PID1 has a fundamental role in systemic
glucose homeostasis by regulating sorting of GLUT4 vesicles via insulin-dependent
trafficking of LRP1.

We here provide /n vitroand in vivo evidence that PID1 serves as a negative regulator of
glucose uptake into adipose tissues and muscles and that its inactivation improves glucose
uptake, hyperglycemia and hyperinsulinemia under diabetogenic conditions. This suggests
that PID1 is not only an important regulator for hepatic lipoprotein disposal but also for
systemic glucose metabolism emphasizing the potential for PID1 as a novel therapeutic
target for the treatment of obesity-associated metabolic abnormalities.

2. Materials and Methods

2.1 Mice and animal housing

Pid17!~ and Pid1™ mice were generated as described before [23]. For generation of adipose
tissue-specific Pid1 knockout mice, Pid2"" mice were crossed with mice expressing Cre
recombinase under control of the adiponectin promotor (B6;FVB-Tg(Adipog-cre)1Evdr/J
mice from Jackson) to generate Pid1™f-AdipogCe™ mice and Pid1™-AdipogCret mice. All
mice were on C57BL6/J background. Male mice kept at 22°C on a 12 hour/12 hour light
dark cycle with ad /ibitum access to food and water were used for metabolic studies. Chow-
fed mice were routinely aged 12-18 weeks. For high-fat diet (HFD) feeding, mice received
an obesogenic HFD (Bio-Serv F3282, 60% calories from fat) ad /ibitum for 18-20 weeks
beginning at 4-6 weeks of age. For the temperature acclimation studies, mice were housed
for 1 week at either 6°C, 22°C or 30°C in temperature-controlled cabinets (Memmert). All
procedures were performed with approval from the animal care committees of the University
Medical Center Hamburg-Eppendorf and the Behdérde fiir Gesundheit und
Verbraucherschutz Hamburg.

2.2 Experimental procedures and organ harvest

Insulin tolerance tests were performed by intraperitoneal injection of insulin into 4 hour
fasted mice (Insuman Rapid, Aventis, 1 U/kg body weight). Oral glucose tolerance tests
were performed by gavage of glucose (2 g/kg body weight) after a 4 hour fasting period.
Blood glucose concentrations were measured using commercially available AccuCheck
Aviva sticks (Roche). Plasma insulin was measured using a rat/mouse insulin assay kit
(Chrystal Chem).

For radioactive uptake studies, the glucose gavage was traced with 0.79 kBq 2-deoxy-D-
[1,2-3H(N)]-glucose/g body weight. Mice were anaesthetized with injection of 300 mg/kg
ketamin and 30 mg/kg rompun, and transcardially perfused with PBS containing 10 U/ml
heparin. Organs were solubilized in 10x (v/w) solvable (Perkin Elmer) over night at 60°C
and counted using Aquasafe 300 Plus scintillation liquid (Zinsser Analytic) in a liquid
scintillation counter (Perkin Elmer Tricarb). For /n vivoinsulin signaling studies, fasted
mice were injected intraperitoneally with 2 U/kg insulin (Insuman Rapid, Aventis) or sterile
saline. Ten minutes after injection, mice were sacrificed and organs were harvested for
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further analysis. Organs harvested for Western blot or gene expression analysis were
weighed and then immediately snap-frozen in liquid nitrogen.

2.3 mRNA expression analysis

Total RNA was isolated from organs using TRIzol (Invitrogen) and a NucleoSpin RNAII kit
(Macherey & Nagel) according to manufacturer’s instructions. After DNase treatment
(RNase-free DNase set, Qiagen), 400 ng RNA was used for cDNA preparation (High-
Capacity cDNA Reverse Transcription Kit, Applied Biosystems) according to
manufacturer’s instructions. Quantitative real-time RT-PCR was performed using assays-on-
demand primer/probe sets provided by Applied Biosystems (Assay IDs: mAcaca,
Mm01304285 _m1; mCd36, Mm00432403_m1; mDio2, Mm00515664 m1; mElovl3,
MmO00468164 m1; mFasn, Mm00662319 m1; mGlut4 = mSic2a4, Mm01245502_m1;
mLpl, Mm00434764_m1; mLrpl, Mm00464608 m1; mPidl, Mm01545237_m1,;
mPpargcla, Mm00447183_m1; mTbp, Mm00446973_m1; mUcpl, Mm00494069 _m1.
Relative mRNA expression was calculated by the AACT method und normalization to the
housekeeper ( 75p) mRNA expression as described previously [32].

2.4 Cell culture

For the isolation of primary brown adipocytes, WT or PidZ~~ mice (aged 3-5 weeks) were
sacrificed, interscapular brown adipose tissue was removed and digested in PBS containing
collagenase Il (Biochrom). Pre-adipocytes were cultured for 10 days in DMEM containing
10% FCS and 1% PenStrep and were differentiated through addition of 20 nM insulin
(Sigma), 1 nM T3 (trijodothyronine-sodium, Sigma), 0.5 mM IBMX (3-isobutyl-1-
methylxanthine, Sigma), 1 uM Dexa (Dexamethasone, Sigma) and 1 uM Rosiglitazone
(Sigma) to obtain mature brown adipocytes. For the generation of LRP1-deficient primary
brown adipocytes, pre-adipocytes were isolated from Lp2#" mice [22] and cultured as
described above. Two days after seeding, cells were infected with Ad-Cre adenovirus (Cat.
No. ADV-005, Cellbiolabs), yielding infection rates of ~50%. Afterwards, cells were
differentiated and mature brown adipocytes were analysed as described below.

2.5 Antibodies

Antibodies used in the study were: sheep polyclonal anti-LRP1 (made in-house, IF 1:250; IP
1:200 [33]), rabbit monoclonal anti-LRP1 (abgent, AJ1448a; WB 1:10000), rabbit
polyclonal anti-PID1 (Sigma-Aldrich, HPA36103; WB 1:200), rabbit polyclonal anti-
GLUT4 (kindly provided by A. Schirmann, DIfE, Potsdam-Rehbriicke, Germany; WB
1:1000, IF 1:500), rabbit monoclonal anti-IRAP (Cell Signaling 6918, IF 1:250), mouse
monoclonal anti-GLUT1 (Abcam, ab40084, IF 1:100), rabbit polyclonal anti-AS160
(Millipore 07-741, WB 1:500), mouse monoclonal anti-GST (Santa Cruz sc-138, WB
1:500), rabbit polyclonal anti-AKT (Cell Signaling, 9272, WB 1:1000) and rabbit polyclonal
anti-p-AKT (Ser473) (Cell Signaling, 9271, WB 1:1000).

All following secondary antibodies were purchased from Jackson Immuno Research: goat
anti-rabbit HRP (#111-035-144, WB 1:5000); goat anti-mouse HRP (#115-035-003, WB
1:5000); Cy2-donkey-anti-sheep (#713-225-147, IF 1:250), Cy2-donkey-anti-sheep
(#713-166-147, IF 1:500), Cy2-donkey-anti-rabbit (#711-225-152, IF 1:250), Cy3-donkey-
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anti-rabbit (#711-165-152; IF 1:500), Alexa488-donkey-anti-mouse (#715-486-150, IF
1:250).

2.6 Protein extraction, SDS-PAGE and Western blotting

Western blots were performed using standard procedures [34]. Cells were lysed in lysis
buffer (2 mM CaCl,, 80 mM NaCl, 1% (v/v) TritonX-100, 50 mM Tris/HCI, pH 8.0)
supplemented with cOmplete Mini inhibitor cocktail (Roche). Snap-frozen tissue samples
were lysed in 10x (v/iw) RIPA buffer (50 mM Tris-HCI pH7.4, 5 mM EDTA, 150 mM NaCl,
1 mM Na-Pyrophosphate, 1 mM NaF, 1 mM Na-Vanadate, 1% (v/v) NP-40) supplemented
with cOmplete Mini inhibitor cocktail (Roche) and 0.1% SDS using a TissueLyser (Qiagen).
Protein concentrations were determined using the Lowry method and subsequently, proteins
were separated on NUPAGE Bis-Tris 4-12 % gradient gels (Invitrogen) or 10% Tris-glycine
gels. For Western blotting, proteins were transferred to nitrocellulose membranes, blocked
for 1h in 5% (w/v) milk in TBS-T (20 mM Tris, 150 mM NacCl, 0.1% (v/v) Tween 20) and
incubated overnight at 4°C in the respective primary antibodies, diluted in 5% (w/v) BSA in
TBS-T. After washing in TBS-T, the membranes were incubated with respective secondary
horseradish peroxidase-labelled antibodies. Signals were detected with enhanced
chemiluminescence (ECL) using Amersham Hyperfilm (GE Healthcare) or Amersham
Imager 600 (GE), and densitometric quantification was carried out using LICOR image
studio lite.

2.7 Immunoprecipitation

To analyse the interaction between LRP1 and PID1, BAT and muscle was harvested from
fasted wild type mice and immediately placed in ice-cold RIPA buffer supplemented with
phosphatase and protease inhibitors. Tissue lysates were generated as described above and 1
mg of total protein (in 300 ul) were pre-cleared using sepharose beads (25 pl Protein G
Sepharose, GE, washed 2 times with RIPA buffer). Then, the lysates were incubated with
anti-LRP1-antibody for 4 hours on a rotation wheel at 4°C. Protein G-coupled magnetic
beads (50 ul dynabeads, Invitrogen) were washed 2 times with RIPA buffer and incubated
with the antibody-containing lysates for additional 2 hours. Afterwards, the beads were
washed 3 times with 500 pL RIPA, and elution was performed using NuPage SDS sample
buffer (Invitrogen) for 10 min at 60°C. LRP1 and PID1 levels in input as well as pulldown
fractions were analysed by Western blotting. WT and PigZ~/~ lysates were used as controls.

2.8 GST-pulldown experiments

For pulldown analysis, muscle lysates (150 pg) were incubated overnight at 4°C with a
GSTPID1 fusion protein [23], which prior was incubated with glutathione sepharose.
Subsequently, pulldown and unbound fractions were separated by centrifugation for 3 min at
9000 rpm. Supernatants were removed and the sepharose pellets were washed six times with
PBS. Pellets were re-suspended in NUPAGE reducing sample buffer, heated at 60°C for 10
min and analysed by Western blot.
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2.9 Membrane preparation

For the isolation of plasma membranes, muscle samples were harvested from WT and
Pid17"~ mice and homogenized in 6x (v/w) homogenization buffer (20 mM Tris-HCI, 2 mM
MgCl, 0.25 M sucrose, pH 7.4), supplemented with protease inhibitors (Roche). Lysates
were centrifuged for 15 min at 800 g and 4°C, supernatants were taken, and centrifugation
steps were repeated. The resulting supernatants were centrifuged at 100,000 g for 1 hour at
4°C. The pellets were re-suspended in 200 pl buffer (50 mM Tris-HCI, 2 mM CaCl,, 80 mM
NaCl, 1% (v/v) Triton X-100, pH 8.8) supplemented with protease inhibitors, and
centrifuged at 100,000 g for 1 hour at 4°C. The supernatants, containing membrane proteins,
were used for Western blot analysis.

2.10 Immunofluorescence

To analyse the localization of GLUT4, LRP1, IRAP and GLUT1 before and after insulin
stimulation, primary wild type and PigZ~~ brown adipocytes were generated as described
above and seeded onto glass coverslips. After differentiation, the cells were starved for 2
hours and then incubated without or with 10 nM Insulin in DMEM supplemented with 10%
FCS for 10 min at 37°C. For the analysis of LRP1" cells, fully differentiated brown
adipocytes, infected with pAd-Cre, were starved for 2 hours. In both cases, cells were then
washed with PBS, fixed with 4% PFA and analysed by indirect immunofluorescence using
specific antibodies. Co-localization analysis was performed using a Nikon Al confocal laser
scanning microscope.

2.11 Statistical analyses and data processing

Data were processed using Microsoft Excel and GraphPad Prism 6. Two-tailed, unpaired
Student’s t-test or One-Way ANOVA with Dunnett correction for multiple comparisons were
performed to calculate statistical significance. P < 0.05 was considered to be statistically
significant.

3. Results

3.1 Inverse regulation of PID1 and LRP1 with GLUT4 levels and glucose uptake in
response to cold-induced activation of brown adipose tissue

Adaptive thermogenesis and energy uptake by BAT are tightly controlled by the ambient
temperature [3, 9]. At thermoneutrality (around 30-32°C for mice), metabolic activity of
brown adipocytes is minimal, whereas decreasing ambient temperature stimulates
sympathetic activation of BAT-mediated heat production and nutrient uptake [35, 36]. To
study the effects of ambient temperature on gene expression of PidZ and LrpI in relation to
the expression of Glut4 and thermogenic marker genes, BAT samples of wild type mice
acclimated to different ambient temperatures were analysed (Figure 1A). As expected, the
expression of the established BAT activation markers uncoupling protein 1 (Ucpl),
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Ppargcla),
deiodinase 2 (Dio2) and elongation of very long chain fatty acids 3 (E/ov/3) as well as the
critical lipid metabolism genes fatty acid synthase (Fasr), acetyl-CoA carboxylase (Acaca),
cluster of differentiation 36 (Cd36), and lipoprotein lipase (Lp/) was increased in response to
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cold exposure. Notably, while the expression of the insulin-responsive glucose transporter 4
(Glut4) was up-regulated in activated BAT, we detected decreased expression of the low-
density lipoprotein receptor-related protein 1 (LrpZ) and the phosphotyrosine interacting
domain containing 1 (Pid). Western blot analysis (Figure 1B) and densitometric
quantification (Figures 1C—E) showed cold-induced reduction in PID1 and LRP1 proteins
while levels of GLUT4 were increased.

Correlation analysis revealed an inverse association between PID1 and LRP1 expression in
relation to GLUT4 expression (Figure 2A-B). In line with previous observations we
detected an incremental increase in glucose disposal with increasing BAT activation (Figure
2C). Moreover, expression of both PID1 and LRP1 correlated negatively, while GLUT4
showed a positive association with BAT glucose uptake (Figures 2D—F).

In summary, these data show that the higher metabolic activity of BAT at lower ambient
temperatures is associated with reduced expression of LRP1 and its adaptor protein PID1.

3.2 PID1 controls insulin-dependent LRP1 and GLUT4 trafficking in brown adipocytes

To elucidate the functional role of PID1 for LRP1 in adipose tissues, we first determined
insulin-dependent phosphorylation of AKT in primary brown adipocytes isolated from wild
type and PID1-deficient (PidZ/~) mice (Figure 3A). Similar levels of phosphorylated AKT
were observed between wild type and PidZ~/~ adipocytes at baseline and after insulin
stimulation. /7 vivoinsulin administration in wild type and PidZ~/~ mice led to comparable
levels of phosphorylated AKT in BAT as well as inguinal and epididymal WAT depots
(Supplementary figures STA-F). Similarly, insulin administration induced equal glucose
lowering in wild type and PidZ~"~ mice fed either a chow or a high fat diet (HFD;
Supplementary figures S1G,H). These findings indicate that PID1 does not directly
influence insulin receptor-dependent signaling /n vitroand in vivo. Next we investigated the
impact of PID1 on intracellular sorting of LRP1 and GLUT4 in primary brown adipocytes
using indirect immunofluorescence. In wild type cells, LRP1 and GLUT4 co-localized in
perinuclear compartments under basal conditions and at the cell surface after insulin
stimulation (Figure 3B). In contrast, LRP1 and GLUT4 were detected primarily at the
plasma membrane irrespective of the presence of insulin in PidZ~'~ primary brown
adipocytes (Figure 3B). To determine whether this effect of PID1-deficiency was specific to
GLUT4, we analysed the intracellular localization of another component of GLUT4-storage
vesicles, the insulin-responsive aminopeptidase IRAP [37]. In WT cells under basal
conditions, the majority of the IRAP signal was detected in perinuclear compartments
(Figure 3C). Similar to GLUT4, insulin treatment resulted in increased plasma membrane
abundance of IRAP in WT cells. In Pid1~/~ adipocytes, IRAP was already found at higher
levels at the cell surface in the basal state, and insulin treatment of PidZ~/~ adipocytes did
not further alter the intracellular localization of IRAP (Figure 3C). To exclude general
alterations in intracellular sorting in PID1-deficient adipocytes, we also analysed the
localization of the insulin-independent glucose transporter GLUT1 [38]. We found GLUT1
to be present in both intracellular compartments as well as at the plasma membrane in WT
cells under basal conditions. However, and in contrast to LRP1, GLUT4 and IRAP, neither
insulin treatment nor PID1-deficiency altered this distribution (Figure 3C). Altogether, these
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data suggest that PID1 directly controls the cell surface abundance of proteins within
GLUT4-storage vesicles, possibly via the insulin-dependent vesicular trafficking of LRP1.

3.3 PID1 interacts via LRP1 with GLUT4-containing vesicles in adipose tissue and muscle

As we previously demonstrated the role of PID1 as a retention adaptor protein for LRP1 in
hepatocytes [23], we studied the interaction of PID1 and LRP1 by co-immunoprecipitation
experiments using lysates of brown adipose tissue (Figure 4A) and muscle (Figure 4B). An
high enrichment of PID1 in the LRP1 pulldown fractions was observed in both tissues
(Figure 4A,B), confirming the binding of PID1 to LRP1 also in adipose tissue and muscle.
Given the presence of LRP1 in GSVs [21], we investigated whether PID1 interacts with
GLUT4-storage vesicles via LRP1. Using GST-PID1 we pulled down LRP1, GLUT4 and
AS160 from detergent-free muscle lysates (Figure 4C), indicating interaction of PID1 with
LRP1 and thus GSVs. To study whether PID1-deficiency influence GSV trafficking /n vivo,
we isolated plasma membranes from muscle tissue of WT and PidZ~/~ mice. Compared to
controls, Western blot analysis revealed higher levels of GLUT4 and LRP1 in plasma
membranes isolated from PID1-deficient muscles (Figure 4D). (Figure 4D). To study
whether the effects on GLUT4 trafficking observed in the absence of PID1 can be mimicked
by LRP1-deficiency, we infected primary brown adipocytes isolated from Lrp1™f mice with
an adenovirus containing a CRE expression cassette. This resulted in a mixed population of
LRP1-containing and LRP1-deficient brown adipocytes. Notably, LRP1-deficient adipocytes
(white arrows) are characterized by higher cell surface abundance of GLUT4, while in
LRP1-positive adipocytes (red arrows) GLUT4 was found predominantly in perinuclear
compartments (Figure 4E).

3.4 PID1-deficiency improves hyperglycemia by stimulating glucose uptake into adipose
tissues and muscles under diabetogenic conditions.

To study the functional relevance of PID1 under healthy conditions and obesity-associated
insulin resistance, wild type and PidZ~~ mice were fed a chow diet or a diabetogenic HFD.
Opposite to the down-regulation of PidZ observed in catabolic cold-activated BAT (Figure
1A), we detected increased PidI expression in WAT under anabolic HFD-feeding conditions
(Supplementary figures S2A,B). On both diets, wild type mice and PidZ~/~ littermates had
similar body and organ weights (Figures 5A,B). Furthermore, PidZ~~ mice on chow diet did
not show altered glucose plasma levels, while under diabetogenic conditions, PID1-
deficiency resulted in reduced plasma glucose levels compared to wild type controls (Figure
5C). Both in the healthy and in the insulin-resistant state, reduced insulin levels were
observed in Pid1~'~ mice (Figure 5D).

In chow-fed mice that are characterized by normal insulin sensitivity, wild type and Pidz~~
mice displayed a similar oral glucose tolerance (Figure 5E), and a comparable organ uptake
of the simultaneously administered glucose tracer 3H-deoxyglucose (Figure 5F). On the
other hand, a significantly improved glucose tolerance was detected in insulin-resistant
Pid17!~ mice when compared to insulin-resistant controls (Figure 5E). This was
accompanied by increased 3H-deoxyglucose disposal into PID1, LRP1 and GLUT4
expressing tissues, such as brown and white adipose tissues, heart and skeletal muscles of
Pid17"~ mice (Figure 5G). In conclusion, these data support that the higher cell surface
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abundance of GLUT4 in PID1-deficient mice confers beneficial effects on glucose
homeostasis particularly in the insulin-resistant state.

3.5 Adipocyte-specific PID1-deficiency improves glucose tolerance in the insulin-
resistant state.

To exclude systemic effects of the total PID1-knockout and to specifically investigate the
relevance of PID1 in adipose tissue depots, we generated adipocyte-specific PID1-deficient
mice by crossing Pid2™"" mice [23] with mice expressing Cre recombinase under control of
the adiponectin promoter (AdipogC'e*). These Pid1™f-AdipoqC* mice and littermate
controls (Pid1™"-AdipogCre-) were fed a chow or a diabetogenic HFD. The expression of
Pid1 in white and brown adipose tissues of Pid2"-AdipogCe* mice was significantly
reduced on both chow and HFD (Figures 6A,B). Residual PidZ expression may be explained
by expression in the stroma vascular cells, such as pre-adipocytes, macrophages and
endothelial cells. Body and organ weights were not affected by adipocyte-specific loss of
Pid1 (Figures 6C,D). In line with the effects of systemic PID1-deficiency, we observed
lower fasting insulin levels in HFD-fed Pid2™f-AdipogC"™®* mice compared to respective
controls (Figure 6E). In an oral glucose tolerance test, we observed comparable glucose
tolerance in chow-fed Pid1"".AdipoqC™e- and Pid1™f-AdipogCe* mice (Figure 6F). In the
insulin-resistant state, Pid2™f.AdipogC"®* mice displayed an improved glucose tolerance
(Figure 6G), demonstrating the regulatory role of adipocyte PID1 for adipocyte-dependent
control of systemic glucose metabolism.

4. Discussion

PID1 is an intracellular adaptor protein for LRP1 with higher expression in adipose tissues
of obese compared to lean subjects [26, 39]. Recently, we have shown that PID1 controls
clearance of pro-atherogenic lipoproteins into the liver by regulating cell surface abundance
of LRP1 [23]. In addition to its role in hepatic lipoprotein metabolism, elevated PID1
expression was previously found to be associated with reduced glucose uptake in adipocytes
and myotubes [31, 40]. In the current study, we show that PID1 determines the cellular
localization of both LRP1 and GLUT4 that are found in perinuclear compartments of
primary adipocytes under non-stimulated, fasting conditions. As expected, insulin
stimulation leads to the translocation of both proteins to the plasma membrane [21, 24]. In
Pid17~ adipocytes and muscle, LRP1 and GLUT4 are targeted to the cell surface
irrespective of insulin signaling. Notably, LRP1-deficiency also resulted in elevated cell
surface levels of GLUT4 in primary brown adipocytes, supporting the concept that PID1-
LRP1 interaction is involved in the intracellular trafficking of GSVs. Furthermore, we show
the /in vivo relevance of PID1 for glucose metabolism in global as well as adipocyte-specific
PID1-deficient mice. The lack of PID1 did not alter insulin signaling and responsiveness /n
vivo, but resulted in an improved glucose tolerance and increased glucose disposal into
GLUT4-expressing tissues despite insulin resistance. These data support the model (Figure
6H-J) that in the basal state, PID1 interacts with the non-phosphorylated distal NPxY motif
within the intracellular domain of LRP1 [23, 41, 42] to retain GLUT4-containing storage
vesicles in perinuclear compartments of adipocytes (Figure 6H). Insulin-mediated
phosphorylation of the distal NPxY motif of LRP1 promotes the disintegration of the PID1-
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LRP1 complex. This process ultimately leads to the insulin-triggered targeting of GLUT4 to
the cell surface to facilitate efficient glucose uptake in the postprandial situation (Figure 6l).
Consequently, the lack of PID1 resulted in the perpetual cell surface presence of GLUTA4,
stimulating glucose uptake even in insulin-resistant, diabetogenic conditions (Figure 6J).
The proposed mechanism is in line with our recent findings demonstrating that PID1 is
involved in the hepatic clearance of pro-atherogenic lipoproteins [23], a process dependent
on the insulin-mediated translocation of LRP1 to the cell surface [22]. Mechanistically, we
showed that PID1 functions as an adaptor protein for LRP1 retaining the non-
phosphorylated form of this receptor in intracellular storage compartments. In the
postprandial phase, insulin signaling triggers the phosphorylation of the LRP1 -
60NPxYxxL%8 motif, thereby disrupting the LRP1-PID1 complex ultimately leading to the
vesicular transport of LRP1 to the plasma membrane [23].

Here, we provide evidence that in a similar manner PID1 regulates LRP1-mediated GLUT4
transport and glucose uptake in adipose and muscle tissues. In the current view, the GTPase-
activating proteins (GAP) AS160 and TBC1D1 inhibit the RAB proteins RABSA, RAB10,
RAB13 and RAB14, which coordinate the translocation of GLUT4 to the plasma membrane
[43]. Insulin receptor activation stimulates the AKT2-dependent inactivation of AS160 and
TBC1D1, allowing RAB-dependent exocytosis of GLUT4-containing vesicles [43]. It is
noteworthy that PID1 possesses only a phospho-tyrosine binding domain but it lacks GAP
activity or additional motifs that could mediate the association of PID1 with the endosomal
sorting machinery. Hence, unlike AS160 and TBC1D1, it is conceivable that PID1 directly
competes with the endosomal sorting machinery that mediates vesicular trafficking of LRP1
and thus indirectly GLUT4. The retromer complex and associated adaptor proteins are good
candidates to mediate cell surface trafficking of LRP1 by replacing the retention adaptor
PID1. The retromer is important for retrograde transport of cargo proteins from endosomes
back to the Golgi apparatus and consists of vesicular protein sorting proteins (Vps35, Vps29,
Vps26) and sorting nexins (SNX1, SNX2 or SNX5, SNX6) [44]. Recently, it was shown that
in conjunction with other SNX proteins, this complex also mediates endosome to plasma
membrane transport [45]. Moreover, recycling of SNX17 cargoes, such as LRP1, is
dependent on a retromer-like complex termed the retriever [46]. Furthermore,
phosphorylation of LRP1-Y 63 has been implicated in SNX17-facilitated endosome to
basolateral surface recycling of this receptor [42, 47]. Thus, it seems likely that PID1 is the
insulin-dependent regulator that controls the SNX17-mediated LRP1 transport, and,
accordingly the GLUT4-driven glucose uptake into adipose and muscle tissues. It remains to
be determined which kinases are responsible for the insulin-mediated LRP1
phosphorylation, and whether this novel PID1 pathway involves additional, unidentified
vesicular compartments and/or sorting factors.

In addition to providing insight in PID1 cell biology, the current study emphasizes the
potential role of adipose PID1 as a therapeutic target for maintaining glucose homeostasis in
insulin-resistant diabetic individuals. It remains to be evaluated if PID1 inactivation can also
improve glucose metabolism in type 1 diabetes models. In line with the data presented here,
adipose-specific LRP1-deficient mice displayed improved glucose tolerance [48], which
could be explained by diminished intracellular vesicular retention, and thus higher
abundance of GLUT4 at the cell surface. However, the lack of LRP1 results in a delayed
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postprandial lipoprotein clearance, limiting the value of this receptor for pharmacological
targeting. In contrast, PID1-deficiency resulted in an accelerated LRP1- and LDL receptor-
mediated endocytosis of pro-atherogenic lipoproteins into the liver [23]. Here, we show that
next to this beneficial lipid-lowering effect, PID1-deficiency also improves glucose tolerance
by stimulating glucose uptake into GLUT4-expressing tissues despite diet-induced insulin
resistance. These findings have important consequences for type 2 diabetes, a disease
characterized by hyperglycemia and dyslipidemia causing cardiovascular disease [8, 49, 50].
It is encouraging that in insulin-sensitive models PID1 inactivation does not result in
hypoglycemia suggesting that PID1 targeting as a therapy for type 2 diabetes would likely
not result in episodes of hypoglycemia often seen with insulin or sulfonylurea therapy [49,
51].

Taken together this study highlights the physiologic and pathophysiologic relevance as well
as the therapeutic potential of PID1 for glucose metabolism. We show that PID1 is a
negative regulator of glucose metabolism and adipose tissue metabolic activity. PID1,
presumably via its interaction partner LRP1, serves as a retention factor to keep GLUT4 in a
perinuclear storage compartment under fasting conditions. Global deficiency for PID1
improves glucose tolerance and peripheral glucose disposal in states of insulin resistance.
This is due to increased GLUT4 abundance at the plasma membrane, an effect not crucial in
chow-fed animals, since these mice display functional insulin signaling. Adipose-tissue-
specific deletion of PID1 alone also improves systemic glucose metabolism, highlighting the
importance of adipose tissue for regulation of glucose homeostasis. Hence, in addition to a
lipid-lowering effect via stimulation of hepatic TRL-remnant and LDL-clearance, PID1
inhibition could serve as a potential target to improve glucose clearance in insulin-resistant
states, thereby reducing metabolic burden in diabetic patients.
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. Metabolic (in)activity determines PID1 expression in brown and white
adipose depots

. PID1 is an adaptor protein regulating insulin-dependent GLUT4 sorting in

adipocytes

. PID1 impairs glucose disposal into GLUT4-expressing adipose tissues and
muscles

. PID1-deficiency ameliorates hyperglycemia in insulin-resistant mice
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Figure 1.

Inverse effects of environmental temperature on PID1 and LRP1 compared to GLUT4
expression levels in BAT. Male C57BL/6J wild type mice were acclimated to 30°C, 22°C or
6°C for 1 week. For gene expression analysis, BAT samples were harvested after a 4 hour
fasting period while protein levels were determined two hours after an oral gavage of a
glucose solution containing tracer amounts of 3H-deoxyglucose. (A) Expression of genes
important for thermogenesis, de novo lipogenesis (DNL) and lipid uptake is presented in a
heatmap as fold change over the mean BAT expression levels from 30°C acclimated mice
(n=3-4 per group). (B) Western blot analysis of PID1, LRP1, GLUT4 and AKT in BAT
tissue extracts (n=6 per group). (C) PID, (D) LRP1 and (E) GLUT4 protein levels
normalized to AKT (n=6 per group). Data are presented as means + SEM. Statistical
significance was calculated using One-Way ANOVA with Dunnett correction for multiple
comparisons. *p < 0.05 for 30°C vs. 22°C or 6°C, respectively.

Ucpl: uncoupling protein 1; Ppargcla: peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; Dio2: deiodinase 2; ElovI3: elongation of very long chain fatty acids 3;
Fasn: fatty acid synthase; Acaca: acetyl-CoA carboxylase; Cd36: cluster of differentiation
36; Lpl: lipoprotein lipase; Glut4: glucose transporter 4; Lrpl: low-density lipoprotein
receptor-related protein 1; Pid1: phosphotyrosine interacting domain containing 1.
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Correlation of PID1, LRP1 and GLUTA4 expression with BAT glucose uptake in
differentially cold-activated mice. Protein levels shown in Figure 1 were used for correlation
analysis. Pearson correlation analysis of PID1 expression with (A) LRP1 and (B) GLUTA4.
(C) Uptake of 3H-deoxyglucose (3H-DOG) into BAT of mice described in Figure 1 is
calculated as dpm/mg tissue and presented as means + SEM. (D) PID1, (E) LRP1 and (F)
GLUT4 protein levels were related to radioactive glucose uptake using Pearson correlation
analysis. For C, statistical significance was calculated using One-Way ANOVA with Dunnett
correction for multiple comparisons. n=5-6 per group, *p < 0.05 for 30°C vs. 6°C.
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Figure 3.

Effect of PID1-deficiency on insulin signaling and localization of LRP1 and GLUT4 in
primary brown adipocytes. (A) Insulin signaling was determined by Western blot analysis of
AKT phosphorylation at position Ser473. For this purpose, differentiated brown adipocytes
prepared from wild type (WT) and PidZ~~ mice were analysed under basal and insulin-
stimulated conditions. (B) Immunofluorescence analysis of GLUT4 (green) and LRP1 (red)
in WT and Pidz~/~ primary brown adipocytes under basal and insulin-stimulated conditions.
Yellow fluorescence indicates co-localization. (C) Immunofluorescence analysis of IRAP
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and GLUT1 in WT and PigZ~/~ primary brown adipocytes under basal and insulin-
stimulated conditions. Nuclei are stained with DAPI (blue; scale bar in (B) = 20 um; scale
bar in (C) = 25 um).
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Figure 4.

Relevance of LRP1 and PID1 interaction for GLUT4 trafficking in brown adipose tissue and
muscle. Immunoprecipitation of LRP1 was performed in brown adipose tissue (A) as well as
muscle (B), and LRP1 as well as PID1 were detected in input and IP fractions by Western
blotting. To confirm the specificity of the PID1 antibodly, total lysates from WT and Pid1~/~
muscle and brown adipose tissue were used as controls. To show the presence of PID1 in
lysates and inputs, blots with longer exposure times (L.E.) are shown. (C) Muscle lysates
from WT mice were incubated with GST-tagged recombinant PID1, and pulldown
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experiments were performed. LRP1, GLUT4, AS160, as well as GST-PID1 were detected in
lysates and pulldown-fractions (PD) by Western blotting. (D) Plasma membrane preparation
from muscles of WT and PidZ~'~ mice. GLUT4 and LRP1 levels were detected by Western
blot. (E) Immunofluorescent staining against GLUT4 (green) and LRP1 (red) in primary
brown LRP1"M adipocytes infected with an adenovirus containing a CRE expression
cassette. Nuclei are stained with DAPI (blue; scale bar upper picture 50 pm and lower
picture 25 um). Red arrows indicate LRP1-positive cells and white arrows indicate LRP1-
negative cells.
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Figure 5.

Body and organ weights, glucose tolerance and uptake in wild type and PidZ™~ mice fed a
chow or obesogenic high-fat diet (HFD). (A) Body and (B) organ weights as well as (C)
fasting glucose and (D) insulin levels of chow- and HFD-fed WT and PidZ~/~ mice (n=7 for
chow and n=21-23 for HFD per group) (E) For assessment of glucose tolerance, fasted
chow- and HFD-fed WT and PidZ~/~ mice received an oral gavage of a glucose solution
containing a tracer dose of 3H-deoxyglucose (3H-DOG). Plasma glucose levels were
determined at indicated time points. (F, G) Uptake of 3H-DOG into metabolically active
tissues was determined as dpm/mg tissue two hours after oral gavage in (F) chow- and (G)
HFD-fed WT and PidZ~/~ mice (n=7-8 per group). Data are shown as means + SEM.
Statistical significance was calculated using Student’s t test. *p < 0.05 for WT vs. Pid1™~
mice.

Biochim Biophys Acta Mol Basis Dis. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fischer et al.

Page 23

iBAT - interscapular brown adipose tissue; SCBAT - subscapular brown adipose tissue; iIWAT
- inguinal white adipose tissue; eWAT - epididymal white adipose tissue.
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Figure 6.

Ef%ects of adipocyte-specific PID1-deficiency on body weight, organ weights, gene
expression and glucose metabolism. Adipocyte-specific PID1-deficient mice were generated
by crossing PidI-floxed mice with mice expressing Cre recombinase under the control of the
adiponectin promoter (Pid2™f-AdipoqCTe*). Cre-negative littermates were used as controls
(Pid1™1. AdipogCr®-). Gene expression analysis of PidZ normalized to 74p in BAT and
iWAT of (A) chow- and (B) HFD-fed mice (n=5-9 per group). (C) Body and (D) organ
weights in chow- and HFD-fed mice (n=5-11 per group). (E) Insulin levels in HFD-fed mice
after a 4 hour fasting period (n=7-9 per group). Oral glucose tolerance tests in (F) chow- and
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(G) HFD-fed mice (n=5-9 per group). Data are shown as means + SEM. Statistical
significance was calculated using Student’s t test. *p < 0.05 for Pid2™"-AdipogCre~ vs.
Pid1™f_AdipogCre*. (H-J) Model of the proposed role of PID1 in the regulation of GLUT4-
mediated glucose uptake into adipocytes under (H) basal and (I) insulin stimulated
conditions. (J) PID1-deficiency results in the perpetual presence of LRP1 and GLUT4 at the
cell surface.
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