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Inter-domain tagging implicates caveolin-1 in
insulin receptor trafficking and Erk signaling
bias in pancreatic beta-cells
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ABSTRACT

Objective: The role and mechanisms of insulin receptor internalization remain incompletely understood. Previous trafficking studies of insulin
receptors involved fluorescent protein tagging at their termini, manipulations that may be expected to result in dysfunctional receptors. Our
objective was to determine the trafficking route and molecular mechanisms of functional tagged insulin receptors and endogenous insulin re-
ceptors in pancreatic beta-cells.

Methods: We generated functional insulin receptors tagged with pH-resistant fluorescent proteins between domains. Confocal, TIRF and STED
imaging revealed a trafficking pattern of inter-domain tagged insulin receptors and endogenous insulin receptors detected with antibodies.
Results: Surprisingly, interdomain-tagged and endogenous insulin receptors in beta-cells bypassed classical Rab5a- or Rab7-mediated
endocytic routes. Instead, we found that removal of insulin receptors from the plasma membrane involved tyrosine-phosphorylated caveolin-
1, prior to trafficking within flotillin-1-positive structures to lysosomes. Multiple methods of inhibiting caveolin-1 significantly reduced Erk
activation in vitro or in vivo, while leaving Akt signaling mostly intact.

Conclusions: We conclude that phosphorylated caveolin-1 plays a role in insulin receptor internalization towards lysosomes through flotillin-1-

positive structures and that caveolin-1 helps bias physiological beta-cell insulin signaling towards Erk activation.
© 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The pathogenesis of type 2 diabetes is associated with defects in both
insulin signaling and pancreatic beta-cell function. Evidence has
emerged that insulin itself has powerful anti-apoptotic and pro-
proliferative effects in pancreatic beta-cells via the Rafl/Mek/Erk
pathway [1—7], but the mechanisms that bias towards this arm of the
insulin signaling cascade have not been identified. Insulin receptors,
like other tyrosine kinases, are internalized upon ligand binding [8].
The most studied mode of endocytosis is facilitated by a coat protein
called clathrin, but alternate routes involving caveolin and cholesterol
dependent lipid rafts have also been proposed [9,10]. Depending on
the cell type, studies have implicated either of these pathways in in-
sulin receptor internalization [11—13]. It has also been demonstrated
that dynamin, a key GTPase in endocytic vesicle synthesis, is required
for insulin-stimulated Erk activation [14]. However, since dynamin is
required for the formation of both clathrin- or caveolin-coated endo-
cytic vesicles, this finding does not distinguish between specific
pathways [10]. Caveolin-1 knockout mice have been reported to
exhibit impaired insulin signaling in multiple tissues [15—17], pointing
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to a possible role for Cav1 in insulin receptor dynamics and signaling.
Little is known about the mechanisms involved in insulin receptor
internalization in pancreatic beta-cells, and what has been reported
[18] differs from findings in other cell types [12,13].

Two insulin receptor (InsR) splice variants are present in most tissues,
and previous studies in beta-cells pointed to their localization in
distinct membrane domains and roles in specific signaling processes
[2,18,19]. Notwithstanding, one would expect a significant amount of
colocalization based on the ability of InsRA and InsRB to form heter-
odimers [20,21]. One challenge in the study of insulin receptor traf-
ficking is the discrepancy between the behavior of fluorescently tagged
insulin receptors and the localization of endogenous insulin receptors.
Previous studies have fused fluorescent proteins to the N-termini or C-
termini of the insulin receptor [19,22], which are critical domains for
insulin binding and tyrosine kinase signaling [21]. These tagging
manipulations could result in non-functional receptors.

The goal of our study was to investigate the internalization and traf-
ficking of functional insulin receptors by labeling InsR proteins between
domains with pH-resistant fluorescent proteins and by using anti-
bodies to assess endogenous proteins. Using super-resolution, total
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internal reflection fluorescence (TIRF), and confocal imaging, we
identified a Cav1-Flot1 trafficking pathway for insulin receptors in
pancreatic beta-cells. Cavi-dependent InsR internalization has the
potential to be a bifurcation point between Erk and Akt arms of the
insulin signaling pathway.

2. MATERIALS AND METHODS

2.1. Cell culture

Primary mouse or human islets were dispersed and cultured as
described [23] in 5 mM glucose CMRL medium (Life Technologies)
supplemented with penicillin/streptomycin (100 pg/ml) and 10% (v/v)
FBS, unless otherwise stated. MIN6 cells and HEK 293T cells were
cultured in DMEM media containing 25 mM glucose (Sigma—Aldrich,
St Louis, MO) supplemented with 10% (v/v) FBS (Life Technologies,
Burlington, ON) and penicillin/streptomycin (100 pg/ml; Life Technol-
ogies). 25 mM glucose DMEM culture media for NIH-3T3 cells was
supplemented with 10% (v/v) new born calf serum (Life Technologies)
and penicillin/streptomycin (100 pg/ml). All cells were cultured at
37 °C and 5% CO,.

For FITC-insulin (Life Technologies) uptake, MING cells were cultured in
glass bottom 24 well plates (MatTek Corporation, Ashland, MA) in
5 mM glucose DMEM containing 10% (v/v) FBS for 24 h. Prior to
treatment, cells were cultured for 2 h in 5 mM glucose DMEM media
without serum. Subsequently, this media was replaced by 5 mM
glucose DMEM containing 200 nM FITC-insulin and cells were incu-
bated for 1 h at 37 °C and 5% CO,. Prior to imaging, cells were
washed twice with PBS. Live cells were imaged in Ringer’s buffer
(119 mM NaCl, 4.7 mM KCI, 25 mM NaHCOs, 2.5 mM CaCl, 1.2 mM
MgS04, 1.2 mM HoPO4) containing 5 mM glucose. For Alexa 488
labeled EGF uptake, InsRA-TagRFP transfected MING cells grown on
coverslips were pulsed for 1 min with fluorescently labeled A488-EGF
(final concentration 600 ng/ml, Life Technologies) in 25 mM glucose
DMEM media supplemented with 10% (v/v) FBS. After the indicated
chase times, cells were fixed in 4% (w/v) paraformaldehyde (Sigma—
Aldrich) for 20 min. Coverslips were mounted using Prolong Gold
Antifade reagent (Life Technologies).

For insulin treatment prior to immunoblot analysis, MING cells were
cultured in 5 mM glucose DMEM containing 0.5% (v/v) FBS for 24 h.
Subsequently, the media was replaced with Ringer’s buffer supple-
mented with 0.2% (w/v) bovine serum albumin (Sigma—Aldrich, St
Louis, MO) and cells were incubated for 2 h at 37 °C and 5% CO,.
Human recombinant insulin (Sigma—Aldrich) was diluted in Ringer’s
buffer supplemented with 0.2% (w/v) bovine serum albumin and cells
were treated for the time periods as indicated at 37 °C and 5% CO,.
MING cell lines were produced after native cells were transfected with
Cav1-wt-RFP, Cav1-Y14F-RFP or Cav1-Y14D using the NEON system
and then cultured in media with 400 p1g/ml G418 (Life technologies) for
10 passages. For subsequent passages, the G-418 concentration was
reduced to 50 pg/ml.

2.2. Plasmids and molecular cloning

CAV1-mRFP, CAV1-Y14F-mRFP and CAV1-Y14D-mRFP plasmids have
been described [24]. CAV1-eGFP was purchased from Addgene
(#14433). LAMP2-eGFP, Flotillin-1-eGFP, InsR-A/B-C-eGFP plasmids
were generous gifts from J. Lippincott-Schwartz (Bethesda, MD, USA),
Ai Yamamoto (New York, NY, USA), and Ingo Leibiger (Stockholm,
Sweden), respectively. Igfir-TagGFP2 was produced by Life Tech-
nologies gene synthesis service. PCR amplifications of DNA fragments
were performed using AccuPrime Pfx polymerase (Life Technologies)
according to the manufacturer’s instructions. Prior to ligation with
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target vectors, all PCR products were sub-cloned into pCR2.1 TOPO
vector using the TOPO TA cloning kit (Life Technologies). Subse-
quently, the PCR products were excised from the pCR2.1 TOPO vector,
gel purified and ligated with the digested target vector using T4 DNA
ligase according to the manufacturer’s instruction. The primer se-
quences and PCR-generated restriction sites are available on request.

2.3. Transfection

Plasmid DNAs (2 jg) were transfected into 1 million MIN6 cells using
the NEON system (Life Technologies) using two 1200 V pulses and a
pulse width of 20 ms. Cavl RNA interference was achieved by
transfecting MING cells with Dharmacon SMARTpool siRNA against
Cav1 (Cat. L-058415-00-0005) using Lipofectamine RNAIMAX (Life
technologies) according to the manufacturer’s instructions achieving a
final siRNA pool concentration of 100 nM. Dharmacon SMARTpool
scrambled siRNA was used at 100 nM as a control. Cells were
analyzed 48 h after transfection.

2.4. Immunofluorescence

For immunofluorescence analysis, cells were fixed in 4% (w/v) para-
formaldehyde (Sigma—Aldrich) for 20 min and permeabilized subse-
quently in 0.1% (v/v) Triton X-100 (Sigma—Aldrich) for 15 min. Primary
antibodies targeting InsR (Cat. #3020S), Clathrin (Cat. # 4796), Cav1
(Cat. #3267), Rab7 (Cat. #9367), and Igfir (Cat. #3027) from Cell
Signalling (Danvers, MA), Flotillin-1 (Cat. #3868-1) from Epitomics
(Burlingame, CA), Rab4a (Cat. #sc-26562), Rab5a (Cat. # sc-166600)
from Santa Cruz Biotechnology (Dallas, TX), LAMP2 (Cat. #PRS3627)
from Sigma—Aldrich (St. Louis, MO), and Na/K pump (Cat. # ab76020)
from Abcam (Eugene, OR) were applied for 12 h at 4 °C. Coverslips
were washed in PBS, and secondary antibodies (Alexa 488, Alexa 594
Life Technologies; Atto 425, 0G 488 ATTO-TEC GmbH, Siegen, Ger-
many) were applied for 2 h at room temperature. After washing in PBS,
coverslips were mounted with Prolong Gold Antifade (Life
Technologies).

For pancreatic tissue staining, tissue sections were de-paraffinized
with three xylene washes and rehydrated with ethanol solutions
(100%, 95%, 70%), followed by a PBS wash. Epitope retrieval was
performed by incubating sections in sodium citrate buffer (10 mM
sodium citrate, 0.05% Tween-20, pH 6.0) for 15 min at 95 °C. The
sections were briefly washed in PBS and blocked with DAKO Protein
Block solution for 30 min. The sections were incubated with primary
antibodies overnight at 4 °C. Following PBS washes, the sections were
incubated with secondary antibodies for 1 h at room temperature. The
sections were washed and mounted using Prolong Gold Antifade.

2.5. Imaging

Prior to fixation, cells were cultured in the conditions described above
unless otherwise noted. For live cell imaging, cells were in Ringer’s
buffer supplemented with 0.2% (w/v) bovine serum albumin and
20 mM glucose unless otherwise indicated. TIRF live-cell imaging was
performed on a Zeiss Axiovert 200M with a 100x Alpha-Plan-Fluar NA
1.45 oil objective (Zeiss, Germany) and a TIRF laser angle modifier
(Zeiss). Cells were kept at 37 °C in an incubation chamber (Harvard
Apparatus, Holliston, MA). Images were acquired with a CoolSNAP HQ2
CCD camera (Photometrics, Tucson, AZ). 445 nm and 532 nm diode
pumped crystal lasers were used to excite mTFP and TagRFP
respectively. The TIRF system was upgraded during the study to a
405 nm, 488 nm, 561 nm solid state diode laser system which was also
used to excite TagRFP and eGFP tagged proteins. Confocal imaging of
fixed or live samples was performed with an Olympus Fluoview FV1000
laser scanning confocal microscope. 488 nm Argon, 543, 633 nm HeNe
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and 405 nm diode lasers were used to excite fluorescent proteins or
dyes. UPlan 60X NA 1.35 QOil and U-Plan S Apo 100X NA 1.40 Qil ob-
jectives (Olympus, Tokyo, Japan) were used to acquire images. G-STED
and CW-STED super-resolution imaging was conducted on Leica
Microsystems setups [25]. Images were acquired through an HCX
PlanAPO 100x OIL, NA 1.40 objective (Leica Microsystems). A 496 nm
or 488 nm laser was used to excite Alexa 488 and a 458 nm laser was
applied to excite mTurquoise. A 592 nm laser was used for stimulated
emission depletion to reach STED resolution.

2.6. Image analysis

The ImageJ distribution Fiji was used to process confocal micrographs
[26]. Chromatic aberration between individual channels was corrected
using the Fiji plugin StackReg [27]. Subsequently, the local background
was subtracted using the rolling ball method [28]. Object based
colocalization analysis of endosomes was performed based on the
distance of the object centers between the different channels using the
Fiji plugin JaCoP [29]. Images were manually thresholded to ensure an
appropriate detection of puncta. The same threshold was applied
throughout a set of images for a given channel. Subsequently, all
objects larger than 10 pixels and smaller than 200 pixels were used for
the colocalization analysis. The distances between the centers of the
previously identified objects between channels were used to determine
colocalization based on the resolution of the microscope setup. A
distance of 1 pixel or less between object centers was defined as a
colocalization event. The Venn diagrams represent the sizes of the
analyzed object populations relative to each other as well as their
colocalization. CellProfiler software and its standard modules were
used to track organelle dynamics including life time and intensity in live
cell recordings [30].

2.7. Immunoblot

MING cells were washed with Ringers buffer prior to lysis with RIPA
buffer (50 mM B-glycerol phosphate, 10 mM HEPES, 1% Triton X-100,
70 mM NaCl, 2 mM EGTA, 1 mM Na3zV04, and 1 mM NaF) supple-
mented with complete EDTA-free protease inhibitor cocktail (Roche,
Laval, QC). Protein quantification was determined by the Bradford
method. Membranes were probed with antibodies against pERK1/2
(Cat. #4370), ERK1/2 (Cat. #4695), pAkt (Cat. #9271), Akt (Cat.
#9272), INSR (Cat. #3020S), CAV1 (Cat. #3267), all from Cell Sig-
nalling, and B-actin (Cat. #NB600-501, Novus Biologicals, Littleton,
CO) following standard procedures. For sub-cellular fractionation, cells
were processed using the Plasma Membrane Extraction kit (Abcam)
following the manufacturers instructions.

2.8. Immunoprecipitation

Immunoprecipitation was performed by incubating 1 mg of protein
lysate with InsR antibodies (Cat. #3020S, Cell Signalling) at 4 °C for
12 h. Subsequently, the solution was incubated with PureProteome™
Protein G Magnetic Beads (Millipore, Billerica, Massachusetts, USA)
and subsequently washed according to the manufacturer’s in-
structions. InsR protein complexes were separated from the beads by
10 min incubation at 95 °C. The resulting protein solution was
analyzed by standard immunoblot procedures.

2.9. In vivo experiments

The caveolin-1 knockout (Cavf/*) mice used in this study were
originally produced by T.V. Kurzchalia (MPI-CBG, Dresden, Germany)
[31]. They were housed in the facility at the Université catholique de
Louvain in Belgium. Cav1*'* controls generated through heterozygous
mating were used to control for genetic background.
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2.10. Statistics

All studies were repeated at least 3 times. Data are expressed as mean
with S.E.M. Means were considered statistically significantly different if
p < 0.05. Student’s t-tests were used for comparison between two
means.

3. RESULTS

3.1. Subcellular localization of endogenous insulin receptors in
pancreatic beta-cells

In most cell types, insulin receptors have been found in multiple
cellular compartments, including the plasma membrane, endosomes,
lysosomes, and perhaps secretory granules and the nucleus [8,32—
34]. In vivo, we observed that the majority of insulin receptors were
within the beta-cell cytoplasm in mouse pancreatic sections
(Figure 1A, A'). In vitro, confocal imaging of dispersed cells demon-
strated that insulin receptors were located on the membranes of
cytoplasmic vesicles in isolated human and mouse beta-cells
(Figure 1B, Figure S1A), pointing to a possible role for receptor
internalization in this cell type [35]. The size of the insulin receptor-
containing structures was near the limit of conventional light micro-
scopy. Using stimulated emission depletion (STED) super-resolution
microscopy [36], we found that insulin receptors in the membrane
were clustered in domains that were ~60—80 nm and confirmed the
intracellular location of a large fraction of the endogenous insulin re-
ceptors (Figure 1C). These imaging data were confirmed by sub-
cellular fractionation of primary human islets, which showed that in-
sulin receptors were in fractions enriched for markers of intracellular
membranes (Figure S1B). Thus, in vivo and in vitro data indicate that
endogenous insulin receptors exist primarily in an internalized state in
beta-cells.

3.2. Development of functional fluorescent insulin receptor fusion
proteins to monitor trafficking

To track the route of insulin receptors in living cells, we employed a
novel tagging strategy whereby pH-resistant fluorescent proteins were
placed at the extracellular domain of the insulin receptor in between
the furin-like region and the transmembrane domain, avoiding the
interruption of known functional domains [21] (Figure 1D). TagRFP and
TagBFP were chosen because they are bright, monomeric, and, most
importantly, pH-resistant, making them ideal for a tagging location that
resides within the lumens of potentially acidic organelles [37,38].
Control experiments were conducted to ensure the functionality of
these interdomain-tagged insulin receptors and determine whether
their cellular distribution matched endogenous insulin receptor
proteins. We confirmed first that interdomain-tagged InsRA-TagRFP
(Figure 1E) and InsRB-TagRFP (not shown) bound and internalized
FITC-labeled insulin in cultured beta-cells. To further validate that
InsRA-TagRFP or InsRB-TagRFP were functional, we over-expressed
them in HEK 293T cells, which, unlike beta-cells, do not constantly
secrete insulin, thereby permitting the assessment of insulin signal
transduction while controlling dose and temporal stimulation.
Indeed, interdomain-tagged insulin receptors mediated Erk activa-
tion in a temporal pattern that was similar to endogenous receptors
(Figure 1F, G). These data indicate that interdomain-tagged InsRs
are suitable tools to monitor the dynamics of functional insulin
receptors.

Next, we assessed the subcellular localization of tagged insulin re-
ceptors by confocal microscopy and stringent object-based colocali-
zation. As a positive control, cells were transfected with InsRA-TagRFP
and InsRA-TagBFP (i.e. the same InsR isoform with different
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Figure 1: Design and validation of functional fluorescent protein-tagged insulin receptors that mimic endogenous insulin receptor localization. (A) Islets in pancreatic
tissue sections from 24 week-old mice are labeled with mouse monoclonal antibody to the insulin receptor and the DRAQ5 DNA stain (blue). Scale bar = 50 um. (A’) 3D
reconstruction of InsR staining in a pancreatic mouse tissue section. (B) Confocal imaging of endogenous insulin receptor localization in dispersed, fixed primary human beta-cells.
Insets show AMCA-insulin immunofluorescence. Scale bar = 10 um. (C) STED super resolution microscopy identifies small ~80 nm clusters of plasma membrane insulin
receptors in fixed MIN6 cells (arrow). Scale bar = 5 pm (D) Schematic of inter-domain tagging strategy used in the present study. Orange structure = InsR; Red
structure = TagRFP. (E) Representative confocal image of colocalization between internalized FITC-insulin (200 nM, 1 h) and interdomain-tagged InsRA-TagRFP in live MING cells
cultured at 0 mM glucose. Scale bar = 10 um. (F, G) Expression of InsRA-TagRFP and InsRB-TagRFP sustains Erk phosphorylation in HEK 293T cells stimulated with 50 nM insulin
(n = 4) at 0 mM Glucose. (H) Colocalization of identical insulin receptor isoforms tagged with different fluorescent proteins in fixed MING cells (n = 10). Scale bar = 10 um. Inset
Venn diagrams, here and throughout, can be used visualize the colocalization of the color-coded proteins and represent the relative size of the puncta pools and their overlap. (1)
Colocalization of fluorescently labeled insulin receptor A and B isoforms in fixed MIN6 cells (n = 10). Identical results were obtained with InsRA-TagBFP and InsRB-TagRFP (not
shown). Scale bar = 10 um. (J, K) C-terminal-tagged insulin receptors have a primarily plasma membrane localization that does not substantially colocalize with interdomain-
tagged insulin receptors in fixed MIN6 cells (n = 10). Scale bar = 10 pm

fluorescent tags) to determine maximum biological colocalization using
our analyses routines (Figure 1H). As illustrated by the Venn diagram
(inset of Figure 1H), co-localization of InsRA-TagRFP objects with
InsRA-TagBFP objects was not 100%. This is due to the existence of
puncta with sub-threshold expression of one InsR sub-unit, as well as
different signal-to-noise ratios between TagRFP and TagBFP. Similarly,
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we found significant intracellular colocalization between InsRA-TagRFP
and InsRB-TagRFP (Figure 11), suggesting similar trafficking routes for
each isoform, and between insulin receptor homodimers and hetero-
dimers [20]. Conservative, object-based colocalization analysis clearly
showed that the majority of these interdomain insulin receptor fusion
proteins (InsRA-TagRFP, InsRB-TagRFP) localized to vesicle-like
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cytoplasmic structures, with a minority in the plasma membrane of
MING cells (Figure 1H, | and throughout). This mirrors the pattern
observed for endogenous beta-cell insulin receptors (Figure 1A—C and
throughout) and is in contrast to the near exclusive plasma membrane
localization of insulin receptors tagged at their C-termini (InsRA-C-
eGFP) published previously [19] (Figure 1J, K). We also found that
clusters of C-terminal tagged insulin receptors exhibit dramatically
reduced mobility in the MIN6 cell plasma membrane compared to
interdomain-tagged InsRA-TagRFP (10.5s + 2.6 svs. 3.4s + 0.05s
domain life time, p < 0.05, Supplemental Movie 1). Our data using
inter-domain-tagged insulin receptors indicate that they are functional
and traffic in a pattern that is indistinguishable from endogenous in-
sulin receptors.

Supplementary video related to this article can be found at http://dx.
doi.org/10.1016/j.molmet.2016.01.009.

We also briefly investigated the distribution of Igf1 receptors in beta-
cells and found them to also be mostly intracellular (Figure S2).
Indeed, interdomain-tagged Igf1 receptors exhibited a strong degree of
co-localization with interdomain-tagged insulin receptors (Supple-
mental Movie 2), consistent with their ability to heterodimerize with
insulin receptors. Future studies are warranted to fully investigate the
trafficking of Igf1 receptors using this new approach.

Supplementary video related to this article can be found at http://dx.
doi.org/10.1016/j.molmet.2016.01.009.

A 0 min chase

i

A488-EGF InsRA-TagRFP

TagRFP

to InsRA.
o
5

10 15
Chase time (min)

Colocalization of EG

InsRA-TagRFP TagBFP-Rab11a TagBFP-Rab11a

3.3. Insulin receptors do not travel in vesicles marked with clathrin,
Rab5a, Rab7, or Rab11a

We examined the trafficking route of these functional insulin receptors
by comparing their localization to endosomal pathway markers. First,
we examined whether insulin receptors colocalized with epidermal
growth factor (EGF), an established endosomal cargo of the clathrin
pathway, in a pulse chase experiment. Fluorescent Alexa-488 labeled
EGF showed very limited colocalization (<5%) to InsRA-TagRFP at
short-chase times, indicating that the proximal routes of endocytosis
were likely distinct (Figure 2A). The significantly increased colocali-
zation at longer chase times indicated that the vesicles of the two
different internalization routes eventually merged into more mature
compartments such as lysosomes (Figure 2A’, A”). Next, we assessed
the colocalization of InsRA-TagRFP with Rab5a, a marker associated
with clathrin-dependent endocytosis [39], as well as Rab7-labeled late
endosomes and Rab11a-labeled recycling endosomes and found
virtually no colocalization (Figure 2B—D). Similarly, endogenous insulin
receptors showed minimal colocalization with endogenous clathrin in
primary mouse beta-cells (Figure 2E), and tagged insulin receptors did
not appreciably colocalize with endogenous Rab5a, Rab7, or Rab4A
(Figure 2F—H). Clathrin loss-of-function experiments resulted in gross
changes in beta-cell plasma membrane morphology (not shown), so
we were unable to rule out some small role for clathrin in insulin re-
ceptor ftrafficking. Notwithstanding, these data demonstrate that

A 45 min chase

InsRA-TagRFP A488-Rab4a A488-Rabda

Figure 2: Insulin receptors do not associate with markers of clathrin-dependent endocytosis. (A, A’) Pulse-chase colocalization analysis of Alexafluor488-labeled EGF
relative to InsRA-TagRFP indicates separate entry pathways but eventual fusion into a shared mature pool of vesicles in MING cells cultured in 0 mM glucose. A significant increase
in the degree of colocalization was observed at a 45 min chase time compared to 0 min chase time (n = 4 images per time point). Scale bar = 5 um. (B—D) Colocalization analysis
of InsRA-TagRFP with TagBFP-tagged Rab5a (early endosomes), TagBFP-Rab7 (late endosomes), and TagBFP-Rab11a (recycling endosomes) in fixed MING cells (n = 10). Similar
results observed with InsRB-TagRFP. Scale bar = 5 um. (E) Colocalization analysis of immunolabeled endogenous insulin receptors with immunolabeled endogenous clathrin in
MING cells (n = 10). Scale bar = 10 um. (F—H) Colocalization analysis of tagged insulin receptors with immunolabeled endogenous Rab5a, Rab7, and Rab4a (alternate marker for
recycling endosomes) in MING cells (n = 10). Scale bar = 10 um. (B—H) Prior fixation, MING cells were cultured in 25 mM glucose.
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insulin receptors spend little, if any, time in endocytic vesicles labeled
with these Rab-GTPases, or clathrin.

3.4. Cav1 participates in the dislocation of insulin receptors from
the plasma membrane

Given the observation that insulin receptors did not significantly
colocalize with proteins or cargo that mark ‘classical endosomes’ in
beta-cells, we examined alternative internalization and trafficking
routes. We investigated caveolin-1 (Cav1) because insulin receptors
colocalize with Cav1 in adipocytes, and Cavi knockout mice exhibit
impaired insulin signaling in other tissues [15—17]. Cav1 is promi-
nently expressed in primary beta-cells, in vivo and in vitro (Figure S3A,
B), and, to a lesser extent, in beta-cell lines (Figure S3C) [40,41].
Confocal imaging illustrated a primarily cytoplasmic distribution of
Cav1 in vivo within mouse pancreas sections, and in vitro in isolated
mouse beta-cells (Figures. 3A, S3A, B), consistent with previous re-
sults [40,41]. Endogenous Cav1 exhibited robust colocalization with
endogenous insulin receptors in isolated mouse beta-cells
(Figure S3B). STED super-resolution imaging revealed that Cavi
could be found as structures appearing to surround insulin receptor
containing complexes at the plasma membrane (Figure 3B). TIRF
imaging revealed colocalization of endogenous insulin receptors and
Cav1 in the <200 nm near plasma membrane space of isolated human
beta-cells (Figure 3C).

To examine the dynamic relationship between Cav1 and insulin re-
ceptors in living cells, we overexpressed fluorescence protein-tagged
Cav1 in MING cells to levels that were comparable to those found in
primary beta-cells (Figure S3C). Static TIRF microscopy demonstrated
high colocalization between CAV1-mTFP and InsRA-TagRFP at the
plasma membrane (Figure 3D), with 60% =+ 13% of insulin receptors
colocalizing with CAV1. Time-lapse TIRF imaging revealed that CAV1-
mTFP and InsRA-TagRFP co-accumulated immediately prior to the
internalization of the insulin receptors into the intracellular space
(Figure 3E, F, F' Supplemental Movie 3). Taken together, these data
suggest that Cav1 is a key coat protein involved in the dislocation of
functional insulin receptors from the beta-cell plasma membrane.
Supplementary video related to this article can be found at http://dx.
doi.org/10.1016/j.molmet.2016.01.009.

Given the functional relationship between Cav1 phosphorylation and
insulin receptor signaling [12,13,42], we examined whether both
proteins interact as part of a physical complex upon insulin stimulation
using co-immunoprecipitation. Indeed, insulin dose-dependently
increased Cav1l binding to insulin receptors in NIH-3T3 cells
(Figure 3G). Together with our live-cell imaging (Figure 3E, F), these
experiments suggest that insulin can stimulate the recruitment of Cav1
to insulin receptor positive membrane domains.

3.5. Insulin receptors are present in flotillin-l-positive vesicles and
LAMP2 labeled lysosomes

Studies in other cell types indicate that insulin receptors travel to ly-
sosomes [8], and we have published data illustrating the colocalization
of endogenous InsR with Lysotracker in human beta-cells [23], but the
intracellular route of beta-cell insulin receptors has not been reported.
Confocal imaging demonstrated that tagged CAV1 colocalized with
tagged InsRA on intracellular vesicular structures, but to a lesser extent
than the colocalization between these proteins at the plasma mem-
brane (Figures 3D and 4A). Flotillin-l (Flot1) has been described in
clathrin-independent endocytosis [43], associates with caveolin-
containing structures [43,44], and has been implicated in insulin
signaling in other cell types [45,46]. Endogenous Flot1 was expressed
in primary mouse beta-cells (Figure 4H). Using super-resolution
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imaging, we found that endogenous Flot1 was localized on intracel-
lular vesicles containing insulin receptors (Figure 4B, B’). Similarly,
InsRA-TagBFP showed robust colocalization with Flot1-mRFP positive
vesicles by confocal imaging (Figure 4C). Flot1-mRFP also colocalized
with both Cav1-eGFP and LAMP2-eGFP (Figure 4D, E), suggesting a
distribution of internalized insulin receptors to early and late endoly-
sosomal compartments.

A substantial proportion of endogenous or tagged insulin receptors
were found in LAMP2-marked lysosomes (Fig. 4F, I). Some colocali-
zation between CAV1-mRFP and LAMP2-eGFP was also observed
(Figure 4G), consistent with previous reports [47,48]. The concept that
insulin receptors are transported in Flot1-positive vesicles to lyso-
somes was supported by immunofluorescence staining of endogenous
proteins in isolated primary mouse beta-cells (Figure 4H—K).

3.6. Cav1 phosphorylation modulates InsR internalization and Erk
signaling in vitro

Colocalization studies showed a clear association between Cav1 and
insulin receptors, but loss-of-function studies were required to
determine whether Cav1 drives the process of insulin receptor inter-
nalization. Thus, we co-expressed mTFP-labeled Cavl mutants, a
constitutively active form harboring phosphomimetic at tyrosine 14 or a
dominant negative form harboring non-phosphorylatable mutations at
tyrosine 14 [24,49], along with TagRFP-labeled insulin receptors. TIRF
microscopy demonstrated that expression of the dominant negative
Cav1-Y14F mutant increased InsRA-TagRFP density at the plasma
membrane when compared to cells expressing wildtype Cav1
(Figure 5A—F). Subsequently, we tested the effects of modified Cav1
phosphorylation on InsR internalization with time-lapse TIRF micro-
scopy. For this experiment, we cloned an eGFP interdomain-tagged
InsR construct (InsR-lum-eGFP) to take advantage of the superior
photostability of eGFP (eGFP pH-sensitivity was not a confounder in the
extracellular pH neutral environment). Stable MING cell lines
expressing Cavl mutants showed that the expression of the phospho-
mimetic Cav1-Y14D mutant leads to a significantly shorter lifetime of
InsRA domains at the plasma membrane compared to controls
(Figure 5G, Supplemental Movie 4). These data are consistent with the
concept that Cav1 phosphorylation promotes insulin receptor inter-
nalization in beta-cells.

Supplementary video related to this article can be found at http://dx.
doi.org/10.1016/j.molmet.2016.01.009.

Next, we sought to establish the functional consequences of altered
Cav1 phosphorylation in insulin signaling in beta-cells, which even
under basal conditions have insulin present in their cultures [50].
Overexpressing wildtype Cav1 or the constitutively active Cav1-Y14D
mutant was sufficient to significantly increase Erk phosphorylation in
beta-cells in the absence of added insulin (Figure 6A). In the presence
of 2 nM added insulin, the dominant negative Cav1-Y14F mutant
significantly suppressed Erk activation (Figure 6A). On the other hand,
neither basal nor exogenous insulin-stimulated Akt phosphorylation
was affected by the expression of wildtype or mutant Cav1 (Figure 6B).
Similar results were obtained in experiments where endogenous Cav1
phosphorylation was inhibited in NIH-3T3 and MING6 cells by the Src
kinase inhibitor PP2 (Figs 6C, S4). While Src has multiple cellular
targets, collectively these data suggest a role for Cav1 phosphorylation
in insulin receptor internalization and Erk signaling.

3.7. Cav1 loss reduces Erk signaling in vitro and in vivo

We sought to further define the role of Cav1 using in vitro and in vivo
gene targeting. Significantly reducing Cav7 expression by ~30% in
MING6 cells with siRNA led to a proportional reduction in Erk
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phosphorylation stimulated by 2 nM added insulin (Figure 6D, E).
Interestingly, Erk phosphorylation was not affected by Cav7 knock-
down in the context of a super-physiological insulin dose, which likely
activates Igf1 receptors [21]. Akt signaling was not affected at any
dose of added insulin in these experiments (Figure 6D).

To complement these in vitro results, we studied pancreatic tissue
sections from Cavi~'~ mice. Cavi~/'~ beta-cells exhibited signifi-
cantly reduced insulin receptor puncta (Figure 6F) and a significant
reduction of nuclear Erk (Figure 6G), consistent with a down-regulation
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of Erk signaling in vivo. Akt phosphorylation did not appear to be
altered in Cav1~'~ beta-cells (data not shown). Collectively, these data
demonstrate that caveolin-1 modulates insulin signaling in beta-cells,
in vitro and in vivo.

4. DISCUSSION

In the present study, we used a novel tagging strategy and multiple
imaging modalities to implicate caveolin-1 and flotillin-1 in insulin

MOLECULAR METABOLISM 5 (2016) 366—378 © 2016 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

CAV1-eGFP

LAMP2%GFP | —

—— InsRA-TagRFP

LAMP2:eGFP

nnri

MOLECULAR
METABOLISM

A594-InsR A488-LAMP2

A488-LAMP2

120% 1
100% -
80% 1
60% 1

40%

(normalized)

20% -

0% -

Degree of colocalization to InsRA-TagRFP

InsRA-TagBFP
InsRB-TagBFP
InsRA-C-eGFP
CAV1-mTFP
Flot-I-mRFP
LAMP2-GFP
TagBFP Rab5A
TagBFP Rab7A
TagBFP Rab11A

K

W InsRA
O CAV1
[ Flot1
W LAMP2

InsR

¢

Flot1

N

CAV1

LAMP
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receptor trafficking in pancreatic beta-cells, a critical insulin target
cell type [1—5,7,23,51]. We provide evidence that phospho-cavi-
mediated endocytosis is a bifurcation point biasing signaling to-
wards the Erk pathway. We find that insulin receptors largely bypass
clathrin-, Rab5a- or Rab7-positive endosomes, distinguishing this
pathway from the reported endocytic route of other tyrosine kinase
receptors in other tissues. Our data provide new molecular insights
into the mechanisms of insulin receptor trafficking, in general, and lay
the groundwork for therapeutic efforts to harness insulin signaling in
beta-cells.
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The pathogenesis of type 2 diabetes is characterized by alterations in
insulin signaling in many tissues. The role of insulin signaling defects
in pancreatic beta-cells remains underappreciated, although concep-
tually it links the two most widely recognized hallmarks of diabetes
progression, ‘insulin resistance’ and beta-cell dysfunction (including
inappropriate insulin hyper-secretion) [4]. Indeed, reduced insulin re-
ceptor expression and loss of insulin signaling have been observed in
islets from patients with type 2 diabetes [52,53]. Evidence from animal
models also suggests that the loss of beta-cell insulin signaling is
sufficient for diabetes progression [54]. Although the Akt arm of the
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20 mM glucose during image acquisition.

insulin signaling pathway has received the most attention, we have
previously shown that physiological levels of insulin [55] have little
effect on Akt in beta-cells [5], but instead appear to selectively signal
through the Raf1/Mek/Erk pathway [5,6,23]. Our data permit us to
speculate that Erk and Akt signaling may occur from insulin receptors
localized in different nanodomains, with Akt signaling occurring mostly
at the plasma membrane [56] and Erk signaling occurring preferen-
tially from internalized (or internalizing) receptors in this cell type, and
perhaps others [57]. As Erk shuttles to the nucleus upon activation

374

[58], it may be advantageous for Erk signaling to occur from endo-
somes or lysosomes located closer to the nucleus. Our study also
sheds light on the fate of many internalized insulin receptors in beta-
cells, by revealing that many insulin receptors are found in LAMP2-
positive lysosomes and by excluding a major role for Rab11a or
Rab4 positive-recycling endosomes. However, this finding does not
exclude recycling of insulin receptors via a pathway independent of
Rab11a. Notwithstanding, if the majority of insulin receptors are
degraded before returning to the plasma membrane, it could represent
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Figure 6: Caveolin-1 enhances insulin-stimulated Erk, but not Akt, signaling in vitro. (A, B) Overexpression of wildtype Cav1i-mRFP or the phosphomimetic mutant Cav1-
Y14D significantly increases basal insulin signaling to Erk. Erk signaling stimulated by 2 nM added insulin is significantly reduced in cells overexpressing the dominant negative
mutant Cav1-Y14F. Akt signaling is unaffected by the overexpression of Cav-1 mutants. Experiments were performed in MING cells treated for 5 min with the indicated doses of
insulin (n = 10). (C) Insulin stimulated (5 min) Erk, but not Akt signaling is significantly reduced in NIH-3T3 cells previously treated for 2 h with 10 LM of Src kinase inhibitor PP2
(n = 4). *p < 0.05. (D) Erk, but not Akt signaling is significantly reduced in MING cells treated with Cav1-siRNA and a physiological dose of insulin for 5 min (n = 4). *p < 0.05.
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a way of limiting autocrine insulin signaling in the face of elevated local  rs926198, rs3807989) has been linked to fasting hyperinsulinemia
insulin [50]. and insulin resistance as measured by HOMA-IR and hyper-
Caveolin-1 has previously been implicated in beta-cell physiology, insulinemic—euglycemic clamps [60]. Similarly, Cav? knockout mice
specifically in insulin secretion and cytokine-induced death [40,41,59], have been reported to display fasting hyperinsulinemia, insulin resis-
but its roles in endocytosis or insulin signaling had not been demon-  tance and glucose intolerance [60,61]. A previous report indicated that
strated. Allelic variation in the human caveolin-1 gene (CAV7 —  Cav1 loss impaired insulin signaling in adipocytes but not liver or
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skeletal muscle [62]. Phosphorylated Cav1 is associated with focal
adhesion signaling [24], and our data support a novel role for phospho-
Cav1 in the regulation of insulin signaling in beta-cells. Electron mi-
croscopy illustrated that Cav1-positive adipocyte membrane pits har-
bor insulin-receptors [63]. The concept of caveolae as nanodomains
for insulin receptors at the plasma membrane has been suggested for
several tissues [64—66]. Cavl and their associated cavins are
generally negative regulators of raft-dependent endocytosis [67] while
Cav1 tyrosine phosphorylation has been reported to influence pino-
cytosis and promote integrin internalization [68]. The demonstration
here that phospho-Cav1 promotes InsR internalization defines a novel
role for Cav1 tyrosine phosphorylation. Cav1 delivery to endolysosomal
compartments is enhanced by modulation of lysosomal pH and
cholesterol content and by disruption of the assembly of Cavl-
contained structures that have been named caveolae by some in-
vestigators [47]. Similarly, flotillin-1 is associated with endosomes and
lysosomes [43]. Our data support the concept that Cav1 and flotillin-1
define a receptor trafficking endosomal route to lysosomes. Indeed, the
observation that insulin receptors do not colocalize to Rab5a-positive
early endosomes or Rab7-positive late endosomes suggested that
they traffic via a pathway that is relatively independent of the well
studied pathway downstream of clathrin. However, it is not possible to
fully rule out a mechanistic role for clathrin itself without molecular
loss-of-function studies under conditions with otherwise preserved
normal beta-cell physiology.

The present study also illustrates technical considerations for the
analysis of tyrosine kinase receptor trafficking. Attaching fluorescent
proteins to key domains has been shown to disrupt the function of
some proteins [69,70]. To the best of our knowledge, N-terminal- or C-
terminal-tagged insulin receptors have not been shown to localize with
endogenous insulin receptors or to signal with similar efficiency to
downstream targets, associating a caveat to previous studies and
perhaps leading to controversial results [12,13,18,71]. We overcame
this technical challenge by tagging insulin receptors between known
functional domains, a method applied to a few other proteins [72,73].
We demonstrated that interdomain-tagged insulin receptors have
similar functionality when compared to untagged, endogenous re-
ceptors. We also employed monomeric fluorescent proteins that, unlike
weak dimers such as GFP, do not accelerate the formation of dimers
between tagged proteins. These fluorescent proteins were highly pH-
resistant, reducing signal loss in the acidic endo/lysosomal lumens.
Our tagging strategy is likely to be broadly applicable to other tyrosine
kinase receptors and to insulin receptors in other tissues. This infor-
mation will be critical as we seek to understand the molecular
mechanisms of insulin resistance in order to develop approaches to
modulate insulin sensitivity in obesity and early stage type 2 diabetes.
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