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Introduction
Changes in insulin signaling have been linked to multiple
diseases, most typically diabetes (Alghamdi et al., 2014), but
also loss of cognitive function (de la Monte, 2012) and cancer
progression (Malaguarnera and Belfiore, 2011; Sciacca et al.,
2014; Forest et al., 2015). Insulin receptor (IR) is a tetramer
comprised of 2a (ligand binding) and 2b (kinase domain) chains
that is expressed in numerous tissues. The human IR encodes
two isoforms, IR-A (lacking exon 11) and IR-B, which have a
predominant role in metabolism (Belfiore et al., 2009). IR is
transported in a cycle of plasma membrane export, activation,
and internalization (McClain, 1992; Goh and Sorkin, 2013;
Boothe et al., 2016; Posner, 2017). Signaling from the IR
through the IR substrate-1/phosphatidylinositol 3-kinase/AKT
pathway causes the glucose transporter (GLUT)-4 to translocate from intracellular vesicles to the plasma membrane
(Huang and Czech, 2007), increasing glucose uptake (Stöckli
et al., 2011).
Progesterone receptor membrane component 1 (PGRMC1)
(Cahill, 2007) contributes to signaling by stabilizing transmembrane receptors at the plasma membrane (Hampton and
Craven, 2014; Thomas et al., 2014), and these receptors
include tyrosine kinases (Thomas et al., 2014; Zhang et al.,
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therapeutic applications because a small-molecule PGRMC1
ligand, AG205, also decreases plasma membrane IR levels.
However, PGRMC1 knockdown via short hairpin RNA expression and AG205 treatment potentiated insulin-mediated phosphorylation of the IR signaling mediator AKT. Finally, PGRMC1
also increased plasma membrane levels of two key glucose
transporters, GLUT-4 and GLUT-1. Our data support a role for
PGRMC1 maintaining plasma membrane pools of the receptor,
modulating IR signaling and function.

2014). PGRMC1 localizes to endosomes, the endoplasmic
reticulum (Nölte et al., 2000; Ahmed et al., 2010a), and the
plasma membrane (Krebs et al., 2000), consistent with its
highly conserved role in trafficking. In cancer, the best
characterized trafficking target for PGRMC1 is the epidermal
growth factor receptor (EGFR) tyrosine kinase (Ahmed et al.,
2010a; Mir et al., 2012; Aizen and Thomas, 2015; Kabe et al.,
2016), although PGRMC1 also increases plasma membrane
pools of glucagon-like peptide-1 receptor and membrane progestin receptor a1, a plasma membrane progesterone receptor
(Thomas et al., 2014; Zhang et al., 2014) that may be the target
for PGRMC1-dependent progesterone signaling (Bashour and
Wray, 2012; Peluso, 2013; Guo et al., 2016; Sun et al., 2016).
PGRMC1 has numerous other binding partners, including
cytochrome P450 proteins (Hughes et al., 2007; SzczesnaSkorupa and Kemper, 2011; Oda et al., 2011), plasminogen
activator inhibitor RNA-binding protein 1 (Peluso et al., 2005,
2013), and a-tubulin (Lodde and Peluso, 2011). PGRMC1 is
attractive as a therapeutic target because it has a smallmolecule ligand, called AG-205 (Ahmed et al., 2010b; Xu et al.,
2011; Zhang et al., 2014; Aizen and Thomas, 2015; Piel et al.,
2016).
In the present study, we have investigated the role of
PGRMC1 in maintaining IR at the plasma membrane.
PGRMC1 has been associated with insulin signaling in a
clinical study of insulin-resistant, high body mass index
subjects, which demonstrated decreased PGRMC1 RNA levels
compared with insulin-sensitive subjects (Elbein et al., 2011).
We posited that downregulated PGRMC1 could disrupt
normal IR function, and we show in this work that PGRMC1
has a direct role in regulating IR trafficking and signaling.

ABBREVIATIONS: Cy5, cyanine 5; EGFR, epidermal growth factor receptor; GLUT, glucose transporter; IR, insulin receptor; PBS, phosphatebuffered saline; PGRMC1, progesterone receptor membrane component 1.
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ABSTRACT
The insulin receptor (IR) is a ligand-activated receptor tyrosine
kinase that has a key role in metabolism, cellular survival, and
proliferation. Progesterone receptor membrane component
1 (PGRMC1) promotes cellular signaling via receptor trafficking
and is essential for some elements of tumor growth and
metastasis. In the present study, we demonstrate that PGRMC1
coprecipitates with IR. Furthermore, we show that PGRMC1
increases plasma membrane IR levels in multiple cell lines and
decreases insulin binding at the cell surface. The findings have

666

Hampton et al.

Materials and Methods

Fig. 1. PGRMC1 increases IR plasma membrane
levels. (A) Western blot analysis of plasma membrane
(PM) protein levels from control (con, lanes 1 and 2) and
PGRMC1-knockdown cells (KD, lanes 3 and 4) labeled
with biotin and purified by avidin-agarose. The Cell
Signaling anti-insulin receptor b antibody (4B8) was
used to detect IR levels. Proteins that were not detected
at the plasma membrane are indicative of cytoplasmic
(cyto) proteins (lanes 1 and 2). The experiment was
performed five separate times. (B) Coomassie-stained
gel of the samples represent total protein levels. (C)
Graphical representation of IR plasma membrane
levels reduced in three independent replicates of
knockdown (KD) versus control (con) cells (P ,
0.001). (D) Western blot analysis of total IR and
PGRMC1 protein levels in control and knockdown
cells. ***P , 0.001, compared with the vehicle-treated
group.
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Tissue Culture. A549 cells were obtained from American Type
Culture Collection (Manassas, VA) and verified by Genetica (Cincinnati, OH). HUH7 cells were provided by B. Spear (University of
Kentucky College of Medicine). Cells were maintained in Dulbecco’s
modified Eagle’s medium (Corning, Manassas, VA) containing 10%
fetal bovine serum (Sigma-Aldrich, St. Louis, MO) and antibiotics and
were maintained at 37°C in 5% CO2 and air. The A549 derivatives
infected with lentiviruses expressing short hairpin RNAs were prepared from the plasmids pGIPZ (control) and V2LHS_90636
(PGRMC1-knockdown) and have been previously described (Ahmed
et al., 2010b).
Reagents and Treatments. AG205 was purchased from Timtec
(Newark, NJ). Dose response and time courses were performed
previously (data not shown) to establish the most effective concentrations and times. A549 and HUH7 cells were treated with AG205
(20 mM) for 90 minutes and underwent protein analysis or cell surface
labeling. A549 control and PGRMC1-knockdown were plated on glassbottom microwell dishes (MatTek, Ashland, MA) for imaging. A549
control and PGRMC1-knockdown were treated with recombinant
human insulin, cyanine 5 (Cy5), labeled (Nanocs, New York, NY) at
a concentration of 100 nM for 5 and 15 minutes. Cells were visualized
using a Nikon A1R1 resonant scanning confocal system (Nikon, Inc.,
Melville, NY) at the University of Kentucky Imaging Facility and
analyzed with NIS-Elements C imaging software.
For cell-signaling experiments, cells were incubated in RPMI
1640 medium without serum for 6 hours. In some cases, cells were
treated with vehicle control (dimethylsulfoxide) or AG-205 for the final
90 minutes of the serum starvation period. For some experiments,
cells were then treated with 100 nM recombinant human insulin
(Sigma-Aldrich) for 5 minutes. In other experiments, cells were
treated with 10 mM erlotinib or 10 mM linsitinib (Biovision, Milpitas,
CA) for the final 30 minutes of serum starvation. To harvest, cells were
washed with ice-cold phosphate-buffered saline (PBS) and placed on
ice. The PBS was removed completely and replaced with 300–500 ml
Nonidet P-40 lysis buffer (1% Nonidet P-40, 20 mM Tris, 150 mM
NaCl, 5 mM EDTA, 1 mg/ml aprotinin, and 1 mg/ml leupeptin)
containing phosphatase and protease inhibitors and scraped with a

cell scraper. Lysates were centrifuged at 13,000 rpm to clear cell debris
and assayed for protein by bicinchoninic acid assay. Immunofluorescence was performed, as previously described (Crudden et al., 2005),
fixing cells in 3.7% formaldehyde and permeabilizing in 1% Triton
X-100. The anti-IR antibody was NBP2-12793 (Novus Biologicals,
Littleton, CO), and cells were imaged on a Nikon TE200 microscope.
Cell Surface Labeling Assays. For a single experiment, four
dishes of 90%–95% confluent cells were used. After the removal
of media, cells were washed twice with ice-cold PBS (VWR, Radnar,
PA) and labeled with sulfo-NHS-SS-biotin [sulfosuccinimidhyl-2(biotinamido)-ethyl-1,3-dithipropionate] for 30 minutes at 4°C on a
rocking platform. The labeled proteins were purified with avidin
agarose using the Cell Surface Protein Isolation Kit (Thermo Scientific, Waltham, MA), according to the manufacturer’s instructions. For
comparison, the intracellular protein pool that did not bind avidinagarose was also collected and stored as the unbound or cytoplasmic
fraction. Cell surface labeling reactions were performed at least in
triplicate, and fraction levels were confirmed via SDS-PAGE gel
separation and staining with Coomassie Blue, as previously described
(Ahmed et al., 2010a). Western blots of biotin-labeled eluates and
unbound fractions were performed at least in triplicate.
Immunologic Techniques. For Western blot analysis, cell lysates were prepared by incubating cells in radioimmunoprecipitation
assay buffer [50 mM Tris-HCl (pH 7.4), 1% Nonidet P-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin, and 1 mg/ml leupeptin] for
10 minutes at 4°C. Lysates were cleared by centrifugation at 14,000g
for 10 minutes at 4°C, and proteins were separated by gel electrophoresis. The antibodies used in this study were anti-IRb (Novus
Biologicals), anti-IRb (Cell Signaling, Danvers, MA), PGRMC1
(Abcam, Cambridge, MA), anti-proliferating cell nuclear antigen
(PC-10; Santa Cruz Biotechnology, Santa Cruz, CA), anti–
glyceraldehyde 3-phosphate dehydrogenase (Santa Cruz), anti-AKT
(C67E7; Cell Signaling), anti-AKT phosphoserine 473 (Cell Signaling),
anti-GLUT4 (Santa Cruz Biotechnology), and anti-GLUT1 (Santa
Cruz Biotechnology). Western blots for PGRMC1 were performed with
the PGR-UK1 polyclonal antibody directed to the sequence
QPAASGDSDDDE of the PGRMC1 coding sequence (Ahmed et al.,
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Mount Prospect, IL) for 1 minute on a Beckman LS6500 scintillation
counter.
Statistics. Figures show representative blots, and each experiment was performed at least three times. Quantitation of bands was
performed using Adobe Photoshop software (Adobe Systems, San Jose,
CA) via histogram quantitation collected from the band, subtracted
from the background. Data are expressed as mean 6 S.D. and were
analyzed in Microsoft Excel using Student’s paired, two-sided t test to
assess significance. All measurements were considered significant if
*P # 0.05; **P # 0.01; ***P # 0.001.

Results
PGRMC1 Mediates Elevation of IR Plasma Membrane Levels. To test the role of PGRMC1 in plasma
membrane stability of IR, we compared membrane levels of
IR in control and PGRMC1-knockdown A549 human lung
cancer cells. Extracellular proteins were biotinylated and
purified with avidin column chromatography and then analyzed by Western blot using an antibody to the IRb subunit.
We will refer to IRb as IR. IR levels decreased in PGRMC1knockdown cells relative to controls (Fig. 1A, compare lanes
3 and 4). IR was not detectable in the cytoplasmic fraction (Fig.
1A, compare lanes 1 and 2), which was diluted relative to the

Fig. 2. Treatment with PGRMC1 ligand
AG205 decreases IR plasma membrane
levels. Western blot analysis of plasma
membrane (PM) protein levels in A549 (A)
and HUH7 (B) cell lines from control (lanes
1 and 2) and AG205 (20 mM) treated (lanes
3 and 4, respectively) labeled with biotin
and purified by avidin agarose. Proteins
that were not detected at the plasma membrane are indicative of cytoplasmic (cyto)
proteins (lanes 1 and 2). The Novus insulin
receptor b antibody (NBP2-12793, mapping
to the region between residues 1332 and
1382) was used to detect IR levels. Proliferating cell nuclear antigen serves as a
control for intracellular proteins. Coomassie Blue–stained gel represents total protein levels in A549 (C) and HUH7 (D) cell
lines, respectively. (E and F) Western blot
analysis of total IR protein levels in A549
cells and HUH7 cells 6 AG205 treatment.
IR plasma membrane levels were significantly reduced after treatment with AG205
in three independent replicates of both
A549 (G) and HUH7 (H) cells (P , 0.001;
P , 0.01, respectively). **P , 0.01; ***P ,
0.001 compared with the vehicle-treated
group.
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2010b). Western blots were performed at least in triplicate. For
immunoprecipitations, cells were gently scraped off dishes and
lysed in Nonidet P-40 buffer (described above) for 10 minutes at
4°C. Lysates were cleared by centrifugation at 14,000g for
10 minutes at 4°C and bound to protein A/G-agarose beads (Santa
Cruz Biotechnology) containing antibody. Nonspecific antibodies
matching the host species of the primary antibodies were included as negative controls. The reactions were rotated end over
end at 4°C for 1.5 hours, centrifuged to collect precipitates, and
washed three times in lysis buffer. The beads were resuspended in
1 SDS-PAGE sample loading buffer and analyzed via Western
blot.
2-Deoxyglucose Uptake. For radioactive glucose uptake measurements, A549 control and PGRMC1-knockdown cells (5  105/well)
were plated in separate 12-well plates in serum containing medium
(Dulbecco’s modified Eagle’s medium) overnight. Cells were then
washed twice in PBS and incubated in RPMI 1640 media (VWR)
containing 1% bovine serum albumin (VWR) for 2 hours before glucose
uptake studies. Cells were then washed twice with PBS and incubated
in 1 ml PBS containing 0.1 mM 2deoxyglucose and 1 mCi/ml 2deoxyD
[3H] glucose (Perkin Elmer, Boston, MA) for 5 minutes at 37°C.
Cytochalasin B (20 mM; Sigma-Aldrich) was added to the relevant
wells with the deoxyglucose mixture to serve as a negative control.
Then cells were washed three times in ice-cold PBS, solubilized in
0.4 ml 1% SDS for 10 minutes at room temperature, and counted in
4 ml Biosafe II scintillation fluid (Research Products International,
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experiments. The antibody used in Fig. 1 was generated to a
common phosphorylation site, whereas the antibody used in
Fig. 2 was generated to a larger epitope.
IR and PGRMC1 Coprecipitate. PGRMC1 interacts
directly with the EGFR receptor tyrosine kinase and the
(eight-membrane–spanning) receptor (membrane progesterone receptor alpha), suggesting that the regulation of IR by
PGRMC1 could be direct. Both PGRMC1 and IR were
immunoprecipitated from A549 lung cancer cells and HUH7
liver cancer cells and analyzed by Western blot. IR was
efficiently precipitated (Fig. 3A, upper panel), and PGRMC1
coprecipitated with IR (Fig. 3A, lower panel) in both cell lines
(lanes 2 and 4). Similarly, PGRMC1 was efficiently precipitated (Fig. 3B, upper panel), and IR coprecipitated with
PGRMC1 (Fig. 3B, lower panel) in both cell lines (lanes
2 and 4). The same lysates were precipitated with a hostspecific antibody that matched to the antibodies for IR and
PGRMC1 (Fig. 3, A and B, lanes 1 and 3). As an additional
control, IR and PGRMC1 were precipitated from A549 control
and PGRMC1-knockdown cells, and PGRMC1 was only detected in control cells (Fig. 3C, lane 2).
Cellular Binding of Insulin Dependent on PGRMC1.
To determine the effect of PGRMC1 on insulin binding, A549
control and PGRMC1-knockdown cells were incubated with
insulin labeled with the fluorophore Cy5 (we will refer to this
as Cy5-insulin). Cy5-insulin bound readily to control A549
cells (Fig. 4C), whereas binding was largely undetectable in
PGRMC1-knockdown cells (Fig. 4D). In the absence of Cy5insulin, no fluorescence was observed (Fig. 4, A and B). To
better understand the pharmacodynamics of insulin binding,
A549 control and PGRMC1-knockdown cells were incubated
with Cy5-labeled insulin for a longer period of time (15 minutes), and real-time data were collected via video recording on

Fig. 3. IR coprecipitates with PGRMC1. (A) IR and (B) PGRMC1 were immunoprecipitated from A549 cells (lanes 1 and 2) and HUH7 cells (lanes 3 and 4)
and probed (Western blot analysis) for IR (top) or PGRMC1 (bottom). (C) IR (top panel) and PGMC1 (bottom panel) were immunoprecipitated from control
(lane 1) or PGRMC1-knockdown (KD, lane 2) cells. Immunoprecipitation reactions were probed for PGRMC1 (top and bottom panels).
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membrane fraction. A Coomassie brilliant Blue–stained gel of
the fractions revealed few changes in band intensity (Fig. 1B).
Verification of this protocol for precipitation of the cytoplasmic
and plasma membrane fractions in A549 cells has been
previously reported (Ahmed et al., 2010a). In multiple experiments, IR plasma membrane levels decreased 2.3-fold in
PGRMC1-knockdown cells relative to controls (P , 0.005,
t test; Fig. 1C). In contrast, depletion of PGRMC1 did not affect
the total protein levels of IR (Fig. 1D).
In lung cancer cells, PGRMC1 is inhibited by the ligand
AG205 (Ahmed et al., 2010a). To examine pharmacological
inhibition of PGRMC1 on IR plasma membrane stability, we
treated HUH7 human liver cancer cells, in addition to A549
human lung cancer cells, with AG205. Cell surface proteins
were labeled, purified, and analyzed by Western blot, as
described above. Plasma membrane levels of IR were profoundly reduced after treatment with AG205 in both cell lines
(Fig. 2, A and B, compare lanes 3 and 4). The nuclear protein
proliferating cell nuclear antigen served as a control for
intracellular proteins (Fig. 2, A and B, compare lanes 1 and
2), and Coomassie Blue–stained gel of the fractions showed no
variability in band intensity (Fig. 2, C and D). In multiple
experiments, AG205 treatment decreased plasma membrane
IR levels in both A549 and HUH7 cells by 57.5-fold and 6.8fold, respectively (Fig. 2, G and H; P , 0.005 and P , 0.01,
respectively). As before, total cellular protein levels of IR were
not affected after treatment with AG205 (Fig. 2, E and F).
Together, these results suggest that PGRMC1 inhibition via
AG205 treatment also decreases plasma membrane levels of
IR. In these experiments, IR was detected in the unlabeled
cytoplasmic fraction. This differed from the control and
PGRMC1-knockdown cells shown in Fig. 1. This is likely due
to the fact that two different antibodies were used for the
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a Nikon A1R1 confocal microscope. At the end of the time
lapse, insulin binding was 10-fold higher in control cells
compared with PGRMC1-knockdown cells (Fig. 4E). Thus,
the results support the model that PGRMC1 mediates the
interaction of IR with its ligand, insulin.
Elevated Insulin Signaling with PGRMC1 Inhibition.
Because PGRMC1 increased IR plasma membrane levels and
insulin binding, we determined its effect on insulin signaling.
Surprisingly, AKT Ser473 phosphorylation was elevated in
AG205-treated HUH7 cells (Fig. 5A, compare lanes 2 and 4),
and AKT phosphorylation was increased after AG205 treatment alone (Fig. 5A, lane 3). PGRMC1 associates with IR and
EGFR, but only the IR inhibitor linsitinib reversed AG205stimulated AKT phosphorylation (Fig. 5A, lane 6) and not the
EGFR inhibitor erlotinib (Fig. 5A, lane 7). Insulin signaling

was also potentiated by PGRMC1 inhibition in A549 cells
harboring the PGRMC1 knockdown (Fig. 5B, lane 4) compared
with cells expressing a control short hairpin RNA (Fig. 5B,
lane 2). We posited that the combination of AG205 and insulin
might result in an unusual subcellular localization of IR and
performed IR immunofluorescence. Similar to the biotinylation assays in Fig. 2, the majority of IR was intracellular
basally (Supplemental Fig. 1), and AG205 did not dramatically affect this localization. However, treatment with the
combination of insulin and AG205 resulted in very low levels
of IR staining at the cell periphery (Supplemental Fig. 1),
similar to the results of the cell surface biotinylation (Fig. 2B).
PGRMC1 Mediates Glucose Transporter Plasma
Membrane Levels and Facilitates Glucose Uptake. IR
stimulation causes the glucose transporter GLUT-4 to
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Fig. 4. Cellular binding of insulin dependent
on PGRMC1. To visualize insulin binding,
control (con) and PGRMC1-knockdown (KD)
A549 cells were incubated with Cy5-labeled
insulin (100 nM) and imaged. (A and B)
Control and PGRMC1-knockdown cells before
insulin treatment (untr) and (C and D) 5 minutes after the addition of Cy5-labeled insulin.
Fluorescence revealed a reduction of insulin
binding in PGRMC1-knockdown cells. Images
are representative of experiments performed
in triplicate. (E) In a separate experiment,
control and PGRMC1-knockdown cells were
incubated with Cy5-labeled insulin (100 nM)
for 15 minutes. The insulin binding was
recorded live (videos in Supplemental Fig.
1), and the NIS-Elements C imaging software
data were exported to Excel. Insulin binding
was significantly lower in PGRMC1-knockdown cells (P , 0.001, t test).
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Discussion

Fig. 5. Increased IR activation associated with PGRMC1 inhibition. (A)
Huh-7 cells were serum starved for 6 hours. At the 4.5-hour point, vehicle
control (lanes 1 and 2) or 20 mM AG-205 (lanes 3–7) was added for 1.5
hours. At the end of the incubation, cells were either unstimulated (lanes
1 and 3) or treated with 100 nM insulin (lanes 2 and 4). In lanes 5–7, cells
were incubated with AG205 and a vehicle control (lane 5), 10 mM linsitinib
(lane 6), or 10 mM erlotinib (lane 7). Cells were harvested on ice, and lysates
were analyzed by Western blot for AKT-phospho-Ser473 (top panel) or total
AKT. (B) A549 cells bearing a control short hairpin RNA (con, lanes 1 and
2) or a PGRMC1-knockdown short hairpin RNA (KD, lanes 3 and 4) were
serum starved for 6 hours and left untreated (lanes 1 and 3) or were treated
with 100 nM insulin (lanes 2 and 4) for 5 minutes and harvested. Lysates
were analyzed, as described in (A).

IR plays a crucial role in metabolism and performs key
functions in the muscle, fat, liver, and brain (Saltiel and Kahn,
2001). IR is also overexpressed in cancer (Papa et al., 1990),
where it has a ligand-dependent transforming activity in
fibroblasts (Giorgino et al., 1991). Cancer cells typically
express the IR-A form (Frasca et al., 1999), which is also
expressed in embryonic tissues and in the brain, and differs
from the IR-B isoform, which has an additional 12 amino acids
due to a splice variant in exon 11 (Moller et al., 1989; Mosthaf
et al., 1990). IR-A acts as a receptor for insulin-like growth
factor-II, which is induced in cancer, with equal affinity to
insulin-like growth factor-1 receptor (Frasca et al., 1999),
suggesting that IR directs tumor-specific signaling that
promotes metabolism.
The current work demonstrates a key role for PGRMC1 in
maintaining IR at the plasma membrane. We primarily used
A549 cells because we have a verified and well-characterized
ribonucleic acid interference-mediated knockdown model system in A549 cells (Ahmed et al., 2010a,b; Mir et al., 2012).
A549 cells express IR, and they are a model system for IR
signaling (Jones et al., 2014). IR increases proliferation and
therapeutic resistance in this non-small cell lung cancer cell
line (Vincent et al., 2013; Forest et al., 2015; Franks et al.,
2016). Our group previously showed that PGRMC1 is essential for trafficking the EGFR receptor tyrosine kinase in
cancer cells and is associated with EGFR (Ahmed et al.,
2010a). This finding was elegantly extended by Kabe et al.
(2016), who showed that PGRMC1 forms heme-dependent
dimers that associate with EGFR, driving downstream signaling, cell transformation, and tumor metastasis. We report
in this work that PGRMC1 also associates with IR and
increases IR plasma membrane levels. Future research will
determine whether PGRMC1 complexes with IR are also
heme-dependent.
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translocate from intracellular vesicles to the plasma membrane (Pessin et al., 1999; Huang and Czech, 2007). Because
PGRMC1 elevated IR plasma membrane levels, we posited
that it would also increase plasma membrane GLUT-4.
Indeed, plasma membrane GLUT-4 levels declined in
PGRMC1-knockdown cells (Fig. 6A, upper panel). Interestingly, the levels of the constitutive glucose transporter, GLUT1, also declined in PGRMC1-knockdown cells, although to a
lesser extent (Fig. 6A, lower panel). In triplicate experiments,
the decreases in GLUT-4 and GLUT-1 in A549/ribonucleic
acid interference cells were 2.6-fold (P , 0.01) and 1.5-fold (P
5 0.02), respectively (Fig. 6B). The total protein levels of
GLUT-4 and GLUT-1 did not change between control and
PGRMC1-knockdown cells (Fig. 6C).
Because PGRMC1 increased the levels of glucose transporters at the plasma membrane, we tested whether glucose
transport was also affected. A549 control and PGRMC1knockdown cells were incubated with 3H-glucose and washed
extensively. PGRMC1-knockdown cells exhibited a 1.5-fold
decrease in basal uptake of 3H-glucose compared with control
cells (Fig. 6D, P 5 0.0007, t test). The actin polymerization
inhibitor cytochalasin B, which arrests the transport of
glucose transporters to the plasma membrane, served as a
negative control.
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The pathways controlling IR plasma membrane trafficking
are less well characterized than some other receptors, such as
EGFR. However, key proteins include limb region domain
containing 1 (Tseng et al., 2013), protein kinase C« (Pedersen
et al., 2013), and the adaptor protein growth factor receptor–
bound protein 10 (Morrione, 2000; Morcavallo et al., 2014). IR
is ubiquitinated and associates with the ubiquitin ligase
NEDD4 via growth factor receptor–bound protein 10 and with
the E3 ubiquitin ligase mitsugumin 53 (Song et al., 2013) and
adaptor protein with pleckstrin homology and Src homology
2 domain B adaptor protein 2 (Kishi et al., 2007). This group of
proteins affects the internalization and degradation of IR,
likely with variations between the two IR isoforms, in different
tissues and with different types of ligand stimulation
(Morcavallo et al., 2014). An important future direction of
the research will be to identify PGRMC1-interacting partners
in regulating IR trafficking.
Given that PGRMC1 elevated the plasma membrane levels
of IR, it is counterintuitive that PGRMC1 decreased IR
signaling. However, both AG205 treatment of HUH7 liver
cancer cells and genetic attenuation of PGRMC1 in A549 cells
elevated AKT-Ser473 phosphorylation after insulin treatment.

The results support a model in which PGRMC1 increases IR
levels at the plasma membrane, but suppresses downstream
signaling. Treatment with AG205 increased AKT phosphorylation, even in the absence of insulin, and this increase was
completely blocked by cotreatment with the inhibitor linsitinib. Like many kinase inhibitors, linsitinib has targets other
than IR, and we cannot exclude the possibility that linsitinib
targets kinases other than IR that are AG205-sensitive.
Notably, erlotinib did not inhibit AG205-induced AKT phosphorylation, suggesting that EGFR is not a key target in this
setting. One possible explanation for the PGRMC1–IR interaction in signaling is that PGRMC1 delays IR at the plasma
membrane after ligand binding, suppressing its activity as an
intracellular complex. PGRMC1 homologs have been previously implicated in endocytosis (Hand et al., 2003), and a
future direction of the research is to explore the mechanisms
through which PGRMC1 might alter receptor endocytosis.
PGRMC1 elevated the plasma membrane levels of two
glucose transporters and increased glucose transport. Mammalian glucose transport is mediated by a family of membrane
glycoproteins, including GLUT-1 and GLUT-4 (Kraft et al.,
2015). The GLUT-1 isoform is ubiquitously expressed and
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Fig. 6. PGRMC1 increases glucose uptake. (A) Western blot analysis of plasma membrane (PM) protein levels from control (con) and PGRMC1knockdown cells (KD, lanes 2 and 4) labeled with biotin and purified by avidin agarose. (B) Graphical representation of reduced GLUT-4 and GLUT-1
levels at the plasma membrane in three independent replicates of PGRMC1-knockdown cells (P , 0.01; P , 0.05). (C) Western blot analysis of total
GLUT-1 and GLUT-4 levels did not change in control versus knockdown cells. (D) Radioactive glucose uptake assay in control and PGRMC1-knockdown
cells. Knockdown of PGRMC1 significantly reduced the uptake of 3H-glucose in A549 cells (P , 0.001) in three independent replicates. Cytochalasin B
served as a negative control (inhibits glucose transport). The experiments in (B and D) are independent of each other. *P , 0.05; **P , 0.01; ***P , 0.001
compared with the vehicle-treated group.
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Supplemental Figure 1. Insulin receptor localization with insulin and AG205 treatment. Huh-7
cells were serum starved for 6 hours. At the 4.5 hour point, vehicle control (panels A and B) or
20 M AG-205 (panels C and D) was added for 1.5 hours. At the end of the incubation, cells
were either unstimulated (panels A and C) or treated with 100 nM insulin (panels B and D).
Cells were fixed with 3.7% formaldehyde, permeabilized with 0.1% Triton X-100, stained with an
antibody to IR and an anti-rabbit secondary antibody cross-linked to Texas Red, and imaged
using a Nikon TE200 fluorescence microscope. Fluorescent panels are shown on the left, and
bright field images are shown on the right.

