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ABSTRACT

Objective: Deregulation of hepatic glucose production is a key driver in the pathogenesis of diabetes, but its short-term regulation is incom-
pletely deciphered. According to textbooks, glucose is produced in the endoplasmic reticulum by glucose-6-phosphatase (G6Pase) and then
exported in the blood by the glucose transporter GLUT2. However, in the absence of GLUT2, glucose can be produced by a cholesterol-dependent
vesicular pathway, which remains to be deciphered. Interestingly, a similar mechanism relying on vesicle trafficking controls short-term G6Pase
activity. We thus investigated whether Caveolin-1 (Cav1), a master regulator of cholesterol trafficking, might be the mechanistic link between
glucose production by G6Pase in the ER and glucose export through a vesicular pathway.

Methods: Glucose production from fasted mice lacking Cav1, GLUT2 or both proteins was measured in vitro in primary culture of hepatocytes
and in vivo by pyruvate tolerance tests. The cellular localization of Cav1 and the catalytic unit of glucose-6-phosphatase (G6PC1) were studied by
western blotting from purified membranes, immunofluorescence on primary hepatocytes and fixed liver sections and by in vivo imaging of
chimeric constructs overexpressed in cell lines. G6PC1 trafficking to the plasma membrane was inhibited by a broad inhibitor of vesicular
pathways or by an anchoring system retaining G6PC1 specifically to the ER membrane.

Results: Hepatocyte glucose production is reduced at the step catalyzed by G6Pase in the absence of Cav1. In the absence of both GLUT2 and
Cav1, gluconeogenesis is nearly abolished, indicating that these pathways can be considered as the two major pathways of de novo glucose
production. Mechanistically, Cav1 colocalizes but does not interact with GGPC1 and controls its localization in the Golgi complex and at the plasma
membrane. The localization of G6PC1 at the plasma membrane is correlated to glucose production. Accordingly, retaining G6PC1 in the ER
reduces glucose production by hepatic cells.

Conclusions: Our data evidence a pathway of glucose production that relies on Cav1-dependent trafficking of GGPC1 to the plasma membrane.

This reveals a new cellular regulation of G6Pase activity that contributes to hepatic glucose production and glucose homeostasis.
© 2023 The Author(s). 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 Glucose-6 phosphatase (G6Pase), the mandatory enzyme of EGP,

which catalyzes the production of glucose from glucose-6 phosphate

The development of type 2 diabetes is associated with the over-
activation of hepatic glucose production (HGP) [1]. Indeed, although
the kidney and intestine may also contribute to endogenous glucose
production (EGP), HGP is preponderant during the fed post-absorptive
states [2]. Moreover, we demonstrated that the lack of HGP protects
against the development of insulin resistance and obesity induced by
a high-fat high-sucrose diet [3]. Deciphering the regulatory mecha-
nisms of HGP is thus needed to help prevent the worldwide burden of
type 2 diabetes.

(G6P), plays a causal role in the deregulation of HGP [4]. This enzyme -
composed of two functionally-linked proteins, the G6P transport sub-
unit (G6PT) and catalytic subunit (G6PC1) - catalyzes the production of
glucose from glucose-6 phosphate (G6P) [5]. Glucose production in the
blood is considered as a 2-step process: the first step comprises
glucose synthesis in the endoplasmic reticulum (ER) by G6Pase and
the second step consists of transport across the plasma membrane by
the facilitating transporter GLUT2 [6]. The localization of G6Pase mainly
in the ER was demonstrated in the fifties by enzymatic assays after
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cellular fractionation [7,8] and then confirmed by enzyme histo-
chemistry and electron microscopy [9]. Additional biochemical studies
concluded that, contrary to the other enzymes of the gluconeogenesis/
glycolysis pathways, both subunits of the G6Pase complex (G6PC1 and
G6PT) are deeply embedded in the ER membrane [5]. Of, note, this ER-
localization is independent of the KK conserved motif identified in both
G6PC1 and G6PT [10,11]. Using fluorescent chimera proteins, we
recently confirmed the preponderance of the localization in the ER of
both G6PT and G6PC1(12). However, the purpose of this specific
location, often discussed in the past, has remained elusive [13].

A widespread dogma is that, in the short-term, glucose production and
transport are controlled by the concentrations of their respective
substrates G6P and glucose [5]. However, we provided numerous
pieces of evidence showing that hormonal and nutrient signals control
G6Pase activity and HGP on the short term [14—18]. Particularly, the
acute stimulation of G6Pase activity by glucagon results in an
increased glucose production by hepatocytes [19]. This activation is
blunted at 21 °C, suggesting that membrane fluidity and/or mecha-
nisms involving vesicle trafficking may control glucose production by
G6Pase [20]. Interestingly, glucagon also mobilizes a vesicular
pathway of glucose export, parallel to GLUT2, but dependent on
cholesterol trafficking, which remains to be deciphered [21,22].
Intracellular cholesterol distribution can be regulated by Caveolin-1
(Cav1). Caveolin-1 is a 22 kDa fatty acid- and cholesterol-binding
protein required for the formation of caveolae, but it is also involved
in signaling pathways and energy metabolism [23,24]. Caveolin-1
proteins are embedded in the ER membrane and oligomerize imme-
diately after synthesis in the ER [25]. Then, they associate with
cholesterol in the Golgi complex in higher molecular weight complexes,
which are finally transported en route to the plasma membrane as a
disk. Cavin-1 is then recruited to these Cavl complexes to form
caveolae by invaginating the plasma membrane [25,26]. Outside
caveolae, Cav1 proteins are organized as oligomers or scaffolds, which
are dynamic assemblies that control membrane lipid composition,
organize and transport lipids such as cholesterol and interact with
several proteins [24]. Caveolin-1 proteins are mainly expressed in the
adipose tissue but are also detected in the liver. Hepatic Cav1 has an
important role in lipid metabolism, in particular during adaptation to
fasting [27,28]. In the liver, non-caveolar Cav1 proteins are present in
the ER and Golgi complex [29]. Thus, we hypothesized that Cav1 might
be the mechanistic link between glucose production by G6Pase in the
ER and glucose export through a vesicular pathway.

2. MATERIAL AND METHODS

2.1. Animal models

We used male adult B6. Cavi~~, B6.L.Glut2~'~ [30], B6.L.G6pc "/~
[31], B6.L.Glut2~/~.Cav1 '~ and wild-type (WT) mice. Liver-specific
deletions of Glut2 and G6pc1 were obtained by tamoxifen injection
at 8 weeks of age [30] and were confirmed at the mRNA levels
(Supplemental Figs. 1A and B). All mice were housed in groups in the
animal facility of Lyon 1 University (Animaleries Lyon Est Con-
ventionnelle and Specific Pathogen Free) in controlled temperature
(22 °C) conditions, with a 12-hour light-12-hour dark cycle with free
access to water and standard rodent chow diet. Procedures were
performed in accordance with the principles and guidelines estab-
lished by the EU Directive 2010/63/EU for animal experiments.

2.2. Cell culture and plasmids
Primary hepatocytes were obtained from male mice after 16 h fasting
by collagenase perfusion of the liver [32]. HepG2 cells were cultured as

described previously [12]. The pcDNA3-G6PC1 and G6PC1-mCherry
plasmid constructs were generated by introducing human G6PC1
cDNA into pcDNA3 and pmCherry-N1 vectors as described previously
[12]. The Ad-G6PC1-SBP-GFP construct was obtained by replacing the
VSVG cDNA in the Str-li_VSVG-SBP-EGFP plasmid (addgene #65300)
[33] by the human G6PC7 cDNA sequence and placed in an AAV5-
backbone (Laboratoire de Therapie Genique, U649, Nantes). Cavi-
GFP was a gift from Ari Helenius [34].

2.3. Determination of hepatocyte glucose production

Hepatocytes were seeded into 6-well plates at 500,000 cells/well and
cultured for 1 h at 37 °C in a 5% C02 air atmosphere in DMEM without
glucose supplemented either with 10 mM lactate and 1 mM pyruvate
or with 1 mM pyruvate and 0.5 uCi of [2—'4C] pyruvate when indicated
in the figure legends. After centrifugation (5min, 280 g), glucose was
measured in the supernatant (extracellular glucose) and cell pellet
(intracellular glucose) by enzymatic assay [35] (referred as fotal
glucose in the figure legends) or [14C] measurement (referred as
glucose from pyruvate in the figure legends). [140] Glucose amount
was determined from [14C]—radioactivity after separation of glucose
from charged metabolites by passage of supernatants or cell lysates on
anion- and cation-exchangers (Dowex AG1-X8 and 50 W-X8,
respectively, from Bio-Rad) as described previously [36]. The amount
of glucose was normalized to the number of cells and expressed in
nmol/millions of cells.

Adenovirus treatment of HepG2 cells was performed 24hrs after
seeding by treating 300,000 cells per well overnight with 50pi/cell of
G6PC1-SBP-GFP adenovirus (GFP adenovirus was used as control).
The medium was then replaced with complete medium and cells were
further incubated for 24hrs prior to the determination of glucose
production. To this end, cells were placed for 1 h in DMEM without
glucose supplemented with 1 mM pyruvate. Glucose was then
measured in the supernatant by enzymatic assay [35]. Cells were then
placed in complete DMEM medium with 80 pM biotin for 2 h. After
biotin treatment, culture medium was removed and cells were further
placed for 1 h in DMEM without glucose supplemented with 1 mM
pyruvate. Glucose was then measured in the supernatant by enzymatic
assay [35]. Glucose production was compared before and after biotin
treatment for each well.

2.4. Tissue sampling, biochemical assays, protein and mRNA
analyses

Mice were killed by cervical dislocation after 16 h fasting or after 6 h of
refeeding (preceded by an overnight fast). The liver was quickly frozen
within tongs cooled in liquid nitrogen N2 after the death of the mouse
and conserved at —80 °C until analysis. Liver lysate was prepared at
4 °C and immediately processed. Hepatic G6Pase activity was assayed
at maximal velocity (20 mmol/I of G6P) at 30 °C by complexometry of
inorganic phosphate (Pi) produced from G6P. The phosphohydrolyzing
activity toward B-glycerophosphate (20 mmol/l) was determined and
subtracted from the total G6Pase activity in all cases to clear the
specific G6Pase activity from the contribution of nonspecific phos-
phatases [37]. Glucose 6-phosphate and glycogen concentration was
determined from liver lysate after deproteinization with perchloric acid
(6% V/V) and neutralization with K>CO3 [38]. The NADPH produced
from the hydrolysis of G6P by G6PDH was then used to calculate G6P
content [38]. After neutralization of the lysate, glycogen was digested
into glucose with a.-amyloglucosidase, then glucose was measured as
described [35]. Total hepatic lipids were extracted by the method of
Bligh and Dyer [39] and triglyceride content was measured using a
Biomerieux colorimetric kit.
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For immunoprecipitation studies, protein lysates were extracted from
50 mg of WT and Cavl /= liver using a Dounce homogenizer as
described in [40] and used for Cav1 immunoprecipitation using rabbit
anti-Cav1 antibodies (#3238, Cell Signaling). About 10% of the lysate
was used for Cav1l immunoprecipitation. Immunoprecipitated proteins
were then revealed by western-blotting using the rabbit anti-G6PC1
[41] and the secondary mouse Anti-rabbit IgG (Conformation Spe-
cific) (L27A9) mAb to avoid the detection of rabbit Igg chains (#5127,
Cell Signaling). Purification of plasma and ER membranes was per-
formed as described in [40] from 500 mg of WT and Cav1 =/~ liver.
This protocol allowed to separate crude plasma membrane (PM) from
microsomes (containing both ER and Golgi complex membranes)
thanks to differential centrifugation. Western blots were performed
from 5 pl of each fraction using antibodies against G6PC1 [41], E-
Cadherin (#3195, Cell Signaling), Cav1 (#3238, Cell Signaling), G6PT
(#NBP2-31972, Novus Biologicals) and PERK (#5683, Cell Signaling)
as described previously [42]. Antibody specificity was confirmed using
WT, Cav1~/~ and L.G6pc '~ tissues (Supplemental Figs. 2A—D). The
relative amount of total proteins was used for normalization. The
contamination of plasma membrane fractions with ER membranes was
assessed by the quantification of the ER resident PERK in the PM and
ER fractions (Supplemental Figs. 2E and F). Chemiluminescent signals
were acquired with the Chemidoc Imaging System (Biorad) and
quantified using Image Lab software.

Total RNAs were extracted from frozen tissues using Trizol reagent,
according to the manufacturer’s instructions. mRNA levels were
determined by RT-qPCR. Ribosomal protein L19 (RPL19) was used as a
housekeeping gene. Calculations were based on the comparative cycle
threshold method (222,

2.5. Imaging studies

HepG2 cells were grown on high precision cover glasses and trans-
fected using JetPrime with 125 ng of plasmid constructs per 10,000
cells. Images were acquired in living cells 48 h after transfection at
37 °Cin a 5% CO, air atmosphere with a 63 x oil-immersion objective
to obtain maximal signal without any saturated pixels, either with a
confocal microscope (Zeiss 880) or a DMI4000 microscope (Leica
Microsystems) equipped with a spinning disk unit for 10—20 s every
0.15 s to follow protein trajectories. For total internal reflection fluo-
rescence microscopy (TIRFM) studies, images were acquired using an
EMCCD camera (Hamamatsu C9100, pixel size: 16 um) mounted on a
TIRF microscope (Leica DMI6000) equipped with a 100x oil-
immersion  objective (HCX PL FLUOTAR, Leica/numerical
aperture = 1.46), every 0.15s (TIRF penetration 90 nm/laser line
635 nm/Quad filter 405-488-561-635 nm). Images were analyzed
using Icy software to define and count spots (Spot detector [43] and
Spot tracking [44] plugins) and to analyze trajectories (Motion profiler
and Tracking performance measures [44] plugins). For the latter,
parameters were set using random images to avoid unspecific pairing
between ftrajectories. Based on their net travelled distance, we
discriminated proteins exhibiting a directed motion from proteins
moving around the same position over time.

Primary hepatocytes (24 h after seeding) and tissues were fixed with
4% paraformaldehyde. Immunofluorescence assays were performed
using G6PC1, Cav1, Calnexin (#ab22595, Abcam), and Giantin
(#ab37266, Abcam) antibodies with sequential tyramide signal
amplification, using 640 R-tyramide for G6PC1, 488 A-tyramide for
Cav1 and 568-tyramide for Calnexin/Giantin. Images were acquired
with a confocal microscope (Zeiss 880) using an 63 x oil-immersion
objective. Image analyses were performed using FiJi and
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colocalization (M1 Manders and Pearson correlation coefficients) was
quantified by the JaCoP plugin [45] after background subtraction.
For the transmission electron microscopy (TEM) studies, the liver zone
was cut into small pieces (<1 mm) which were fixed for 2hr at 4 °C in
a buffer composed of 10 mM metaperiodate, 75 mM lysine and 2%
paraformaldehyde in 37 mM Sorensen’s phosphate buffer com-
plemented with 0.2% glutaraldehyde. After washes and dehydratation,
pieces of tissues were embedded in pure LRWhite for polymerization at
50 °C for 48 h. Ultrathin sections (approximately 70 nm thick) were cut
on a Reichert ultracut E (Leica) ultramicrotome, mounted on 200 mesh
nickel polylysine coated grids. Immunogold labeling was performed by
flotation on drops using rabbit G6PC1 and mouse Cav1 primary anti-
bodies and gold conjugated secondary antibody. Sections were
observed with a transmission electron microscope JEOL 1400JEM
(Tokyo, Japan) operating at 80 kV equipped with a camera Orius 1000
gatan and Digital Micrograph.

2.6. Pyruvate and glutamine tolerance tests

Pyruvate tolerance tests were performed in mice fasted for 16 h.
Glutamine tolerance tests were performed in mice fasted for 6 h [46].
Mice were injected intraperitoneally either with L-pyruvate or with -
glutamine (2 g/kg body weight). Blood glucose levels were determined
from the tail vein at 0, 15, 30, 45, 60 and 90 min after injection, using a
glucometer.

2.7. Statistical analyses

All data are presented as mean + SEM. Two-group comparisons were
analyzed using unpaired t tests. Groups were compared using one-way
or two-way ANOVA followed by Tukey’s post hoc tests. Analyses were
performed using Prism8 software. Statistical details and exact value of
n can be found in the figure legends.

2.8. Data and resource availability

Further information and requests for resources and reagents should be
directed to and will be fulfilled by Amandine Gautier-Stein (amandine.
gautier-stein@univ-lyon1.fr).

3. RESULTS

3.1. Glucose production by hepatocytes is inhibited in the absence
of Caveolin-1

In line with our hypothesis, Cav1 primary hepatocytes produced in
the culture medium about 50% less glucose from 14C-pyruvate than
WT hepatocytes (Figure 1A). This decrease was not compensated by a
proportional increase in intracellular glucose levels, suggesting that the
absence of Cav1 did not induce a decrease in glucose export but rather
resulted in inhibition of glucose synthesis (Figure 1A, hatched bars). To
confirm these results obtained in vitro, we assessed HGP in vivo by a
pyruvate tolerance test. The increase in blood glucose levels following
intraperitoneal pyruvate injection was lower in Cav1 /= compared to
WT mice (Fig. 1C). In the Cav1 =/~ liver, intracellular G6P and glucose
levels were slightly increased compared to WT levels (Fig. 1B), sug-
gesting that, in vivo, the absence of Cav1 reduced glucose synthesis
and glucose transport.

As Cav1 is known to be needed for the proper stabilization and
signaling of the insulin receptor (IR) in adipocytes [47], we studied
insulin signaling in the liver of Cav1 =/~ mice. Western-blot analyses
showed that the phosphorylation levels of AKT (the main downstream
target of IR signaling) were increased in the liver of refed Cav1 /=
mice, compared to AKT phosphorylation levels in the WT liver

_/—

MOLECULAR METABOLISM 70 (2023) 101700 © 2023 The Author(s). 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/). 3

www.molecularmetabolism.com


mailto:amandine.gautier-stein@univ-lyon1.fr
mailto:amandine.gautier-stein@univ-lyon1.fr
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Brief Communication

A B C
2
T 140 § intracellular 0.8 g 3007
. B g 3
>®120 T [ ]extracellular 3 * £
= 3 06/ @
g o100 o 2 200 -
= O o] *,§ [}
=2 e e P
[oRe] 2 04 %
S= 60 o Q
3 E *§ s S 100
S = 40 5 —o-WT
— o E m
59 5 02 £§ > —&-L.Glut2"
3 £ 20 5 § 8 - Cav1™™
8 i - o -o-L. Glut2‘/ Cav‘l'/'
= g ] y 0 T ] ] 0 ' ' '
& WT - Cavi™ LGtz LGlu2’ wT - Cavi” LGtz LGl 0 30 60 90
Cavi- Cav1™” time after Pyruvate injection (min)
D E wT cavt”- F
= 35 B v B,
& 304 401 *
o ) —
5 257 ?
§ * & 301
= 20+ g2
[o2]
°§> 151 E 204
) (O]
_; 10+ =
[
104
& 51 2 0
2 § =
= 0
wT Cav1”‘ L.Glut2- LGIutZ;/‘ o R e |y & cavi’- LGt~ LGlut27-
Cav1™ L.Glut2™- LGlut2’" Cavi- cavi--

(0]
T

250 200"
200 1604
pr* TR% i
T 1 1

120/

S

>
E g0

——WT
—+L.Glut2
—@-Cav1™”

-o-L Glutz”~.cav1-

il 1 |

Blood glucose levels
% of t=0)
> o
o o
_ )
Fasting blood glucose levels

0 T T T T
0 30 60 90
time after Glutamine injection (min)

cavi” LGlut2?- L. Glut2'/'

cavi-

Figure 1: Glucose production by hepatocytes is inhibited in the absence of Caveolin-1. (A) Glucose produced from ['*C]-pyruvate by WT (white bar), Cav1 '~ (black bar), L.

Glut2 '~ (ight grey bar) and L. Glut2 ™'~

Cavi—'~ (dark grey bar) hepatocytes. Plain bars represent extracellular glucose while hatched bars represent intracellular glucose. (B)

Glucose-6-phosphate (G6P) level content in mouse liver. (C) Pyruvate tolerance test after 16 h fasting. Blood glucose levels were measured every 15 min for 90 min. Glycogen (D)
and triglyceride (TG) (F) content in mouse liver. Significant differences from WT are indicated as * p < 0.01, from L. Glut2~/~.Cav1 ™~ as §p < 0.01, two-way ANOVA followed by
Tukey's post hoc test. £ p < 0.05, for comparison between WT and Cavi~/~ using multiparametric ¢ test. Data are means = s. e.m. from 7 to 11 mice per group. ()
Representative PAS-stained liver section. (G) Glutamine tolerance test after 6 h fasting. Blood glucose levels were measured every 15 min for 90 min. Significant differences from
values before glutamine injection are indicated as **p < 0.01, one-way ANOVA followed by Tukey’s post hoc test. (H) Blood glucose levels measured after 16 h fasting. Data are

means =+ s. e.m. from 15 mice per group.

(Supplemental Fig. 3). This result might suggest that a higher liver
insulin sensitivity could be responsible for the decreased HGP in fasted
Cavl™ " mice. However, gluconeogenic gene expression was not
decreased in the liver of Cav1 ~/~ mice fasted for 16 h compared to WT
mice (Supplemental Fig 1.C-E). Accordingly, G6Pase activity,
measured at Vmax in the presence of 20 mM of G6P, was similar in
Cavi~'~ and WT liver (Supplemental Fig. 4A), showing that the
decrease in glucose production from Cavi /= hepatocytes was not
linked to a decrease in total G6Pase dephosphorylation capacity. Taken
together, our results suggest that gluconeogenesis depends on a
Cav1-dependent pathway in addition to the known GLUT2 pathway.

3.2. Gluconeogenesis is nearly abolished in the absence of both
Caveolin-1 and GLUT2

As Cav1 is known to control glucose transport by GLUT4 in adipocytes
[47], we studied whether GLUT2 might be responsible for the
decreased HGP of Cavi '~ mice, by crossbreeding Cav1 ~'~ mice with
L. Glut2~’~ mice. Glucose production from '*C-pyruvate (gluconeo-
genesis) in L-Glut2~'~.Cav1 /'~ hepatocytes was almost totally sup-
pressed, compared to hepatocytes of WT, L. Glut2~"~ or Cav1™" mice
(Fig. 1A), independently of a decrease in total G6Pase activity
(Supplemental Fig. 4A), demonstrating that both GLUT2 and Cav1
participated independently to the control of HGP. Moreover, the total
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production of glucose (glycogenolysis and gluconeogenesis) was
decreased by more than 50% in L-Glut2~/~.Cav1 '~ hepatocytes
fasted for 16 h (Supplemental Fig. 4C). In fasted L-Glut2 "~ hepato-
cytes, the total production of glucose was the same as in WT, as
previously described [21,22] and did not depend on the presence of
pyruvate in the culture medium (Supplemental Fig. 4C), suggesting
that fasted L. Glut2~/~ hepatocytes produced glucose mainly via
glycogenolysis rather than gluconeogenesis. Accordingly, gluconeo-
genesis from "C-pyruvate was 4-fold lower in L. Glut2~'~ than in WT
hepatocytes (Fig. 1A), independently of a decrease in total G6Pase
activity (Supplemental Fig. 4A). The lower gluconeogenesis in L-
Glut2~/~ and L-Glut2~/~.Cav1™" mice was also confirmed in vivo by a
PTT (Fig. 1C). In addition, L-Glut2 '~ and L-Glut2~/~.Cav1™" livers
accumulated high levels of G6P (Fig. 1B), glycogen (Figure 1D,E) and
TG (Fig. 1F). Interestingly, the increases in hepatic G6P and glycogen
were doubled in L-Glut2~'~.Cav1~/~ compared to L-Glut2~'~ mice,
suggesting a stronger suppression in G6P hydrolysis in L-Glut2~
~.Cav1~/~ livers (Figure 1B,D). Consistent with an increase in hepatic
TG content, the expressions of Lpk and Fasn (coding for the main
regulatory glycolytic and lipogenic enzymes, respectively) were
considerably increased in the livers of L-Glut2~/~ and L-Glut2~/
~.Cavi~"~ mice (Supplemental Figs. 1F and G). Of note, only L.
Glut2~/~.Cav1~~ liver exhibited increased expression of Scd1, coding
for the stearoyl-CoA desaturase 1 (Supplemental Fig. 1H), in accor-
dance with the induction of de novo lipogenesis by accumulated G6P,
as previously described [3]. To resume, L. Glut2~/~.Cav1 ™/~ mice
exhibited a blunted hepatic gluconeogenesis, leading to the accumu-
lation of hepatic G6P, glycogen and TG levels without a compensatory
increase in intrahepatic glucose levels. The same characteristic
phenotype was observed in mice with a total suppression of HGP
(L.Gch"‘ mice, carrying a liver-specific deletion of G6pc?) [46].
L.G6pc*/ ~ mice exhibited increased hepatic G6P concentration, which
promoted the remodeling of cellular metabolism [48] (e.g. low intra-
cellular glucose levels, increased hepatic glycogen and triglyceride
(TG) levels in 16 h-fasted mice (Supplemental Fig. 4B and [31]). Of
note, L.G6pc’/’ hepatocytes had a residual glucose production
through glycogen debranching [32], which might also take place in L.
Glut2~/~.Cav1 ™/~ mice (Supplemental Fig. 4C).

L.G6pc*/ ~ mice maintain their glycaemia thanks to the induction of
kidney and intestine gluconeogenesis [46]. We thus studied whether
extra-hepatic production of glucose were increased in L. Glut2~’
~.Cavi~’~ mice. To this end, we performed a glutamine tolerance
test, since glutamine is predominantly a renal and intestinal gluco-
neogenic substrate and is minorly used by the liver for gluconeogen-
esis [36,49]. Blood glucose levels were increased during the glutamine
tolerance test in L. Glut2~'~.Cavl™~ mice as compared to WT,
Cavi " or L. Glut2 '~ mice, suggesting an increased participation of
the kidney and intestine in glucose production in the double knockout
mice (Fig. 1G). Consistently, after 16 h of fasting, L. Glut2~/~.Cav1~/~
mice maintained their glycaemia at the same level as WT and L.
Glut2 '~ mice (Fig. 1H), despite a much weaker production of glucose
from hepatocytes (Fig. 1A).

To sum up, L. Glut2~/~.Cav1 ™/~ mice recapitulated the phenotype
characteristic of L.GGpc’/* mice, [46]. This demonstrates that
gluconeogenesis (at the step catalyzed by G6Pase or immediately
downstream) was decreased in the absence of Cavl and virtually
suppressed in the absence of both hepatic GLUT2 and Cav1 proteins.
We then further explored how Cavi might control the capacity of
G6Pase to produce glucose.
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3.3. Caveolin-1 colocalizes but does not interact with G6PC1
Outside caveolae, Cav1 can regulate the activity and signaling capacity
of several transmembrane proteins through a direct interaction
[24,47]. We thus hypothesized that Cavl may directly interact with
G6Pase, and more particularly with its catalytic subunit GBPC1. Using
immunofluorescence experiments, we first showed that about 20% of
endogenous G6PC1 (red) colocalized with endogenous Cav1 (green) in
primary hepatocytes isolated from WT livers (Figure 2A,B). We then
focused on the possible physical interaction between Cav1 and G6PC1.
The analysis of the GBPC1 amino acid sequence predicted the exis-
tence of one consensus Cav1-binding motif (CBM), ®XPXXXXD/
DXXXXDXXD, where ® is an aromatic amino acid W, F, or Y [24],
well-conserved in mammals (Supplemental Table S1) and facing
cytoplasm (Supplemental Fig. 5A). We studied the physical interaction
of G6PC1 with Cav1 by immunoprecipitating endogenous Cav1 from
WT and Cav1 ™~ liver (Fig. 2C). As expected, we detected Cav1 in the
precipitate from WT liver but not in the precipitate from Cav1 /= liver
(Figure 2C, right panel). However, GEPC1 was neither detected in the
precipitate from WT nor Cav1 =/ liver (Figure 2C, left panel). Taken
together, these results demonstrate that G6PC1 partially colocalizes
but might not physically interact with Cav1 in mouse liver.

3.4. The intracellular G6PC1 localization in the secretory pathway
is controlled by Caveolin-1

In addition to a control by direct interaction, Cav1 regulates the activity
of several transmembrane proteins by controlling their localization in
the ER and Golgi complex [50,51] and their trafficking along the
secretory pathway to the plasma membrane (PM) [23]. We thus studied
whether Cav1 might control the intracellular localization of G6PC1 in
the different compartments of the secretory pathway: ER, Golgi com-
plex and PM. Immunostaining analyses of liver sections of WT and
Cavi '~ mice showed that G6PC1 (in red) colocalized with the ER
marker Calnexin (in green, Fig. 2D). Quantification of this colocaliza-
tion, using the Pearson correlation coefficient, showed that the
absence of Cav1 had no effect on the localization of GBPC1 in the ER
(Fig. 2E). A small fraction of G6PC1 (in red) was also colocalized with
the Golgi complex marker Giantin (in yellow, Fig. 2F) and the plasma
membrane marker wheat germ agglutinin (WGA) (in green, Fig 2H).
Interestingly, quantification showed a reduction of G6PC1 localization
in the Golgi complex of Cav1 =/~ liver compared to WT liver (Fig. 26G). Of
note, the amount of Giantin did not differ between WT and Cavi '~
liver sections (WT = 4352 + 312 vs Cavl /= = 4515 & 257 pixel
value/pim?). The colocalization of GEPC1 with WGA was too low to use
the Pearson correlation coefficient for quantification. We thus extracted
PM fractions from differential centrifugations of WT and Cav1 7 liver
homogenates. Western-blot analyses of the PM fractions confirmed the
localization of G6PC1 at the PM, which was decreased by about 50% in
PM fractions of Cavi '~ compared to WT liver (Figure 21,J). Plasma
membrane fractions from WT liver contained Cavi (Fig. 2K). The
presence of endogenous G6PC1 at the membrane of hepatocyte villi
was also confirmed by gold immunostaining coupled to TEM. Using
this technique, we also evidenced a decrease of G6PC1 at the hepa-
tocyte villi of Cav1 /= compared to WT mice (Supplemental Figs. 5B—
D). Of note, G6PT was also detected in PM fractions of mouse liver but
its proportion here was not different in the absence of Cav1 (Fig. 2L,
G6PT in % of WT: WT 100 & 22.8 vs Cavl '~ 128.4 & 40.7). These
data indicate that the amount of G6PC1 at the PM depended on Cav1
and suggest that Cav1 controlled G6PC1 transport to the plasma
membrane. It is noteworthy that the localization of the basolateral
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Figure 2: Caveolin-1 colocalizes but does not interact with G6PC1. (A) Representative confocal microscopy images of endogenous G6PC1 (red) and Cav1 (green) in a primary
hepatocyte. Scale bar = 20 um. Colocalized pixel from merged images are indicated in grey in the right panel. Manders coefficient (M1) indicates the fraction of G6PC1 signal
colocalized with Cav1 signal. Data are mean =+ s. e.m, n = 7. (B) Higher magnification of the cell part delimited by a dotted line square. Inset on top shows the orthogonal view
along the z-axis on the vertical line and inset on the right shows the orthogonal view along the z-axis of the horizontal line. White arrowheads indicate colocalized G6PC1 and Cav1
signals. Colocalized pixel from merged images (left) are indicated in grey in the right panel. Scale bar = 5 um. (C) Representative immunoprecipitation experiments performed from
WT and Cav1~'~ mouse liver. Molecular weights are indicated on the middle of the pictures. Immunoprecipitation of Cav1 was followed by immunoblotting against G6PC1 (left
panel) or against Cav1 (right panel). Arrowheads indicate specific bands. Input lanes represent about 2% of the protein lysates used for IP. See also Supplemental Figs. 2 and 5. (D,
F) Representative confocal images of endogenous G6PC1 (red) and (D) calnexin (green) or (F) giantin (yellow) in WT and Cav1 =/~ liver. Nuclei are stained in blue. Scale
bar = 10 um (D, F) Quantification of the colocalization of G6PC1 with calnexin (E) or giantin (G) using the Pearson correlation coefficient. Data are means + s. e.m of n = 6 mouse
livers. *p < 0.05: significant differences between WT and Cavi~/~ mice, unpaired Student’s t-test. (H) Representative confocal images of endogenous G6PC1 (red), Cav1 (yellow)
and wheat germ agglutinin (WGA) (green) in WT and Cav1 '~ liver section. Nuclei are stained in blue. Colocalizations can be seen in merged images and on the graph showing the
relative fluorescence profiles of G6PC1, Cavl and WGA (fluorescence intensities were plotted against the distance along the white dotted lines shown on the merged channel
image). Inset on top of the merged channel image shows the orthogonal view along the z-axis on the vertical line and inset on the right shows the orthogonal view along the z-axis
of the horizontal line. Scale bar = 10 um. () Western-blot images of G6PC1 in plasma membrane fractions from WT and Cav1 =/~ Jiver and of the total proteins used for
normalization. Molecular weights are indicated on the right of the images. (J) Relative amount of G6PC1 in plasma membrane fractions from WT (white bar) and Cav1 '~ (black
bar) liver. Data are expressed as % of WT values and are mean == s. e.m of n = 4 mice per group. *p < 0.01: significant differences between WT and Cavi~/~, unpaired Student’s
ttest. Western-blot images of Cav1 (K) and G6PT (L) in plasma membrane fractions from WT and Cav1~~ liver and of the total proteins used for normalization. Molecular weights
are indicated on the right of the images.
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Supplemental Fig. 6. (C—D) Trajectories of G6PC1 (red) and Cav1 (green) in total (C) or exhibiting directed motion (D) from a representative real-time acquisition. Scale
bar = 20 um. (E) Number of total G6PC1 (red bar) and Cav1 (green bar) trajectories. (F) Number of G6PC1 trajectories exhibiting directed motion (grey bar) or paired with Cav1
trajectories (black bar) expressed as % of total GGPC1 trajectories. Data are means + s. e.m of n = 7 acquisitions. See also Supplemental Video 1. (G) Representative confocal
microscopy images of GBPC1-mCherry (red), Cav1-YFP (yellow) and the CellMaskTM Green Plasma membrane marker (green) in HepG2 cells. Colocalizations can be seen in
merged images. Inset on top shows the orthogonal view along the z-axis on the vertical line and inset on the right shows the orthogonal view along the z-axis of the horizontal line.
Black arrowheads indicate colocalized G6PC1 and Cav1 at the plasma membrane. Scale bar = 10 um. (H) Representative TIRF microscope images of G6PC1-mCherry (red) and
Cav1-GFP (green) at the plasma membrane of HepG2 cells. Colocalizations can be seen in merged images or in the panel showing the colocalized pixels. Manders coefficient (M1)
indicates the fraction of GGPC1 signal colocalized with Cav1 signal. Data are mean =+ s. e.m, n = 3. Scale bar = 10 um. See also Supplemental Video 2. (I) Representative confocal
microscopy image of primary hepatocyte immunolabelling, scale bar = 20 um. Higher magnification images of the part delimited by a dotted line square highlight endogenous
G6PC1 (red) and Cav1 (green) localized at the plasma membrane. Colocalizations can be seen in the merged image. Scale bar = 5 pm.
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protein Na/K ATPase and the amount of the plasma membrane protein
E-Cadherin were not changed by the Cav1 deficiency (Supplemental
Figs. 5E and F), indicating that the alteration of the G6PC1 localiza-
tion at the plasma membrane of the Cav1 ~/= Jiver was not due to a
general mislocalization of transmembrane proteins. Finally, we used
chimeric constructs of GBPC1 and Cav1 to study protein trajectories in
living cells. When overexpressed in the hepatoma cells HepG2, G6PC1
coupled to mCherry (G6PC1-mCherry) had the same localization
pattern as endogenous G6PC1 and colocalized with ER markers
(Supplemental Figs. 6A and B) and with Cav1 coupled to green fluo-
rescent protein (Cav1-GFP) (Figure 3A) as in the liver. Live cell imaging
showed that G6PC1-mCherry and Cav1-GFP moved within cells
(Figure 3B,C and Supplemental Video 1). Based on their net travelled
distance, we discriminated proteins exhibiting a directed motion (i.e.
following a trajectory) from proteins moving around the same position
over time. Only 3.5% of the G6PC1-mCherry trajectories exhibited
directed motion (Figure 3D, green trajectories and Figure 3F, grey bar).
More interestingly, about 30% of the total GGPC1-mCherry trajectories
were associated with Cav1-GFP trajectories (Figure 3F, black bar). The
directional movement of some of these trajectories suggested that both
proteins colocalized at the plasma membrane. Colocalization of
G6PC1-mCherry and Cav1-YFP with a plasma membrane marker
indeed demonstrated that few G6PC1 signals were localized at the
plasma membrane together with Cav1 (Fig. 3G). To better define this
localization, we used total internal reflection fluorescence (TIRF) mi-
croscopy, so as to restrict cell imaging to the vicinity of the plasma
membrane. Total internal reflection fluorescence microscopy imaging
illustrated that G6PC1-mCherry appeared transiently at the plasma
membrane (Figure 3H and Supplemental Video 2). Using the Manders
coefficient, we calculated that 21% of G6PC1-mCherry proteins
colocalized with Cavi-GFP at the plasma membrane (Fig. 3H).
Importantly, G6PC1 was also found colocalized with Cav1 at the
plasma membrane of mouse hepatocytes (Figure 3I,E).

3.5. Preventing G6PC1 from reaching the plasma membrane
reduces gluconeogenesis

Finally, we asked whether the capacity of G6PC1 to be transported at
the plasma membrane was associated with glucose production by
hepatocytes. To this end, we used dynasore, previously known as an
inhibitor of dynamins, but nowadays considered as a broad inhibitor of
vesicular pathways between the ER and PM [52] or between endo-
somes and the ER [53]. Noteworthy, the amount of GEPC1-mCherry
present at the PM, quantified by TIRF microscopy, was decreased by
70% in the presence of dynasore (Figure 4A—C). In parallel, we tested
whether the decrease in GGPC1 amount at the PM induced by dynasore
was capable of altering glucose production by hepatocytes. Dynasore
treatment decreased glucose production from primary hepatocytes
(Fig. 4D), without affecting total G6Pase activity assayed at Vmax
(Fig. 4E), as previously observed in Cavi /= hepatocytes
(Supplemental Fig. 4A). Importantly, this decrease in glucose pro-
duction depended on the inhibition of vesicle trafficking, since dyna-
sore treatment did not further decrease glucose production in
hepatocytes treated at 21 °C (Supplemental Fig. 7A). This decrease
was also independent of GLUT2, since dynasore treatment still
decreased glucose production from primary hepatocytes lacking the
GLUT2 transporter (Supplemental Fig. 7B). To specifically inhibit
G6PC1 release from the ER, we then used the retention using selective
hooks (RUSH) system [33]. RUSH is based on the reversible interaction
of a hook protein fused to core streptavidin and stably anchored in a
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chosen compartment with a protein of interest fused to streptavidin-
binding peptide (SBP). Biotin addition causes a synchronous release
of the protein of interest from the hook. In our experiment, we used the
human invariant chain of the major histocompatibility complex (li; a
type Il protein) stably present in the ER as a hook. This transmembrane
protein was fused to core streptavidin in its cytoplasmic region (Str_li).
In parallel, the cytoplasmic C-terminal part of GBPC1 was fused to SBP
and GFP (G6PC1-SBP-GFP) (Supplemental Fig. 8A). Chimeric proteins
were expressed from a single plasmid designed to induce a stochio-
metric overexpression of both constructs [33]. When overexpressed in
HepG2 cells in the absence of biotin, GBPC1-SBP-GFP proteins were
retained in the ER (Supplemental Fig. 8 B,C) and conserved G6Pase
activity (G6PC1-SBP-GFP 294 + 29 vs VSVG-SBP-GFP
0.00 £ 0.07 nmol/min/mg proteins). In the absence of biotin, the
G6PC1-SBP-GFP construct did not localize at the plasma membrane of
HepG2 cells (Fig. 4F). After the addition of biotin, GGPC1-SBP-GFP
proteins were released from the ER and found localized at the PM of
HepG2 cells (Fig. 4G). More importantly, the retention of G6PC1 in the
ER produced a 37% decrease in glucose production (Fig. 4H). Taken
together, our results demonstrate that the capacity of G6PC1 to reach
the PM controlled glucose production from hepatocytes.

4. DISCUSSION

Despite the relative low amount of caveolae in hepatocytes [54], Cav1
has recently emerged as an important regulator of liver function [24],
through the modulation of several molecular pathways including lipid
storage [27], mitochondrial biology [27], and liver regeneration [55]. In
particular, Cav1 has been suggested to play a crucial role in main-
taining hepatic lipid metabolism during adaptation to fasting [27]. Here,
we decipher a pathway implicated in HGP, depending on the capacity
of G6PC1 to be transported to the PM by a mechanism controlled by
Cav1. We clearly demonstrate that the absence of Cav1 leads to a
decrease in glucose production, resulting in a small accumulation of
G6P in hepatocytes. In agreement with our data, the specific sup-
pression of Cav1 in the liver leads to a decrease in plasma glucose
levels in the fasting state [27,56]. Moreover, we decipher the molec-
ular regulation of a vesicular pathway controlling HGP, the existence of
which was first suggested in Glut2~'~ mice 25 years ago but still
uncharacterized [21]. Using L. Glut2~/~ crossbred with Cavl~'~ mice,
we assess the relative roles of the Cavi-dependent and GLUT2-
dependent glucose production pathways. Interestingly, L.
Glut2~'~.Cav1~/~ mice develop the same phenotype as mice lacking
hepatic G6PC1 (L.GGpc*/* mice). The Cavi-and GLUT2-dependent
pathways can thus be considered as two major independent path-
ways enabling the release of “gluconeogenic” glucose from the liver.
Interestingly, Cav1 /= hepatocytes produced less glucose without a
proportional accumulation of intracellular glucose, suggesting that the
lack of Cav1 results in a decrease in glucose production at the level of
G6Pase. The discrepancy between the G6Pase activity assayed in vitro
at Vmax and the effective G6Pase activity occurring in situ, estimated
from glucose production, has already been suggested: several hy-
potheses involving lipid composition of the membrane [13] or mem-
brane fluidity were proposed to account for G6Pase substrate
specificity within the first seconds of the enzymatic reaction [57] and
for the stimulation of G6Pase activity by glucagon [19,20]. However, no
molecular mechanism accounting for these regulations has been
proposed yet. In this context, we demonstrate that the G6Pase capacity
to produce glucose depends on the trafficking of G6PC1 to the PM
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through a Cav1-dependent mechanism. We show that this mechanism
is specific to GBPC1 since the localization of other plasma membrane
proteins (Na/K ATPase and E-Cadherin) or of the other protein involved
in the G6Pase function (G6PT) was not changed in the absence of
Cav1. It is noteworthy that previous biochemical studies suggested that
an unidentified 21 kDa protein (which corresponds to the molecular
weight of Cav1) associated with ER membranes controls G6Pase ac-
tivity [58]. However, we failed to demonstrate that endogenous G6PC1
physically interacts with Cav1. This could be due to the difficulty to
detect the low proportion of GBPC1 interacting with Cav1 (around 20%)
in the liver. Biochemical studies hypothetically linked the structural
particularities of the membrane surrounding the G6Pase complex to its
capacity to produce glucose [59,60]. We might thus suggest that Cav1
promotes changes in lipid species in the vicinity of GGPC1, which could
facilitate its incorporation in the pathway of moving to the PM.

More importantly, we demonstrated that GBPC1 and Cav1 colocalized
at the PM of hepatocytes. We detected G6PC1 at the villi of the
basolateral membrane of hepatocytes, where the glucose transporter
GLUT2 exports glucose from the cell to the blood [61], and where Cav1
is localized [54]. We also detected G6PT at the PM. This location should
ensure the coupling of G6P transport to G6P hydrolysis (which is a
hallmark of G6Pase [62]), by delivering G6P to the G6PC1 catalytic site
profoundly buried in the membrane. In agreement with these data, a
small amount of G6Pase activity was previously suggested to be
associated with PM fractions of rat liver. The amount of G6PC1 present
at this site could directly control a substantial fraction of glucose
production. Consistently, we showed that cells produced more glucose
when G6PC1 was allowed to reach the plasma membrane than when it
was retained in the ER. We thus hypothesize that GGPC1 might couple
glucose production and subsequent release at the plasma membrane.
In conclusion, we provide here new evidence that hepatic G6Pase
activity is tightly controlled by its intracellular localization, via a process
depending on Cav1. We show that the transport of GBPC1 from the ER
to the PM is required for the full production of glucose in the fasting
state. It is noteworthy that these data document the previous ques-
tioning about the physiological sense of the presence of G6PC1 within
the ER membrane. Therefore, the mechanism described here provides
new knowledge in relation with HGP, which might be of prime
importance in situations of increased or under-repressed glucose
production, such as metabolic diseases and type 2 diabetes.
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