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Hepatic sialic acid synthesis modulates glucose
homeostasis in hoth liver and skeletal muscle

Jun Peng ""**, Liming Yu'%, Linzhang Huang "-°, Vivian A. Paschoal 2, Haiyan Chu "''°, Camila 0. de Souza?,

Joseph V. Varre®, Da Young Oh?2, Jennifer J. Kohler*, Xue Xiao °, Lin Xu®, William L. Holland >,
Philip W. Shaul "7, Chieko Mineo %7

ABSTRACT

Objective: Sialic acid is a terminal monosaccharide of glycans in glycoproteins and glycolipids, and its derivation from glucose is regulated by the
rate-limiting enzyme UDP-GIcNAc 2-epimerase/ManNAc kinase (GNE). Although the glycans on key endogenous hepatic proteins governing
glucose metabolism are sialylated, how sialic acid synthesis and sialylation in the liver influence glucose homeostasis is unknown. Studies were
designed to fill this knowledge gap.

Methods: To decrease the production of sialic acid and sialylation in hepatocytes, a hepatocyte-specific GNE knockdown mouse model was
generated, and systemic glucose metabolism, hepatic insulin signaling and glucagon signaling were evaluated in vivo or in primary hepatocytes.
Peripheral insulin sensitivity was also assessed. Furthermore, the mechanisms by which sialylation in the liver influences hepatic insulin signaling
and glucagon signaling and peripheral insulin sensitivity were identified.

Results: Liver GNE deletion in mice caused an impairment of insulin suppression of hepatic glucose production. This was due to a decrease in
the sialylation of hepatic insulin receptors (IR) and a decline in IR abundance due to exaggerated degradation through the Eph receptor B4. Hepatic
GNE deficiency also caused a blunting of hepatic glucagon receptor (GCGR) function which was related to a decline in its sialylation and affinity for
glucagon. An accompanying upregulation of hepatic FGF21 production caused an enhancement of skeletal muscle glucose disposal that led to an
overall increase in glucose tolerance and insulin sensitivity.

Conclusion: These collective observations reveal that hepatic sialic acid synthesis and sialylation modulate glucose homeostasis in both the liver
and skeletal muscle. By interrogating how hepatic sialic acid synthesis influences glucose control mechanisms in the liver, a new metabolic cycle

has been identified in which a key constituent of glycans generated from glucose modulates the systemic control of its precursor.
© 2023 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 a structural role to maintain membrane stability, and they facilitate

cell—cell communication acting as receptors, anchors for proteins

Sialic acid is a terminal monosaccharide of glycans that are covalently
linked with proteins or lipids to form glycoproteins and glycolipids.
The terminal sialylation of glycoproteins influences diverse aspects of
protein biology, including protein conformation and intracellular
transport, and cell surface receptor signal transduction [1—3]. Gly-
colipids, which are primarily localized on the plasma membrane, play

and regulators of signal transduction [4]. The key enzyme in sialic
acid production from glucose is the bifunctional UDP-N-acetylglu-
cosamine-2-epimerase/N-acetylmannosamine kinase (GNE), which
catalyzes two rate-limiting steps in sialic acid biosynthesis in the
cytosol [5—7]. The global inactivation of GNE by gene targeting
causes early embryonic lethality in mice, thereby emphasizing
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the fundamental role of the enzyme and sialylation during develop-
ment [8].

With the notable exception of albumin, the majority of circulating
proteins, which are primarily hepatic in origin, are glycosylated [9,10],
indicating that this form of post-translational modification is prevalent
in the liver. There are possible mechanistic links between hepatic sialic
acid production and sialylation and glucose homeostasis because the
glycans on key endogenous hepatic proteins governing glucose
metabolism, including the insulin receptor (IR) and glucagon receptor
(GCGR), are terminally sialylated [11—13]. Insulin action via hepatic IR
decreases gluconeogenesis and glycogenolysis and it increases
glycogenesis, and glucagon activation of hepatic GCGR promotes
glycogenolysis and gluconeogenesis and attenuates glycogenesis
[14,15]. The liver is also a key source of FGF21, which has a number of
actions that increase glycemic control [16], and hepatocytes are a
target of the effects of non-esterified fatty acids (NEFA) on glucose
metabolism [17]. It is entirely unknown whether sialic acid synthesis
and sialylation in the liver influence glucose homeostatic processes in
hepatocytes.

To fill the knowledge gap about hepatic sialic acid production and
sialylation and glucose control, in the present work we selectively
deleted GNE from the liver postnatally in mice. The resulting decrease
in hepatic sialic acid synthesis caused an impairment of insulin sup-
pression of hepatic glucose production, a blunting of hepatic GCGR
function, and an enhancement of skeletal muscle glucose disposal,
with a composite positive impact on global glucose tolerance and in-
sulin sensitivity. Additional experiments interrogated the underpinnings
of the changes in liver insulin and glucagon action and the role of
hepatocyte-derived FGF21 in the alterations in peripheral glucose
disposal. Recognizing that sialic acid biosynthesis begins with glucose
[1,18], the new findings reveal that there is a metabolic cycle
comprised of glucose conversion to sialic acid and sialic acid influence
on glucose homeostasis.

2. MATERIALS AND METHODS

2.1. Mouse models

Floxed GNE mice (GNE"™) were generated in which LoxP sites were
inserted into intron 2 and intron 3 of the Gne gene using a CRISPR-
Cas9-mediated genomic editing strategy as previously described [19].
Albumin-Cre mice (Stock No. 003574) were obtained from the Jackson
Laboratory, and FGF21™ mice were provided by Dr. Steven Kliewer
(University of Texas Southwestern Medical Center). All mouse strains
were on C57BL/6J background. The mice were housed in a specific
pathogen-free, temperature- and humidity-controlled animal facility at
22 °C under a 12-h/12-h light/dark cycle. All the breeders and weaned
pups were fed a standard chow diet. All animal experiments were
conducted in accordance with policies of the NIH Guide for the Care
and Use of Laboratory Animals, and they were approved by the
Institutional Animal Care and Use Committee (IACUC) of the University
of Texas Southwestern Medical Center (APN#2015-101173).

Male or female mice were fed a control diet (Research Diets; D12329,
with 11% kcal from fat) or a high fat diet (Research Diets; D12331,
with 58% kcal from fat) as indicated. For studies in lean mice, the mice
were fed the control diet and intravenously (IV) injected at 5 weeks of
age with 4 x 10" genomic copies per mouse of adeno-associated-
virus serotype 8 (AAV8) encoding thyroxine-binding globulin (TBG)
promoter-driven Cre recombinase to generate liver specific knockout
of GNE (GNE™%), FGF21 (FGF21"?) or both GNE and FGF21 (GNE-
K0.FGF211%0). Mice injected with AAV8-TBG expressing GFP instead of
Cre recombinase served as controls and were designated as wild-type

(WT) [20,21]. Experiments were performed two weeks following AAV8
injection. pAAV8-TBG-GFP (Addgene plasmid # 105535) and pAAV8-
TBG-Cre (Addgene plasmid # 107787), gifts from James M. Wilson,
were packaged into 293T cells by 3-plasmid transfection (Shuttle, Rep/
Cap, pAdDeltaF6 helper), and the AAV were precipitated by PEG and
purified by iodixanol density gradient at the Baylor College of Medicine
Gene Vector Core. To generate mice with constitutive liver-specific
GNE deletion, GNEM mice were crossed with Albumin-Cre mice.
GNE™™:Albumin-Cre and their GNE™" littermates were fed a control diet
post-weaning and experiments were performed at 15 weeks of age. To
evaluate the abundance and sialylation of the glucagon receptor
(GCGR), a flag- and myc-tagged GCGR was expressed in the liver using
AAV8-TBG-GCGR-Flag-Myc (Vector Builder). At 5 weeks of age GNE™™
mice were concurrently injected with 4 x 10" genomic copies per
mouse of AAV8-TBG-GFP and AAV8-TBG-GCGR-Flag-Myc, or AAV8-
TBG-Cre and AAV8-TBG-GCGR-Flag-Myc. Two weeks following AAV8
injection, the livers were harvested for further study. To evaluate the
effect of liver-specific GNE deletion on established HFD-induced insulin
resistance, beginning at 5 weeks of age, male GNE"™ mice were fed
with high-fat diet for 20 weeks and then injected with AAV8-TBG-GFP
or AAV8-TBG-Cre, and experiments were performed 2 weeks later.
Body weight, fat mass and lean body mass were measured by NMR
(Minispec NMR Analyzer, Bruker) in the afternoon, and body compo-
sition was expressed as the ratio of fat mass or lean mass to body
weight. For fasting and refeeding experiments, mice were fasted for
16 h overnight and then euthanized (fasted group) or refed with control
diet (Research Diets; D12329, with 11% kcal from fat) for an additional
4 h before euthanizing (refed group). To evaluate food consumption,
mice were placed in a clean cage, the amount of food was weighed at
10:00 AM on three consecutive days, and the consumption was
calculated in g/mouse/day.

Plasma insulin, glucagon, total GLP-1 and FGF21 were measured by
ELISA (ALPCO, Crystal Chem, Crystal Chem and Abcam, respectively).
Liver lipids were isolated using a chloroform-free method (Abcam)
according to the manufacturer’s instructions. Serum and liver tri-
glycerides and cholesterol were measured by colorimetric and fluo-
rometric methods (Thermo Scientific). Enzymatic colorimetric
methods were used to quantify plasma and hepatic free fatty acids
(FFA; FUJIFILM WAKO Chemicals), and plasma aspartate amino-
transferase (AST) and alanine aminotransferase (ALT) activity
(Sigma—Aldrich).

2.2. Glucose, insulin, glucagon and pyruvate tolerance tests (GTT,
ITT, GeTT and PTT)

To initially interrogate glucose regulation, GTT and ITT were employed.
In GTT the mice received an intraperitoneal (IP) injection of dextrose
(1 g/kg B.W.) after 6 h of fasting (9 AM to 3 PM), and blood was drawn
through tail-vein bleeding to measure glucose levels using a gluc-
ometer (Contour, Ascensia Diabetes Care US Inc) at 0, 15, 30, 60, 90,
and 120 min after dextrose injection. For ITT, 0.5 units/kg B.W. of
insulin (Humulin, Eli Lilly) was IP injected after 6 h of fasting, and blood
was drawn at 0, 15, 45, 90, and 120 min after insulin injection. In
GcTT, mice were IP injected with human glucagon (16 pg/kg B.W.)
after 6 h of fasting, and blood was drawn to measure glucose levels at
0, 15, 30, 60, 90, and 120 min after glucagon injection. In PTT, py-
ruvate sodium (2 g/kg B.W.) was IP injected to mice with 16 h fasting
(6 PM previous day to 10 AM), and blood was drawn to measure
glucose levels at 0, 15, 30, 60, 90, and 120 min after the injection. For
insulin secretion during GTT, blood was collected in a MicrovetteCB
tube (SARSTEDT AG & Co. KG) with lithium heparin through tail-vein
bleeding at the indicated time after dextrose injection.
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2.3. Hyperinsulinemic—euglycemic clamps

Hyperinsulinemic—euglycemic clamp studies were performed using
previously described methods [22,23]. Briefly, a catheter was surgi-
cally implanted in the right jugular vein and tunneled subcutaneously
and exteriorized at the back of the neck. After three to five days of
recovery, only mice losing less than 10% of their pre-cannulation
weight were used. The clamp experiments began with a constant
infusion (5 pCi/h) of D-[3—3H] glucose (PerkinElmer) in 6-h-fasted
mice. After 90 min of tracer equilibration and basal sampling, glucose
(50% dextrose) and tracer (5 Ci/h) plus insulin (10 mU/kg/min,
Humulin, Lilly) were infused into the jugular vein. Blood glucose was
measured by glucose strip (Contour, Ascensia Diabetes Care US Inc) at
10 min intervals. The steady-state conditions (120 mg/dl + 10 mg/dl)
were confirmed at the end of the clamp by maintaining glucose
infusion and blood glucose concentration for a minimum of 20 min.
Blood samples at time points —10, 0 (basal), 110, and 120 min (end of
experiment) were taken to determine glucose-specific activity, as well
as free fatty acid and insulin concentration. At the end of the clamp
period, the mice were euthanized and blood and tissue samples were
obtained. Tracer-determined rates were quantified using the Steele
equation for steady-state conditions. At steady state, the glucose
disposal rate (GDR) is equal to the sum of the rate of endogenous
hepatic glucose production (HGP) plus the exogenous glucose infusion
rate (GIR). The insulin-stimulated GDR (IS-GDR) is equal to the total
GDR minus the basal glucose turnover rate.

2.4. Insulin and glucagon signaling

To evaluate insulin signaling in the liver, mice fasted 6 h were IV
injected with vehicle (saline) or insulin. Five minutes later, the liver was
harvested and snap frozen in liquid nitrogen for later immunoblotting.
Comparable methods were employed to evaluate insulin signaling in
skeletal muscle. For glucagon receptor signaling in vivo, non-fasting
mice (9:00 AM) were IP injected with 1 mg/kg human glucagon
(Sigma) or vehicle saline, and liver tissue was collected 5 min later and
snap frozen in liquid nitrogen. cAMP levels in the liver were measured
by ELISA (Abcam) according to the manufacture’s alternative lysis
protocol. PKA activity was detected colorimetrically (ThermoFisher) and
phospho-PKA substrates were evaluated by Western blot.

2.5. Liver glycogen and glycogenesis

Liver glycogen content was measured as previously described [24,25].
In brief, liver tissue was placed in 1 N KOH for 20 min at 55 °C, an
aliquot of the alkaline extract (100 pL) was neutralized with 1 N HCI
(100 pb), and its pH was adjusted to 4.9 with 0.15 N sodium acetate
buffer (HAc-NaAc, pH 4.9, 200 pL). Then the acidified samples were
divided into two aliquots and incubated with or without amylglucosi-
dase (Sigma) for 1 h at 37 °C. The glucose concentration in the two
aliquots was quantified using hexokinase-based glucose assays
(ThermoFisher). The glycogen concentration was calculated by dividing
the difference in the glucose concentration between the
amyloglucosidase-treated and untreated samples by tissue weight.
Glycogenesis was determined by measuring [3H] 2-deoxy-p-glucose
(2-DOG) incorporation into liver glycogen during a GTT as previously
described [24—26]. After fasting for 16 h mice were IP injected with
20% dextrose and 2-DOG (2 g/kg; 10 pCi/mouse; Amersham Radio-
labeled Chemicals), and blood samples (15 pL) were collected into
MicrovetteCB tubes (SARSTEDT AG & Co. KG) from the tail vein at 0,
10, 20, 30, 60, 90 and 120 min, after which the mice were euthanized
and the tissues of interest were snap frozen in liquid nitrogen. To
determine the 2-DOG-specific activity in plasma, 3 pL of plasma was
deproteinized with 200 pL 0.55 M ice-cold perchloric acid (PCA) and
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centrifuged. 180 pL of supernatant was neutralized with 45 pL of
2.2 M KHCOs, and radioactivity was then measured in a scintillation
counter. The glucose-specific activity (GSA, degenerations/min/pg)
was calculated by dividing the radioactivity by the blood glucose
concentration, and the area under the curve (AUC) was integrated for
the duration of the experiment. To assess 2-DOG incorporation into
glycogen, frozen liver (60 mg) was homogenized in 500 puL 1 N KOH
and then digested for 20 min at 55 °C. Once dissolved, the extracts
were chilled on ice. One aliguot was used to measure the total
glycogen concentration as described above. A second 350 L aliquot
was added to 700 pL of prechilled 100% ethanol, and macromolecule
precipitation was performed for 2 h at —20 °C and followed by
centrifugation at 4000 x g for 20 min at 4 °C. After being washed
three times with 66% ethanol (—20 °C), the pellet was allowed to dry
and later dissolved in 100 pL of 1 N KOH for 20 min at 55 °C. The
digested glycogen was acidified with 0.15 N sodium acetate buffer as
described above. An aliquot was counted for [3H]-radioactivity, and the
remainder was measured for glycogen concentration after amyloglu-
cosidase treatment. The specific activity of glycogen (dpm/LLg glycosyl
units) was calculated by dividing the [3H]-radioactivity by the glycogen
concentration. The amount of 2-DOG incorporation into glycogen was
calculated by multiplying the specific activity of glycogen by tissue total
glycogen concentration divided by tissue weight. The rate of synthesis
from 2-DOG was calculated by dividing the amount of 2-DOG incor-
poration into glycogen by the AUC of the integrated glucose-specific
activity in the plasma during the GTT.

2.6. Pancreas immunofluorescence staining

Pancreas samples were fixed in phosphate-buffered saline (PBS)
containing 10% formalin for 24 h, embedded in paraffin, and sectioned
(5 um). The sections were deparaffined and rehydrated (xylene and
ethanol) and subjected to antigen retrieval [27] prior to incubation at
4 °C (overnight) with guinea pig anti-insulin (Abcam) or mouse anti-
glucagon (Abcam). The sections were then incubated at room tem-
perature with fluorochrome-conjugated secondary antibodies, which
were anti-guinea pig Alexa 546 (Invitrogen) or anti-mouse Alexa Fluor
633 (Invitrogen). Images were acquired using a confocal microscope
(Zeiss LSM880 Airyscan) and processed with NIH ImageJ.

2.7. Tissue glucose uptake

Tissue-specific glucose uptake was performed using 2-DOG as pre-
viously reported [26,28]. 2-DOG has been widely used as a tracer to
determine tissue glucose uptake because it is trapped inside the tis-
sues after phosphorylation in the form of [3H]-deoxyglucose-6-
phosphate (2-DOG-6-P). As described in Methods 2.5 above, a GTT
was performed in 16 h fasted mice with IP injection of 20% dextrose
and 2-DOG. The plasma and tissues were harvested, and the inte-
grated glucose-specific activity AUC was calculated. To determine
tissue accumulation of 2-DOG-6-P, tissues were weighed and ho-
mogenized in 1.2 mL of cold distilled water, and 800 pL of homog-
enate was transferred to 800 L ice-cold 1.1 M PCA. The sample was
centrifuged to remove precipitated protein, and 1.2 mL of the super-
natant was neutralized for 30 min with 300 pL 2.2 M KHCOs. The
precipitate was removed by centrifugation, and 1 mL of the super-
natant was divided in 500 pL aliquots. One aliquot was used to
determine total °H radioactivity, and the other was passed through an
anion exchange column (AG 1-X8 Resin; Bio-Rad) to trap 2-DOG-6-P.
The column was washed with distilled water, and the radioactivity in
the eluted volume was measured in a scintillation counter. The dif-
ference between total and eluted °H radioactivity represents accu-
mulated [*H]-2-DOG-6-P. To calculate [*H]-2-DOG uptake, the
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radioactive counts (degenerations/min) were divided by the integrated
glucose-specific activity AUC and the tissue weight.

2.8. Glucose production and signaling in primary hepatocytes

To investigate cell-autonomous mechanisms in the liver, experiments
were performed in primary hepatocytes. Male GNE"™ mice were
injected at 5 weeks of age with AAV8-TBG-GFP or AAV8-TBG-Cre, and
2 weeks later primary hepatocytes were isolated following 16 h fasting
according to published protocols [22,29], with minor modifications. In
preparation for primary hepatocyte isolation, Perfusion Buffer (calcium
and magnesium-free HBSS buffer with 0.5 mM EDTA and 25 mM
HEPES) and Digestion Medium (DMEM medium containing 1 g/L
glucose, 15 mM HEPES, 1% penicillin/streptomycin and 50 pg/mL
collagenase Il) were prepared before the perfusion. Mice were
anaesthetized by IP injection of ketamine (100 mg/kg), xylazine
(10 mg/kg) and acepromazine (2 mg/kg), and a peripheral venous
catheter (24 G x 0.75) was placed in the portal vein. Prior to colla-
genase infusion, the liver was perfused with Perfusion Buffer at a rate
of 3 mL/min via the portal vein after severing the inferior vena cava
(IVC). After the color of the liver changed to beige or light brown,
Digestion Medium was perfused over 5 min, clamping the IVC for 7—
10 s every minute. When the liver surface exhibited cracking and a
small indentation occurred with the touch of a cotton swab, the
perfusion was stopped and the liver was placed in ice-chilled Digestion
Medium. Then the liver was transferred into a biological hood and the
gallbladder was carefully removed. The liver sac was ruptured, and the
cells were gently released and suspended in Isolation Medium (DMEM
medium containing 4.5 g glucose/L, 15 mM HEPES, 2 mM glutamine,
0.1 uM dexamethasone, 1% penicillin/streptomycin and 10% FBS),
filtered through a 70 pum cell strainer, and centrifuged at 50 x g for
2 min at 4 °C. The cell pellet was washed with Isolation Medium twice
and then placed in Percoll (adjusted to physiological ionic strength) at a
final concentration of 36%, and centrifuged at 200 x g for 10 min. The
hepatocyte pellet was washed once with Isolation Medium, and then
cultured on collagen I-pre-coated plates in Culture Medium (DMEM
containing 1 g/L glucose, 2 mM glutamine, >1 mM sodium pyruvate,
5 mM HEPES, 10 nM dexamethasone, 1% penicillin/streptomycin and
10% FBS) at 37 °C in a humidified CO, incubator. After 4 h of
attachment the media was changed to warm serum-free Culture Media
(without FBS and dexamethasone but with 0.2% BSA). After overnight
culture, the hepatocytes were ready for study.

Hepatocyte glucose production was assayed using established
methods [30]. Hepatocytes were plated in 12-well plates with 2 x 10°
cells per well and cultured overnight in serum free media. Then the
cells were washed with Krebs-Ringer-Phosphate-HEPES (KRPH) buffer
(20 mM HEPES, 5 mM KH,P04, 1 mM MgS04, 1 mM CaCl,, 136 mM
NaCl, and 4.7 mM KCl, pH 7.4) containing 0.25% BSA to remove
glucose and amino acids present in the culture medium. The cells were
pre-incubated with 100 nM insulin (Sigma) or 30 nM glucagon (Sigma)
or both in a final incubation volume of 500 puL KRPH buffer. After
30 min, gluconeogenic substrates (20 mM lactate, 2 mM pyruvate,
10 mM glutamine) were added to initiate gluconeogenesis and the
cells were incubated for an additional 6 h. At the end of the incubation,
the culture media was collected for glucose concentration detection
using a hexokinase-based glucose assay (ThermoFisher) and for
mouse albumin detection by ELISA (abcam). The attached cells were
washed three times with cold PBS to remove BSA, dissolved in 1 N
KOH and neutralized with 1 N HCI, and protein content per well was
determined by BCA assay (ThermoFisher). Alternatively, cells were
dissolved in 500 L of TRIzol reagent (ThermoFisher) for RNA isolation
and the subsequent evaluation of gluconeogenesis gene expression.

Glucose production was normalized to total protein and expressed as
the fold increase from basal glucose output.

To assess signaling in response to insulin, glucagon or forskolin, the
cells were treated with 100 nM insulin (Sigma), 30 nM glucagon
(Sigma) or 20 pM forskolin (Sigma) in a final incubation volume of
500 pL KRPH buffer. After 15 min, the cells were washed with cold
PBS and harvested for homogenization in RIPA buffer supplemented
with protease and phosphatase inhibitor cocktail (ThermoFisher). Cell
lysates were subjected to immunoblotting or cAMP detection and
protein abundance was assessed by BCA assay. To determine the
effect of sialic acid supplementation, sialic acid (Sigma) was dissolved
in culture medium without serum, the pH was adjusted to neutrality
using 1 M NaOH, and the reagent was sterilized using a 0.22 pM filter.
Hepatocytes were cultured in medium containing 0.2% BSA and
0.2 nM insulin with or without 5 mM sialic acid added for 3 days. The
cells were then washed with KRPH buffer and subjected to insulin or
glucagon stimulation as described above.

To assess mechanisms impacting insulin receptor abundance, hepa-
tocytes were treated with the EphB4 inhibitor NVP-BHG712 (Sigma) at
10 nM in medium containing 0.2% BSA and 0.2 nM insulin for 24 h. In
additional studies cells were treated with vehicle or the proteasome
inhibitor MG132 (10 uM; Sigma), or with vehicle or the lysosome in-
hibitor NH4CI (5 mM) for 18 h. After treatment, insulin signaling was
evaluated or the cells were harvested for immunoblotting.

2.9. Glucagon binding assay in primary hepatocytes

The ability of glucagon to bind to the GCGR was evaluated by a
competitive binding assay using [125I]-glucagon in mouse primary
hepatocytes as previously described [31,32]. In brief, hepatocytes
were plated in 24-well plates with 1 x 10° cells per well and cultured
overnight in serum-free media including 0.25% BSA. The cells were
then washed with KRPH buffer containing 0.25% BSA, and incubated
in KRPH buffer with ['2°]-glucagon (100 pM, PerkinElmer) and varying
concentrations of unlabeled human glucagon (0.001 nM—10 uM,
Sigma) at room temperature for 3 h. Cells were washed three times
with ice-cold PBS and dissolved by 200 pL of 1 N KOH. After
neutralization with 200 pL of 1 N HCI, one aliquot was saved for protein
measurement and another was subjected to 2| quantification in a
gamma counter. Measurements with 10 uM unlabeled glucagon were
used to represent non-specific binding. Specific binding was deter-
mined by subtracting non-specific binding and expressed relative to
protein content, and disassociation curves were generated.

2.10. Western blotting, lectin blotting and immunoprecipitation
Tissue samples or primary hepatocytes were homogenized in RIPA
buffer (ThermoFisher) containing protease and phosphatase in-
hibitors (ThermoFisher). For western blotting, after SDS-PAGE the
proteins were transferred to PVDF membranes and incubated for 1 h
in 5% milk blocking buffer. The membranes were then incubated
overnight at 4 °C with primary antibodies, followed by incubation with
a horseradish peroxidase (HRP)-conjugated secondary antibody.
Detected proteins were quantified by densitometry using NIH Image J
software.

Lectin blotting was performed to detect sialic acid bound to galactose
in a-2,6 or «2,3 linkage, using sambucus nigra lectin (SNA) or
maackia amurensis lectin Il (MAL-Il), respectively, and to detect the
1,4 terminal galactose using erythrina cristagalli lectin (ECL). The
procedure mirrored that for western blotting, replacing the western
blocking buffer with carbo-free blocking buffer (Vector Lab), incubating
the membranes with biotinylated lectins (Vector Lab) overnight, and
then detection using an anti-biotin (HRP) second antibody (Vector Lab).
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Immunoprecipitation was conducted to evaluate either protein inter-
action between IR and proteins related to its degradation, or the sia-
lylation of IR or Flag-tagged GCGR in mouse liver. For
immunoprecipitation of IR, liver lysates were incubated with control IgG
or anti-IRP antibody (Santa Cruz) at 4 °C overnight. Protein A/G
magnetic beads (ThermoFisher) were added, followed by incubation at
room temperature for 1 h. The beads conjugated with precipitated
proteins were washed three times and collected, and then incubated
with Laemmli buffer at room temperature for 15 min to elute the
precipitated proteins. In select experiments, before the elution, the
beads conjugated with precipitated proteins were treated with 1000 U
of a2, 3, 6, 8-neuraminidase (NEB) in 50 pL of 1x GlycoBuffer (NEB)
for 24 h at 37 °C to remove the terminal sialic acid. Then western
blotting or lectin blotting was performed using the eluted proteins. For
immunoprecipitation of flag-tagged GCGR from liver samples, the flag-
tagged GCGR was eluted by adding Flag peptide (Sigma) as described
previously [33]. The sources of antibodies and reagents are provided in
the Supplementary Methods.

2.11. Quantitative RT-PCR (qPCR)

gPCR was performed using established methods [34]. Total RNA was
extracted from liver, skeletal muscle, adipose tissue, pancreas or
primary hepatocytes using a TRIzol-based method (ThermoFisher).
Following reverse transcription, gPCR was carried out using TagMan
Universal Master Mix (ThermoFisher) or SYBR Green Master Mix
(ThermoFisher) on a QuantStudio™ 7 Pro Real-Time PCR System
(ThermoFisher). Relative mRNA level was calculated by normalizing Ct
values to that observed for the housekeeping gene hypoxanthine-
guanine phosphoribosyltransferase (HPRT) with the 2AACt method.
The specificity of the PCR amplification was verified by melting curve
analysis of the final products using Design and Analysis Software
Version 2.6 (ThermoFisher). Primer sequences are provided in the
Supplementary Methods.

2.12. Statistical analysis

Statistical analyses were performed using Prism 9 (GraphPad soft-
ware) or 20.0 (IBM) SPSS (for Two-Way Repeated Measurement
ANOVA for four groups). Comparisons between two groups were done
by two-tailed unpaired Student’s t-test for data with normal distribu-
tion, and if variance was unequal, Welch’s correction was also used.
Unpaired Mann—Whitney tests were used to compare two groups for
data with non-normal distribution. Comparisons among three or more
groups were done with one-way or two-way analysis of variance
(ANOVA) with Tukey’s post-hoc test for data with normal distribution.
Such comparisons were done using Brown-Forsythe and Welch ANOVA
tests with Dunnett’s T3 multiple comparisons test for data with un-
equal variance. For comparison between groups with repeated mea-
sures, a two-way repeated measures ANOVA was used, followed by
Sidak’s or Bonferroni multiple comparisons tests. Data are expressed
as mean + SEM, and P < 0.05 was considered statistically significant.

3. RESULTS

3.1. Liver GNE deletion increases systemic glucose tolerance

To investigate how sialic acid synthesis in the liver influences glucose
homeostasis, we generated floxed GNE mice (GNE"™ (Figure S1A and
B), and at 5 weeks of age injected them with AAV8 encoding a liver-
specific promotor (thyroxine-binding globulin, TBG) driving Cre
recombinase to yield mice selectively deficient in liver GNE (GNE-XC).
GNE™" injected with AAV8 expressing GFP served as controls (GNE"T).
At 2 weeks following virus injection, transcripts for Cre and GFP were
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exclusively detected in liver (Figure S1C and D), and in GNE-? mice
GNE mRNA and protein levels were decreased 85% and 99% in the
liver, respectively, and unchanged in white adipose tissue (WAT),
skeletal muscle, and pancreas (Figure STE—J). Plasma ALT and AST
were unaffected by liver GNE deletion (Figure S1K and L), indicating
that the loss of GNE does not cause significant hepatocyte injury. As
expected, in GNE-® mice lectin-based analysis using the o2, 6-sialic
acid-specific lectin SNA and the a2, 3-sialic acid-specific lectin MAL-II
showed reductions in the sialylation of liver and plasma proteins
(Figure S2A and B). In parallel, p1,4-galactose-specific lectin ECL
blotting showed increased exposure of the terminal galactose on liver
and plasma protein glycans. Thus, the sialylation of liver-derived
proteins was effectively decreased by hepatic GNE deletion.

Two weeks following virus injection in male chow-fed GNEYT and
GNE™O mice body weights and body composition were comparable
(Figure 1A and B). However, in GNE™® mice fasting glucose was
decreased, and glucose tolerance tests (GTT) and insulin tolerance
tests (ITT) revealed enhanced glucose and insulin tolerance
(Figure 1C—E). The increased glucose tolerance was not related to a
change in pancreatic insulin secretion (Figure 1F), and female GNEXC
mice displayed the same changes in fasting glucose, GTT and ITT
without alterations in body weight or body composition (Figure S3A—
E). A parallel phenotype was also observed in male mice in which liver
GNE deficiency was generated by crossing GNE"™ mice with mice
expressing Cre recombinase under the control of the albumin
enhancer/promoter (Alb-Cre) (Figure S3F—J). Furthermore, when the
durability of the enhancement in glucose and insulin tolerance with
liver GNE deletion was evaluated in male GNE™XC mice, it persisted for
at least 12 weeks and food consumption was unaltered over that time
period (Figure S3K—R).

Having found that liver GNE deletion increases glucose tolerance in
chow-fed lean mice, we determined how the manipulation impacts
glucose control in mice with established glucose and insulin intoler-
ance. Following high fat diet (HFD) feeding for 20 weeks, GNE™ mice
received either AAV8-TBG-GFP or AAV8-TBG-Cre (Figure 1G). At
baseline, the mice assigned to the two study groups had comparable
body weight, fasting glucose and GTT (Figure 1H, J, and K). Two weeks
following AAV-TBG-Cre injection, without changing body weight or
body composition (Figure 1H and I), liver-specific GNE deletion lowered
fasting glucose and improved HFD-induced glucose intolerance and
insulin resistance (Figure 1J—L). Following hepatic GNE silencing,
fasting insulin was also lowered in the HFD-fed mice, and relative
pancreatic insulin output in response to a glucose load was unaltered
(Figure 1M). Thus, hepatic GNE silencing reversed glucose intolerance
and insulin resistance in HFD-fed mice. Collectively these findings
indicate that the attenuation of sialic acid production in the liver en-
hances overall glucose tolerance and insulin sensitivity in the setting of
either standard diet feeding or established HFD-induced insulin
resistance.

3.2. Liver GNE deletion blunts hepatic insulin sensitivity by
increasing IR degradation

To further evaluate tissue-specific insulin sensitivity, hyper-
insulinemic—euglycemic clamp studies were performed in chow-fed
GNE"" and GNE-® male mice. The amount of exogenous glucose
required to maintain euglycemia (glucose infusion rate, GIR) was
similar in the two groups (Figure 2A), and insulin suppression of he-
patic glucose production (HGP), which reflects hepatic insulin sensi-
tivity, was impaired in GNE™O mice (Figure 2B and C). Having found
decreased hepatic insulin sensitivity, we evaluated possible alterations
in insulin signaling. The phosphorylation of insulin receptor B (IRp),
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Figure 1: Hepatocyte-specific deletion of GNE improves glucose tolerance and insulin sensitivity. A, B. Male GNE"™ mice were injected with control AAV8-GFP or AAV8-Cre
at 5 weeks of age, and fed control diet for 2 weeks. Body weights (A, N = 8/group), and lean and fat mass (B, N = 8/group). C. Plasma glucose concentrations after 6 h fast
measured at baseline and 2 weeks post AAV8 injection (N = 9,10/group). D. Glucose tolerance tests (1 g/kg glucose) after 6 h fast, 2 weeks post AAV8 injections (N = 15,16/
group). E. Insulin tolerance tests (0.5 U/kg insulin) after 6 h fast, 2 weeks post AAV8 injections (N = 15/group). F. Insulin secretion during GTT was measured in mice after 6 h fast
(N = 8/group). G—M. After 20 weeks on HFD, male GNE"™ mice were injected with control AAV8-GFP or AAV8-Cre, and fed HFD for additional 2 weeks (G). Body weights measured
at baseline and 2 weeks post AAV8 injection (H, N = 8/group) and body composition (I) measured 2 weeks post AAV8 injection (N = 8/group). J. Plasma glucose concentration after
6 fast measured at baseline and 2 weeks post AAV8 injection. (N = 8/group). K. Glucose tolerance tests (1 g/kg glucose) after 6 h fast at baseline and 2 weeks post AAV8
injections. (N = 8/group). L. Insulin tolerance tests (0.5 U/kg insulin) after 6 h fast, 2 weeks post AAV8 injections (N = 8/group). M. Insulin secretion during GTT measured in mice
after 6 h fast (N = 8/group). Data are represented as mean + SEM. Significance was determined by unpaired two-tailed Student’s t test (A, B, I), two-way ANOVA with Tukey’s
multiple comparison test (C, H, J), two-way repeated measures ANOVA with Sidak’s multiple-comparison analysis (D—F, K—M). In D, E and L the p values are shown for
comparisons at individual time points between the two study groups. In K, p values are shown for comparisons at a given time point between the two study groups tested at 2
weeks post-AAVS8 injection. In M, p values are shown for the comparison between the two study groups at baseline (0 min), and for the findings over the entire 30 min.

Akt, and GSK-3a/P in the liver at the end of the clamp was decreased  abundance of insulin receptor subunits o and  (IRe and IRp), which
in GNE"® mice (Figure 2D and E). The attenuated signaling down-  occurred in the absence of a change in the abundance of the precursor
stream of the insulin receptor was related to a decrease in the of insulin receptor (Pro-IR) or in IR mRNA expression (Figure 2D—F).

6 MOLECULAR METABOLISM 78 (2023) 101812 © 2023 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

I

D
c GNEWT  GNEWo
100 g 100 Pro-R | ! |
£ @ i ;
g % 3 o IRG [ 4 s :
£ o |
2% 2x 01 L
g 4 a  -50- . T :
= o IRBTY" ’.- ——— — ‘
x 20 G -100- e I
U] I . ' .
0 150- pAktse"73| —— |
Basal Clamp t+
L
.
[ GNEYT PGSK3- | il
E § § F - GNELK0 a/pserﬂls :
- < 2 L
25 8 =2 5 GSK-30IB | s s s
g = 8 3 _ }
s 2.0 v o = [0F: 113 155 {1 B S S ——
£ . X g
8 16 ° <
€1 e E
©
L :
2o, IP: IRB IP: IR
I GNEWT GNELKO J +NA
| ¥
< Pro-IR o

Q

. ‘ & 8
IB:IRs # < Ra § & <
H SRREEE < g & &
G 0.0171 i —— e ————
WT GNELKO §
GNE 0.0007 IB: SNA < IRa — ¢ Pro IR
Veh Ins_ Veh Ins = 50 lectin © ! RS BRzzzzz iIRa
2 3 " 1 —————
IR l-‘--u--nh‘-.._._.....-.l 5 a1 = - - Rp
= 30 IB: MAL-II | <R M
- T | —— v — — — — 0 . IB: ECL "
B actln[ I § 20 lectin "n toctin : L emee e Ra
pAktsers73  _ciad ‘ g 10 E ™ L - 1<IRB

IB: ECL'""!!! ;.Ra

lectin | IRB

P L 0=
tAktl- | Insulin - + - +

Figure 2: Hepatocyte-specific deletion of GNE decreases insulin receptor (IR) sialylation and protein levels, and impairs IR signaling in the liver. A—C. Male GNE"" mice

were injected with control AAV8-GFP or AAV8-Cre at 5 weeks of age, and fed control diet for 2—4 weeks. Hyperinsulinemic—euglycemic clamps were performed, and glucose
infusion rate (GIR, A), hepatic glucose production (HGP, B) and HGP suppression rates (C) were measured (N = 10,11/group). D, E. After the clamp, livers were isolated, and
expression of IR precursor (Pro-IR), IRe. and IRB, phosphorylation of IRB-Tyr1146, Akt-Ser473 and GSK3c/B-Ser21/9 were assessed by immunoblot (D). E. Quantitation by
densitometry (N = 8—11/group). F. Insulin receptor (IR) mRNA expression in the liver by gRT-PCR (N = 12/group). G—H. Two weeks post AAV8 injection, mice were injected with
vehicle (PBS) or insulin (2 U/kg, 5 min), and liver Akt-ser473 phosphorylation and insulin receptor expression were assessed by immunoblot (G). H. Quantitation by densitometry for
phosphorylated Akt (N = 6/group). I. Insulin Receptors (IR) were immunoprecipitated from liver lysate, and IR sialylation and galactosylation were assessed by SNA-lectin, MAL-II
lectin or ECL-lectin blotting. Findings for 3 samples per group are shown. J. Separate sets of immunoprecipitated IR were treated with neuraminidase (NA), and its electromobility
and terminal galactosylation were assessed by IRe/IRp immunoblot and ECL-lectin blot. Findings for 2 samples per group are shown. Data are represented as mean + SEM.
Significance was determined by unpaired two tailed Student’s t test (A, Pro-IR and IR in E, F), unpaired two tailed Student’s t test with Welch’s correction (C, IR, pIRB, pAkt and

pGSK3 in E) and two-way ANOVA with Tukey’s multiple comparison analysis (B, H).

Likewise, in studies of acute in vivo responses to insulin, accompa-
nying the loss of IR in the livers of GNEKC mice, Akt phosphorylation in
response to insulin was attenuated (Figure 2G and H).

Both IRo. and IR are glycosylated, and cell culture studies indicate that
modifications in the glycans play a critical role in maintaining insulin
receptor abundance and subcellular localization [11,35—38]. To
assess the contribution of GNE and sialylation to IR glycan structure
in vivo, IRP was immunoprecipitated and gel electrophoresis and lectin
blotting were performed. In the livers of GNE-? mice, both IRa: and IRB
displayed increased mobility in the gel electrophoresis, o2,6-linked
sialylation and «2,3-linked sialylation were both decreased, and in
parallel there was greater detection of terminal galactose (Figure 2lI).
After removal of the terminal sialic acid by neuraminidase treatment of
immunoprecipitated IR, GNE-*C IR and GNEWT IR subunits migrated at
an identical molecular mass and terminal galactose detection was
comparably increased (Figure 2J). This indicates that the observed

differences in IR protein size with GNE deficiency relate to altered
sialylation.

To evaluate whether the demonstrated alterations in IR function are
hepatocyte-autonomous, we studied primary hepatocytes isolated
from GNE"T and GNE™X® mice. Protein hyposialyation was observed in
the hepatocytes from GNEX? mice (Figure $2C), IRo. and IRB molecular
weight and abundance were decreased (Figure S4A and B), and
insulin-stimulated phosphorylation of IRP, Akt and GSK-3 was blunted
(Figure SAC—F). The treatment of GNE- hepatocytes with sialic acid
normalized not only the molecular weight and abundance of IRa and
IRB, but also insulin activation of IRB phosphorylation (Figure S4G—J).
These collective findings indicate that in GNE™ liver, hyposialylation
of IR and IRP results in a decrease in the abundance of the proteins,
leading to the attenuation of insulin action in hepatocytes.

We further determined how hyposialylation causes the decrease in
insulin receptor abundance in hepatocytes. Since the abundance of
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Pro-IR was not changed by GNE silencing in the liver (Figure 2D and E,
Figure S4A and B), indicating that the maturation of IR was not
impacted by hyposialylation, the degradation of the receptor was
evaluated. IR was immunoprecipitated from liver lysates from GNEWT
and GNEC mice, and the ubiquitination of IRe. and IR was evaluated.
The loss of GNE did not alter IRo. or IRB ubiquitination (Figure S4K). The
possible role of altered proteasomal degradation was also interrogated
in primary hepatocytes. Treatment with the proteasome inhibitor
MG132 did not change the abundance of IRo. or IR in GNE-C he-
patocytes (Figure S4L—N). Thus, the loss of hepatic IRe and IR in the
setting of hyposialylation is not due to changes in proteasomal
degradation of the receptor subunits. A second mode of insulin re-
ceptor degradation involves the tyrosine kinase receptor Eph receptor
B4 (EphB4). In hepatocytes, insulin causes an increase in EphB4 direct
interaction with the insulin receptor to recruit it to the adaptor protein 2
(Ap2) complex to promote clathrin-mediated endocytosis and degra-
dation of the receptor in lysosomes [39]. Aithough GNEK? and GNE"T
livers have equal abundance of EphB4, clathrin and the Mu 1 subunit of
the Ap2 complex (Ap2M1), the immunoprecipitation of IRB from
GNEC Jiver yielded 2-fold or greater coimmunoprecipitation of EphB4,
clathrin and Ap2M1 (Figure 3A—C). In addition, the treatment of
GNE™© hepatocytes with the small molecule inhibitor of EphB4, NVP-
BHG712 (NVP), caused the recovery of IRa. and IR abundance to the
levels normally found in GNEWT hepatocytes, without affecting their
molecular weights (Figure 3D—F). In parallel, the inhibition of lyso-
somal degradation with NH4CI also rescued normal abundance of IRa.
and IRB (Figure 3G—I). Therefore, with GNE deletion there is a
decrease in hepatic insulin sensitivity, and it is due to hyposialylation of
the insulin receptor, which leads to its enhanced degradation by EphB4
and a resulting decline in insulin signaling.

3.3. Liver GNE deletion attenuates hepatic GCGR action by
decreasing affinity for glucagon

Having found that changes in hepatic insulin sensitivity do not explain
the enhancement of global glucose tolerance observed with liver GNE
silencing, we evaluated possible alterations in glucagon action.
Changes in glucagon receptor function in particular were sought when
it was determined that in GNE'*C mice serum glucagon levels are
increased by 11-, 18-, and 9-fold after feeding, 6-hours fasting or 16-
hours fasting, respectively (Figure 4A and Figure S5A). The plasma
level of GLP-1, a hormone produced by proglucagon through pro-
hormone convertases [40,41] was also increased 2-fold in GNE-XO
mice (Figure S5B). Pancreas weight, immunofluorescence for
glucagon-producing . cells, and glucagon gene (Gcg) expression were
additionally markedly increased in GNE™ mice (Figure S5C—F). Since
these findings mirror the phenotype of GCGR knockout mice [42—44],
we determined if liver GCGR function is altered in GNE™® mice by
performing glucagon tolerance tests (GcTT). Whereas blood glucose
rose rapidly in response to exogenous glucagon in GNE"T mice,
GNE™O mice failed to exhibit a response (Figure 4B). Responses to
GCTT were also absent in female GNE-*C mice and in male GNE"
fl-AIbumin Cre mice (Figure S5G and H). Thus, GNE deletion causes an
attenuation of glucagon action in the liver, and there is a compensatory
increase in pancreatic glucagon production.

To determine the basis for the loss of glucagon action with liver GNE
silencing, GCGR signaling was studied. In non-fasting GNE-® mice
glucagon failed to elicit increases in hepatic CAMP, PKA activation and
PKA substrate phosphorylation (Figure 4C—F), and there was a
compensatory upregulation in GCGR transcript abundance (Figure 4G).
In parallel, in primary hepatocytes from GNE-® mice glucagon stim-
ulation of cAMP production and PKA substrate phosphorylation was

attenuated (Figure 4H—J), indicating that the effect of GNE deficiency
on glucagon signaling in hepatocytes is cell-autonomous. Knowing that
GCGR are G protein-coupled to adenylyl cyclase [45], the process in
receptor action altered by GNE deficiency was evaluated by interro-
gating the direct response of adenyl cyclase to forskolin [45,46]. CAMP
production and PKA substrate phosphorylation in response to forskolin
were identical in GNE™XO and GNEW" hepatocytes (Figure 4K—M).
Strengthening the evidence that hyposialylation is the basis for the
impairment in glucagon action in the setting of GNE silencing, treat-
ment with sialic acid normalized glucagon-induced cAMP production
and PKA substrate phosphorylation in GNEKO primary hepatocytes
(Figure 5A—C). These findings indicate that the loss of GNE adversely
impacts GCGR function and not processes distal to the receptor.

To determine the basis for hepatic GCGR dysfunction, using AAV8, a
flag- and myc-tagged GCGR was expressed in vivo in the livers of
GNE"" or GNE™XO mice. A decrease in GCGR molecular weight was
observed in GNEXC liver without affecting the abundance of the tagged
receptor (Figure 5D and E). Using the flag-tag to isolate the GCGR, SNA,
MAL-Il and ECL lectin blotting all revealed a marked reduction in GCGR
sialylation in GNE™*C liver (Figure 5F). To then interrogate the basis for
GCGR dysfunction related to hyposialylation, competitive binding as-
says were performed on primary hepatocytes from GNEV" and GNEC
mice after the hepatocytes were treated with either vehicle or sialic
acid (Figure 5G). Bmax revealed that GCGR density is similar in GNEV
and GNE"O hepatocytes, and also not affected by the provision of
exogenous sialic acid (Figure 5H). However, Kd was 10-fold greater in
GNE™O versus GNE"T hepatocytes in the absence of sialic acid, and it
was normalized in GNE-® hepatocytes by the provision of exogenous
sialic acid (Figure 5I). These collective observations reveal that GNE
deletion in the liver causes hyposialylation of the GCGR, which does not
alter receptor abundance but instead decreasing the affinity of the
GCGR for glucagon, leading to the attenuation of glucagon action.

3.4. Liver GNE deletion alters liver glucose production and storage
Having found that both insulin and glucagon action in the liver are
decreased by GNE silencing, the cumulative impact of GNE deletion on
hepatic glucose production and storage was interrogated. To evaluate
gluconeogenesis, pyruvate tolerance tests (PTT) were performed, and
they revealed that gluconeogenesis from pyruvate is reduced in GNE-
mice after 16 h fasting (Figure 6A). In parallel, the key enzymes in
gluconeogenesis, glucose-6-phosphatase (Gépc) and phosphoenolpyr-
uvate carboxykinase (PEPCK, Pck1) were downregulated in the livers of
fasting GNE-C mice compared to fasting GNE"" mice (Figure 6B and C).
These findings may be related to the loss of glucagon action in GNEC
liver. Interestingly, the suppression of G6pc and Pck1 expression in
response to refeeding was also attenuated with liver GNE silencing
(Figure 6B and C), possibly reflecting the decreased responses to insulin
observed in the GNEX? liver. Plasma non-esterified fatty acid (NEFA)
levels were similar in GNE" and GNE-*® mice under both fasting and
fed conditions (Figure 6D), indicating that changes in gluconeogenesis
are not due to alterations in NEFA modulation of the process.

To evaluate glucose storage, liver glycogen content was measured, and
it was decreased in GNE™C mice after GTT and under both fasting and
fed conditions (Figure 6E and F). To evaluate if this is related to lower
glycogenesis, 3H-2-deoxy-g|ucose (2D0G) incorporation into glycogen
and glycogen synthesis rate were determined (Figure 6G and H), and
they were both lower in GNE™C mice. In addition, the upregulation of
glucokinase with feeding was attenuated with liver GNE silencing,
resulting in decreased glucose-6-phosphate for glycogenesis (Figure 41).
These findings related to glycogenesis likely reflect the marked decrease
in hepatic insulin signaling observed in the GNE-*C mice.
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Figure 3: Hepatocyte-specific deletion of GNE promotes the IR degradation in the liver. A—C. Male GNE"" mice were injected with control AAV8-GFP or AAV8-Cre at 5
weeks of age, and fed control diet for 2 weeks. Mice were fasted for 16 h followed by 4 h refeed, the livers were isolated and the abundance of IRs, EphB4, Clathrin and AP2M1
were assessed by immunoblot after IR immunoprecipitation or in whole liver lysates (A). Quantitation by densitometry in the whole liver lysates (B, N = 6—9/group) or after IR
immunoprecipitation (C, N = 8/group). D—I. Male GNE™™ mice were injected with control AAVS-GFP or AAVS-Cre at 5 weeks of age, and fed control diet for 2 weeks, and primary
hepatocytes were isolated. The cells were treated with/without 10 nM EphB4 inhibitor NVP (D—F) for 24 h, or with/without 5 mM lysosome inhibitor NH4CI for 18 h (G—I). The
expression of IRe. and IRP were assessed by immunoblot (N = 6/group). Quantitation of immunoblots by densitometry is shown in E, F, H, and I. Data are represented as
mean + SEM. Significance was determined by unpaired two tailed Student’s t test (B and Clathrin in C), unpaired two tailed Student’s t test with Welch’s correction (EphB4 and
Ap2M1 in C) and one-way ANOVA with Tukey’s multiple comparison analysis (E—F, H—I).

To evaluate if the changes in glucose production and storage with
hepatocyte GNE loss are cell-autonomous, the release of glucose from
isolated hepatocytes was interrogated. In wild-type cells glucose
release and G6pc and Pckl1 expression were all upregulated by
glucagon, and the responses to glucagon were attenuated by con-
current cell treatment with insulin (Figure 6J—L). In contrast, the ef-
fects of glucagon and insulin were lost in hepatocytes from GNE-KC
mice. Albumin secretion was unaffected by GNE-deficiency
(Figure 6M), indicating that the overall function of the hepatocytes

was unaltered. The combination of in vivo and ex vivo observations
indicate that the inhibition of sialic acid synthesis in the liver alters both
glucose production and storage in hepatocytes.

Considering that insulin and glucagon regulate hepatic lipid meta-
bolism [47,48], an impact of liver GNE deletion on plasma and liver
lipids was investigated. In the ad libitum fed state plasma levels of
triglyceride (TG) were decreased by 41% in GNE-? mice, and plasma
levels of NEFA and total cholesterol (TC), and hepatic TG, TC and NEFA
abundance were unchanged (Figure 6D and Figure S6A—E). In the
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AAV8-Cre at 5 weeks of age, and fed control diet for 2 weeks. Plasma glucagon levels in fed mice (N = 8/group). B. Glucagon tolerance tests (16 pg/kg glucagon) were performed
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phosphorylation of PKA substrates (E, F) in the liver were evaluated (N = 6/group). G. GCGR mRNA expression in the liver by gRT-PCR (N = 12/group). H—J. Male GNE"™ mice were
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(30 nM) for 15 min. Cellular cAMP levels were measured (H, N = 6/group) and phosphorylation of PKA substrates was also assessed by immunoblot (I, 3 samples per group are
shown). Quantitation of immunoblots is shown in J (N = 3/group). K—M. Primary hepatocytes were treated with vehicle or 20 LM forskolin for 15 min, the cellular cAMP production
was measured (K, N = 3/group) and the phosphorylation of PKA substrates were assessed by immunoblot (L). Quantitation of immunoblots by densitometry is shown in M (N = 3/
group). Data are represented as mean + SEM. Significance was determined by unpaired two-tailed Student’s t test with Welch’s correction (A, G), or two-way ANOVA with Tukey’s
multiple comparison test (C, D, F, H, J—K and M), or by two-way repeated measures ANOVA with Sidak’s multiple comparison test (B).
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Figure 5: Hepatocyte-specific deletion of GNE attenuates glucagon receptor sialylation and it affinity to glucagon. A—C. Male GNE™™ mice were injected with control

AAV8-GFP or AAV8-Cre at 5 weeks of age and fed control diet for 2 weeks. Primary hepatocytes were isolated and cultured for 24 h, and pretreated with/without 5 mM sialic acid
for 3 days followed by 15 min of glucagon (30 nM) treatment, and the cellular cAMP levels (A, N = 6/group) were measured and phosphorylation of PKA substrates was assessed
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(N =8—11). E. Following GTT in mice after 16 h fast, glycogen levels in the liver were measured (N = 8,7/group). F. Liver glycogen levels in fed mice or mice after 6 h or 16 h fast
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fasted state, plasma TG levels were similar between GNEWT and
GNEKO mice, and after acute refeeding TG levels were reduced 55% in
GNE'® compared to GNE"™ mice (Figure S6F). Plasma NEFA and TC
and hepatic TG, TC and NEFA levels were not altered by liver GNE
deletion during fasting or refeeding (Figure S6G—K). Thus, the primary
observation for liver lipid metabolism was that the inhibition of sialic
acid synthesis decreases plasma TG levels in the fed state.

3.5. Liver GNE deletion promotes peripheral insulin sensitivity by
increasing FGF21 production

Along with revealing alterations in glucose homeostasis in the liver in
GNE™O mice, the hyperinsulinemic-euglycemic clamps indicated that
both the glucose disposal rate (GDR) and the insulin-stimulated
glucose disposal rate (IS-GDR), which primarily reflects skeletal
muscle insulin sensitivity, were increased in the GNE™C mice
(Figure 7A and B). In addition, 2-DOG uptake during a GTT was
increased in extensor digitorum longus (EDL) and soleus muscle in
GNE™® mice (Figure 7C), and at the end of the clamp the phosphor-
ylation of IR, Akt, and GSK-3o/f3 in soleus was increased (Figure 7D
and E). In contrast, in white adipose tissue (WAT) at the end of the
clamp insulin suppression of lipolysis and IRP, Akt, and GSK-3a/3
phosphorylation were similar in GNEY" mice and GNE“*C mice
(Figure S7A—D). Therefore, insulin sensitivity was unchanged in WAT
and increased in skeletal muscle in GNE™© mice.

Seeking an explanation for how alterations in sialic acid biosynthesis in
the liver impact skeletal muscle insulin sensitivity, plasma levels of
fibroblast growth factor 21 (FGF21) were measured, and under both
fasting and fed conditions FGF21 was markedly elevated in GNE-C
mice (Figure 7F). This was related to a 3.3-fold increase in FGF21
mRNA selectively in the liver (Figure 7G). There was an accompanying
39% decrease in the forkhead box protein 01 (FoxO1) protein abun-
dance and a loss of insulin-induced phosphorylation of FoxO1
(Figure S8A—C), possibly explaining why FGF21 was upregulated
[49—51]. Expression of the FGF21 receptor (FGFR1) and co-receptor
[3-Klotho (KLB) were unaltered in various target tissues of FGF21 ac-
tion (Figure S9A and B). To determine if the upregulation of hepatic
FGF21 production underlies the increase in muscle insulin sensitivity in
GNEKO mice, liver FGF21 was silenced concurrently with liver GNE.
Compared to control mice (GNE"") and mice deficient only in liver GNE
(GNE™%), plasma FGF21 levels were predictably minimal in mice
lacking only liver FGF21 (FGF21"K°) or both hepatic GNE and FGF21
(GNE-*0;FGF211%C) (Figure 7H). Without changes in body weight, body
composition or food consumption (Figure S9C—E), blood glucose was
normalized by 63% and there was reversal of the enhanced skeletal
muscle glucose uptake and insulin signaling in GNE-® mice with
concurrent liver FGF21 silencing (Figure 71—L). Whereas GCTT were
not normalized in GNE-*C;FGF21° mice (Figure 7M), changes in GTT
and ITT with liver GNE deletion were negated with simultaneous loss of
liver FGF21 (Figure 7N and 0). Thus, in addition to decreasing hepatic
insulin sensitivity and glucagon action, liver GNE deletion promotes
skeletal muscle insulin sensitivity and glucose disposal by increasing
hepatic FGF21 production. Recognizing that the composite effect of
liver GNE silencing is a global increase in glucose tolerance and insulin
sensitivity, these findings have revealed multiple mechanisms in the
liver by which sialic acid influences glucose control.

4. DISCUSSION
Although glycosylation is a major mode of post-translational modifi-

cation of proteins [52] and lipids [4], little is known about how the
process influences systemic metabolic processes. There are possible
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mechanistic links between sialic acid production and protein sialylation
in the liver and glucose homeostasis because the glycans on key
hepatic proteins governing glucose metabolism, including the insulin
receptor (IR) and glucagon receptor (GCGR), are terminally sialylated
[11—13]. However, it has been entirely unknown whether sialic acid
production and the process of sialylation in the liver influence glucose
homeostasis. To fill that knowledge gap we deleted UDP-N-acetyl-
glucosamine-2-epimerase/N-acetylmannosamine kinase (GNE), the
rate-limiting enzyme in sialic acid production from glucose, selectively
from the liver in mice. The resulting decrease in hepatic sialic acid
production and sialylation caused an attenuation of insulin action in the
liver related to a decline in IRe. and IRP abundance, leading to lower
glycogenesis. The decrease in GNE activity and sialic acid production
also caused a blunting of hepatic GCGR function, yielding declines in
both gluconeogenesis and glycogenolysis (Figure 8). As a result of
upregulation of FGF21 expression, hepatic GNE deletion also caused an
enhancement of skeletal muscle glucose disposal which led to an
overall positive impact on glucose tolerance and insulin sensitivity. The
increased overall glucose control occurred with liver GNE silencing in
both lean mice and mice with established insulin resistance caused by
diet-induced obesity. Thus, sialic acid synthesis and sialylation in the
liver modulate multiple facets of glucose homeostasis.

The loss of hepatic IR abundance and action with liver GNE knockdown
was related to a decrease in its sialylation. The IR is heavily glycosylated
with multiple species of complex of N-linked glycans which are required
for proper folding, maturation, targeting and activity of the receptor
[11,35—38]. Whereas a prior study of purified IR and IR showed that
their desialylation with neuraminidase causes an increase in insulin
binding and kinase activity [53], neuraminidase treatment of primary rat
hepatocytes caused a decrease in insulin-stimulated lipogenesis [54].
In vivo in mice, whereas global genetic deficiency of neuraminidase 1
(NEU1) causes a decrease in insulin sensitivity, the pharmacologic
activation of NEU1 results in either decreased or increased insulin
sensitivity depending on the duration of treatment [13,55]. Compared to
those works, the present study has the advantages that through the
manipulation of organ-specific GNE expression, sialic acid synthesis
and the degree of sialylation have been modified with temporal control
specifically in the liver in vivo. Although it is not possible to manipulate
the sialylation of IR exclusively, IR hyposialylation and deficiency and
their consequences were demonstrated in parallel. In primary hepato-
cytes from GNE™C ivers normal IR abundance and signaling were
recovered by sialic acid treatment, strengthening the link between
sialylation and receptor availability and function. We further determined
that the decline in IRe. and IR abundance caused by hyposialylation is
due to enhanced recruitment of the IR to Eph receptor B4, leading to
increased targeting of the receptor for lysosomal degradation.

In addition to revealing how sialic acid synthesis influences IR abun-
dance and function in the liver, the present work provides new insights
into how sialic acid impacts the actions of glucagon in hepatocytes.
The GCGR is glycosylated, and available data in mice has shown that
Mgat5, a Golgi N-acetylglucosaminyltransferase that modulates N-
glycan branching, alters GCGR glycan structure resulting in the
attenuation of glucagon binding and downstream signaling [12]. How
sialylation per se impacts GCGR and its function has been unknown.
We demonstrate that a loss of hepatocyte sialic acid synthesis results
in hyposialylation of the GCGR and a blunting of hepatic glucagon
action that is related to a decrease in receptor affinity for glucagon. In
evaluations of hepatic CAMP, PKA and PKA substrate responses, we
determine that the loss of liver sialic acid production impairs GCGR
stimulation of adenylate cyclase. However, responses to forskolin are
not altered with hepatocyte GNE knockdown, further implicating
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Figure 7: Hepatocyte-specific deletion of GNE promotes insulin signaling and glucose uptake in the skeletal muscle by causing increased hepatic production of
FGF21. A, B. Male GNE"" mice were injected with control AAV8-GFP or AAV8-Cre at 5 weeks of age, and fed control diet for 2—4 weeks. Glucose disposal rate (GDR, A) and
insulin-stimulated glucose disposal rate (IS-GDR, B) during hyperinsulinemic—euglycemic clamp (N = 10—11/group). C. During a GTT [*H]-2-deoxyglucose uptake was evaluated
in the extensor digitorum longus (EDL) and soleus muscles (N = 10—11/group). D, E. Insulin receptor (IR) expression and signaling downstream of IR were evaluated following the
clamp by immunoblot (E). Quantitation of immunoblots is shown in E (N = 10—11/group). F, G. Plasma FGF21 concentrations in mice without fasting or after 6 h or 16 h fast (F,
N = 8—14/group). FGF21 mRNA expression levels were evaluated by qRT-PCR in liver, white adipose tissue (WAT), brown adipose tissue (BAT), skeletal muscle (Skel Muscl) and
pancreas (G, N = 6—12/group). H, . Male GNE™", FGF21"" or GNE"™;FGF21™"" mice were injected with control AAV8-GFP or AAV8-Cre at 5 weeks of age, and fed control diet for 2
week. Plasma FGF21 levels (H, N = 9—13/group) and plasma glucose levels after 6 h fast (I, N = 11—12/group). J. During a GTT [°H]-2-deoxyglucose uptake was evaluated in
soleus and EDL skeletal muscle (N = 7/group). K, L. Two weeks post AAV8 injection, mice were injected with vehicle (PBS) or insulin (0.5 U/kg, 5 min), and Akt-ser473
phosphorylation in the soleus were assessed by immunoblot (K). Quantitation by densitometry for phosphorylated Akt (L, N = 3—6/group). M. Glucagon tolerance tests
(16 pg/kg glucagon) after 6 h fast at 2 weeks post AAVS8 injections (N = 11—12/group). N. Glucose tolerance tests (1 g/kg glucose) after 6 h fast at 2 weeks post AAVS injection
(N = 11—12/group). 0. Insulin tolerance tests (0.5 U/kg insulin) after 6 h fast at 2 weeks post AAV8 injection (N = 11—12/group). Data are represented as mean + SEM.
Significance was determined by unpaired two tailed Student’s t test (A, B, ProlR, IR and IRB in E, G), unpaired two tailed Student’s t test with Welch’s correction (C, pIRB, pAkt,
pGSK in E), one-way ANOVA with Tukey’s multiple comparison (J), Brown-Forsythe and Welch ANOVA with Dunnett's T3 multiple comparisons test (H, 1), two-way ANOVA with
Tukey’s multiple comparison test (F, L), or two-way repeated measures ANOVA with Bonferroni multiple comparison test to compare blood glucose among groups (M—0).
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Figure 8: Impact of hepatic sialic acid synthesis by GNE and sialylation on liver glucose metabolism and peripheral insulin sensitivity. With GNE silencing in hepatocytes
the resulting decrease in hepatic sialic acid production and sialylation causes an attenuation of insulin action in the liver related to a decline in IRe. and IRp abundance, leading to
lower glycogenesis. The decrease in GNE activity and sialic acid production also causes a blunting of hepatic GCGR function, yielding declines in both gluconeogenesis and
glycogenolysis. As a result of upregulation of hepatic FGF21 expression, there is an enhancement of skeletal muscle glucose uptake which leads to an overall positive impact on
glucose tolerance and insulin sensitivity. Thus, sialic acid synthesis and sialylation in the liver modulate multiple facets of glucose homeostasis. The figure was generated using

BioRender.com.

alterations at the level of GCGR. Prompted by the dramatic, 10-fold
change in affinity observed with GNE silencing and the importance
of liver glucagon action to overall glucose control, further studies are
now warranted to determine how GCGR affinity for glucagon is influ-
enced by sialic acid and sialylation. An additional observation was that
decreasing liver sialic acid production causes a decrease in plasma TG
in the fed state. Although this may be due to the observed decrease in
insulin signaling in the liver, because insulin promotes de novo lipid
synthesis in the postprandial state [47,56], its basis is still to be
determined.

Along with influencing glucose homeostasis within the liver, we
discovered that hepatic sialic acid production has potent impact on
peripheral insulin sensitivity, and this was related to the modulation of
skeletal muscle glucose disposal. We determined that liver GNE
silencing causes a substantial upregulation of hepatic FGF21 pro-
duction, and concurrent manipulation of hepatic GNE and FGF21
showed that the increased FGF21 production is the basis for the
enhanced muscle glucose delivery and overall increases in glucose
tolerance and insulin sensitivity with decreased hepatic sialic acid
production (Figure 8). The upregulation in FGF21 expression with GNE
silencing may have been due to an accompanying decrease in Fox01
expression [49—51]. Why Fox01 is downregulated with a decrease in
liver sialic acid production will need to be pursued in future studies.
The increase in skeletal muscle glucose uptake dependent on
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increased FGF21 in GNEXC mice is consistent with previous studies
indicating that FGF21 promotes peripheral glucose disposal both in
adipose tissues and skeletal muscle [50,57,58]. There was an asso-
ciated FGF21-dependent promotion of insulin signaling in muscle,
suggesting that the FGF21 effect was insulin-related. However,
interpreting the changes in muscle Akt activation as indicative of
altered insulin action may not be straightforward, because it is un-
certain whether Akt signaling is required for insulin effects in muscle
[59—61], and muscle insulin sensitivity can vary without changes in
Akt phosphorylation [62]. An alternative explanation for FGF21 effect
on muscle is that it is indirect, occurring through effects on adipose
tissues [58,63].

Overall, the present finding that the genetic manipulation of hepatic
sialic acid production in mice perturbs glucose homeostasis may have
relevance to glucose control in humans. Numerous clinical studies
have demonstrated an inverse relationship between plasma protein
sialylation and glucose tolerance and insulin sensitivity [64—72],
mirroring the directionality that we observed in mice. Since most
circulating proteins are liver derived, their relative sialylation may
reflect the degree of sialic acid influence on hepatic mechanisms of
glucose control. Now with greater mechanistic understanding in hand,
one possibility worthy of consideration is that alterations in plasma
protein sialylation in humans can serve as a biomarker reflecting the
presence or future risk of insulin resistance because they are an
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indicator of changes in liver sialic acid synthesis that influence glucose
homeostasis.

The current findings also have potential therapeutic relevance because
the favorable impact of inhibiting hepatic sialic acid synthesis and
protein sialylation on overall glucose control is substantial, and
demonstrable even when enacted long after the development of insulin
resistance due to diet-induced adiposity. Although the hepatic insulin
resistance that occurs after liver GNE knockdown is not therapeutically
favorable, it is greatly outweighed by the inhibition of glucagon action
and the enhancement of peripheral insulin sensitivity. Inhibition of
glucagon receptor signaling has been investigated as a glucose-
lowering strategy for type 2 diabetes [73]. However, potential
adverse effects of GCGR blockade on hepatic lipid accumulation and
elevations of liver aminotransferases have hampered the approach as
atype 2 diabetes therapy [48,73,74]. Interestingly, in GNE-? mice, the
loss of GCGR function in liver did not induce hepatic steatosis or in-
crease circulating aminotransferases. On the contrary, a loss of liver
GNE lowers plasma TG without affecting hepatic TG levels. These
findings suggest that the inhibition of hepatic GNE activity may be a
potential therapeutic modality to improve glucose homeostasis and
insulin sensitivity without adversely affecting lipid metabolism. In
addition, now knowing that hepatic GNE activity robustly influences
glucagon action and muscle glucose disposal, the more detailed un-
derpinnings can be investigated to reveal more specific new means to
target actions of sialic acid including protein sialylation in the liver to
improve glycemic control.

5. CONCLUSIONS

The present work reveals that there is a metabolic cycle comprised of
glucose conversion to sialic acid and sialic acid influence on glucose
homeostasis. Further interrogation of this cycle, both systemically and
in specific cell types such as hepatocytes, will continue to provide
valuable information about unknown aspects of glucose homeostasis
and the critical role that glycobiology plays in metabolism.
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