Annexin A6 is critical to maintain glucose homeostasis and
survival during liver regeneration in mice
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ABSTRACT

Background & Aims. Liver regeneration requires the organized and sequential activation of

events that lead to the restoration of hepatic mass. During this process, other vital liver functions
need to be preserved, such as the maintenance of blood glucose homeostasis, balancing the
degradation of hepatic glycogen stores and gluconeogenesis (GNG). Under metabolic stress,
alanine is the main hepatic gluconeogenic substrate, and its availability is the rate-limiting step in
this pathway. The Na'-coupled neutral amino acid transporters (SNAT) 2 and 4 are believed to
facilitate hepatic alanine uptake. In previous studies we demonstrated that a member of the Ca**-
dependent phospholipid binding annexins, Annexin A6 (AnxA6), regulates membrane
trafficking along endo- and exocytic pathways. Yet, although AnxA6 is abundantly expressed in
the liver, its function in hepatic physiology remains unknown. In this study, we investigated the
potential contribution of AnxA®6 in liver regeneration.

Methods. Utilizing AnxA6 knock-out mice (AnxA67"), we challenged liver function after partial
hepatectomy (PHx) inducing acute proliferative and metabolic stress. Biochemical and
immunofluorescent approaches were employed to dissect AnxA6” mice liver proliferation and
energetic metabolism.

Results. Most strikingly, AnxA6” mice exhibited low survival after PHx. This was associated
with an irreversible and progressive drop of blood glucose levels. While exogenous glucose
administration or restoration of hepatic AnxA6 expression rescued AnxA6”" mice survival after
PHx, the sustained hypoglycaemia in partially hepatectomized AnxA6” mice was the
consequence of an impaired alanine-dependent GNG in AnxA6”" hepatocytes. Mechanistically,
cytoplasmic SNAT4 failed to recycle to the sinusoidal plasma membrane of AnxA6™
hepatocytes 48 h after PHx, impairing alanine uptake and consequently, glucose production.
Conclusion: We conclude that the lack of AnxA6 compromises alanine-dependent GNG and

liver regeneration in mice.



INTRODUCTION

The liver is a multifunctional organ that has a central role in metabolic pathways, blood
detoxification and the maintenance of plasma protein levels. The preservation of these metabolic
and detoxifying capacities forces the liver to establish a unique and rapid organ regeneration
program after an insult or partial loss of its mass meanwhile maintaining its essential functions
(1). Pathways leading to the completion of regeneration are evolutionary conserved and mostly
redundant, and thus the phenotype of the majority of genetically modified mice models that have
been examined show a delay rather than a complete abrogation of hepatic regeneration (1). The
most common approach to study liver regeneration is the partial hepatectomy (PHx) model,
which triggers the acute phase response, a rapid, complex and pleiotropic response that induces
entry into the cell cycle (GO - G1 phase transition) to then accomplish S phase prior to the onset
of hepatocellular proliferation to restore the original hepatic mass per hyperplasia (1, 2).

Metabolically, the removal of two-thirds of hepatic mass through PHx in mice triggers a
rapid fall in blood glucose levels due to a dramatic reduction of glycogen stores and
gluconeogenic capacity (3). Although this demonstrates that the remnant liver is initially unable
to fully control the maintenance of glucose homeostasis, some metabolic adaptations such as
suppression of liver glycolytic activity and induction of the hepatic gluconeogenic machinery
occur soon after PHx to restore blood glucose levels. During liver regeneration, a shift of
pyruvate metabolization from acetyl-CoA to the oxalacetic pathway is observed, enabling the de
novo formation of glucose from pyruvate (4). In this context, alanine is the major gluconeogenic
substrate to produce pyruvate, as also evidenced by the markedly increased incorporation of
alanine carbons into plasma glucose (5).

In hepatocytes, alanine uptake is mainly facilitated by the ubiquitously expressed Na'-
coupled neutral amino acid transporter (SNAT) 2 and the liver (human, rat)- and muscle (rat)-
specific SNAT4, both system A transporters that are recruited to the plasma membrane under not
well defined metabolic conditions (6, 7). Although a critical step, little is known about the
regulation of the targeting of the SNAT proteins to the sinusoidal plasma membrane in the liver
(8), as this represents the blood-facing surface containing the greatest concentration of hormone
and growth factor receptors, as well as metabolites and amino acid transporters. Hence, the

proper functioning of the sinusoidal plasma membrane and trafficking/exchange of receptors and



transporters with the underlying receptor-recycling endocytic compartment is crucial for the
reception and/or transduction of the early signals that trigger hepatic cell activation (9).

Annexin A6 (AnxA6), a member of the annexin family, is a Ca®'-dependent
phospholipid-binding protein involved in the regulation of a plethora of cellular functions
including membrane trafficking (10), cholesterol homeostasis (11, 12), signalling (13), as well as
cortical actin-cytoskeleton and plasma membrane microdomain re-arrangements (14). Despite
these multiple functions in various cellular locations, AnxA6 is mainly found at the plasma
membrane and endocytic compartments of rodent hepatocytes (9), representing approximately
0.25% of total rat hepatic protein (15). AnxA6 knock-out (AnxA67") mice appear normal (16),
with the only exceptions being AnxA6”~ cardiomyocytes exhibiting higher contractility and
accelerated removal of diastolic Ca** from the cytoplasm (17) and impaired adiponectin
secretion of AnxA6” adipocytes (18). Moreover, upon high-fat diet feeding, AnxA6”" mice
displayed reduced weight gain and adiposity, and an inability to induce insulin-dependent
downregulation of GNG (19). The latter observations pointed at metabolically relevant hepatic
AnxA6 functions, but its precise role in liver physiology has yet remained elusive and might only
be revealed during metabolic adaptions required to overcome stress conditions.

In the present study we identify that loss of AnxA6 dramatically reduced mice survival
after PHx, without affecting the acute phase response and the cell cycle progression through the
regeneration program. These findings were associated with a delay in the lipid storage kinetics
and prolonged hypoglycaemia after PHx. Markedly, the exogenous administration of glucose
restored survival in AnxA6”" mice after PHx, highlighting an energetic metabolic defect in the
liver upon AnxA6 depletion in vivo. Further analysis showed impaired alanine-dependent GNG
and alanine uptake in AnxA67 primary hepatocytes. Moreover, this coincided with a
compromised shuttling of the liver-specific alanine transporter SNAT4 between the sinusoidal
plasma membrane and cytoplasmic structures in AnxA6”" mice, which appeared the underlying
cause for the strongly restrained uptake and utilization of alanine for GNG after PHx. This is the
first study that recognizes a critical role for hepatic AnxA6 in vivo, with striking consequences

for the regulation of the energetic metabolism during liver regeneration in mice.



MATERIALS AND METHODS

Animals

Eight to twelve week-old C57B16/J wild type and AnxA6” male mice were maintained ina 12 h
light/dark cycle, allowed food and water ad libitum. Every effort was made to minimize animal
suffering and to use the minimum number of animals per group and experiment. All the animal
care and experimental procedures were approved by the Local Ethical Committee of the
University of Barcelona following European (2010/63/UE) and Spanish (RD 53/2013)

regulations for the care and use of laboratory animals.

Partial hepatectomy

A 70% PHx was performed under 2% isoflurane anaesthesia as described (20). As control, sham
operations were performed but livers were not removed. Mice were killed and liver samples were
harvested at the different time points specified in each experiment. The hepatic index (liver

weight/body weight) was monitored for each mouse over 7 days.

Liver section immunohistochemistry and determination of steatosis

Liver tissue was formaldehyde-fixed and paraffin-embedded in blocks. 5 um thick liver sections
were de-paraffined, rehydrated, then heated to 100°C for 5 min in citrate buffer (pH 6.0) for
antigen retrieval. Immunohistochemistry for proliferating cell nuclear antigen (PCNA; Santa
Cruz, sc-25280) was performed using the ImmunoCruz Mouse ABC Staining System (Santa
Cruz) according to the manufacturer’s instructions. Liver sections were stained for
haematoxylin/eosin (HE) and steatosis was double-blind quantified from low (0) to high (5)
steatosis.

For Ki67 immunostaining, liver tissue was formaldehyde-fixed for 24 h and 30% sucrose
cryopreserved for 24 h. The sample was embedded in OCT (Tissue-Tek) at -80°C. Liver sections
(10 pm thick) were blocked with 1% bovine serum albumin for 20 min and incubated with rabbit
anti-Ki67 (Abcam, abl15580) and secondary antibody goat anti-rabbit-IgG-A647 (Life
Technologies, A21244). The samples were mounted in Mowiol (Calbiochem).



Hepatic DNA synthesis

[*H]-thymidine incorporation into liver DNA was measured as described previously (21). [*H]-
thymidine (PerkinElmer) (1 pCi/g body weight) was injected intraperitoneally at different
intervals after PHx. After 2 h, the remnant liver (300 mg) was excised and homogenized in 5%
trichloroacetic acid (TCA, Sigma) at 4°C. After centrifugation at 16,800 g for 5 min, the
supernatant was discarded and the pellet resuspended in 1 ml 5% TCA at 4°C. This
centrifugation step was repeated 3 times. Finally, the pellet was diluted in TCA and 1.5 N
perchloric acid and incubated for 15 min at 90°C, followed by centrifugation at 16,800 g for 5
min. The supernatant was collected and the amount of radioactivity was determined by liquid

scintillation counting.

Transmission electron microscopy (TEM)

For TEM, livers were taken from mice following anaesthesia after intracardial perfusion with
2.5% glutaraldehyde in phosphate buffer. Liver samples were then fixed overnight in 2.5%
glutaraldehyde and 4% paraformaldehyde. Small cubes of 1 mm® were post-fixed in osmium
tetroxide and embedded in Spurr (Sigma). TEM images were acquired from ultrathin sections
using a JEOL-1010 electron microscope (JEOL USA) with a SC1000 ORIUS-CCD digital

camera (Gatan).

Alanine uptake assays

Primary hepatocytes were isolated as described in Supplementary Material and Methods. To
avoid interference with feedback mechanism, 3x10° cells/ml in Krebs buffer were first incubated
with ImM amino-oxyacetic acid (Sigma), an inhibitor of alanine metabolism, for 10 min at 37°C.
Next, 1 uCi ['*C]-L-alanine (PerkinElmer) was added and after 2, 5 and 10 min, aliquots were
taken. The reaction was stopped by addition of 1 ml ice-cold Krebs albumin buffer and
immediate centrifugation at 1,000 g for 5 sec. The supernatant was discarded and the cell pellets
were resuspended in 1 ml ice-cold Krebs buffer. This procedure was repeated twice, finally the

radioactivity in the cell pellets was determined by liquid scintillation counting.



Statistics

Data are shown as means + SEM. Statistical comparison of two groups was performed using a
Student’s ¢ test; analysis of mice survival was performed with a log-rank (Mantel-Cox) test;
analysis of interaction was performed with a two-way analysis of variance (ANOVA) with ad
hoc Bonferroni post-test. Symbols represent * p<0.05, **p<0.01, ***p<0.001. Statistical analysis

was performed in GraphPad Prism 8.

RESULTS

Impaired liver regeneration in AnxA6” mice

Despite AnxA6 being one of the most abundant hepatic proteins, its role in liver
physiology is still unknown (9). Previous studies from our group and others analysing AnxA6
deficiency in C57B16/J mice (AnxA6”") did not reveal a phenotype that would suggest liver
dysfunction (16, 18). In line with these findings, plasma levels of AST, ALAT, LDH; albumin
and total protein, plasma lipid content (free cholesterol, TAG and free fatty acids); and HDL and
LDL levels were all comparable in control and AnxA6”" mice (Supporting Fig. S1A-C).

To identify a possible role for AnxA6 in hepatic physiology, 2/3 partial hepatectomy
(PHx) was performed in AnxA6”" mice and control littermates to induce both a proliferative and
metabolic stress. Remarkably, and in striking contrast to the 95.7% survival rate of WT animals,
AnxA6 deficiency was associated with high mortality and only 25.9% of AnxA6”" mice survived
72 h after PHx (Fig. 1A). AnxA6™ mice recovered completely after a sham operation, excluding
surgery and anaesthesia as a cause of mortality. The hepatic index (ratio between body and liver
weight) was similar in both AnxA6”" and WT mice until 48 h after liver resection (Fig. 1B).
Plasma ALAT and AST levels appeared slightly elevated in AnxA6”" mice during the recovery
after surgery. Although indicative of liver dysfunction, these findings were not significant
(Supporting Fig. SID-E). Hepatic AnxA6 protein levels in WT mice were slightly increased after
PHx (Fig. 1C), though AnxA6 mRNA levels remained constant over this period (data not
shown), indicating an increased protein stability of hepatic AnxA6 during liver regeneration.

Next we examined if restoration of hepatic AnxA6 expression could rescue survival of
AnxA6"" mice after PHx. Therefore, we expressed recombinant AnxA6 using adeno-associated

viral (rAAV) particles that contain the long terminal repeat of AAV2 in combination with



envelop proteins of serotype 8, which enables liver-specific infection. Viral AnxA6 expression
was driven by the human o-1-antitrypsin promoter with regulatory sequences from the human
albumin enhancer (see Supplementary Material and Methods for further details). Indeed, 15 days
after infection of AnxA6”" mice with rAAV-AnxA6, recombinant AnxA6 expression was only
detectable in the liver, but not in other tissues, including lung and kidney (Fig. 1D). Notably,
restoration of hepatic AnxA6 expression in AnxA6-deficient animals rescued survival of AnxA6
" mice after surgery in contrast to hepatic overexpression of recombinant GFP (red line versus
orange line in Fig. 1E). Recombinant AnxA6 expression also restored the hepatic index 7 days
after PHx in AnxA6” mice (Fig. 1F). Thus, restoration of liver-specific AnxA6 expression
overcame physiological defects in AnxA6”" mice that caused death after PHx.

We next examined several markers of cellular proliferation in the early stages of liver
regeneration (22). The number of Ki67-positive hepatocytes (Fig. 2A), a cell cycle progression
marker, was similar in both mice strains after PHx. In addition, the upregulation of cJun (Fig.
2B) and cFos (Fig. 2C) mRNA levels during the early regeneration process was comparable in
WT and AnxA67 mice liver 1 h after liver resection (see Supplementary Material and Methods).
Furthermore, mRNA upregulation of the S phase marker cyclin D1 (Ccendl) (Fig. 2D) and
nuclear PCNA staining (Fig. 2E), as well as the incorporation of radiolabelled thymidine into
DNA (Fig. 2F), indicated a comparable DNA synthesis rate of WT and AnxA6™" strains during
the early post-PHx phase. Altogether this pointed at AnxA6”" hepatocytes progressing normally
into the cell cycle in the early stages after PHx.

Hence, these results identified hepatic AnxA6 as critically contributing to mice survival
during liver regeneration, resulting in high mortality of AnxA6” mice after PHx. However, the
loss of AnxA6 did not interfere with hepatocyte cell cycle progression required in the pre-

replicative phase of liver regeneration.

Delay in steatosis associated with liver regeneration in AnxA6” mice

Steatosis is the next key step in liver regeneration (23), triggered within a few hours of
liver resection and essential to effectively cover for an increased energy and structural lipid
demand. Therefore, hepatic steatosis levels 12 and 36 h after PHx in AnxA6” and WT mice
were compared using H&E-stained liver sections (Fig. 3A). Double-blind quantification revealed

a statistically significant delay in regeneration-induced steatosis in livers from AnxA6” mice



(Fig. 3B), which correlated with notably (p<0.01) reduced hepatic TAG levels in AnxA6”" mice
compared to WT mice (Fig. 3C). When analysing liver ultrastructure by electron microscopy
(Fig. 3D), cytosolic glycogen stores (arrowheads) and few lipid droplets (*, LDs) were observed
in both WT and AnxA6” mice prior to liver resection (t=0). Although there was a delay in PHx-
induced LD formation in AnxA6” animals 12 h post-PHx, LD numbers and size were
comparable to WT 36-48 h post-hepatectomy. Levels of ketone bodies in the blood were similar
in WT and AnxA6”" mice after PHx (Fig. 3E), indicating comparable lipid oxidation capacity of
both strains. Hence, we conclude that the delayed commencement of steatosis observed in

AnxA67" mice did not dramatically interfere with the onset of the liver regeneration program.

Alterations in glucose metabolism after partial hepatectomy in AnxA6”~ mice

Since AnxA6” mice displayed cell cycle progression comparable to control animals, we
next analysed the energetic metabolism fate of AnxA6”" mice during liver regeneration. Initially
we monitored blood glucose levels, which remained stable for approximately 1 h in WT mice
after PHx, followed by hypoglycaemia 6-24 h post-PHx (Fig. 4A), as described previously (3). In
WT animals, blood glucose levels started to rise thereafter, reaching and maintaining euglycemia
levels at 36-48 h post-PHx. In striking contrast to the control animals, blood glucose levels in
AnxA6” mice dropped dramatically within 60 min after PHx to remain at hypoglycaemic levels
even 72 h thereafter (Fig. 4A). Interestingly, the inability of AnxA6”" mice to restore glucose
homeostasis did not appear to involve the well-documented changes in insulin levels during PHx
(24), with kinetics comparable to WT mice (Fig. 4B). Also, the ability to degrade liver glycogen
stores was not compromised in AnxA6” mice (Fig. 4C). In fact, glycogen degradation in AnxA6°
” was strongly increased over the course of the PHx compared to WT mice. Moreover, in line
with the rescued survival of AnxA6” mice after surgery upon viral-mediated restoration of
hepatic AnxA6 expression (Fig. 1D-E), liver infection of these mice with AnxA6 expressing
rAAV particles reduced the initial drop in blood glucose levels, and most strikingly, restored
euglycemia 24 h after PHx comparable to WT mice (Supporting Fig. S2A).

Taken together, these results implicated a major defect in glucose homeostasis being

responsible for the loss of survival after PHx in AnxA6” mice.
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Glucose supplementation restores survival of AnxA6” mice after PHx

To reinforce the critical role of AnxA6 linking liver regeneration and glucose
homeostasis, we explored the possibility of rescuing survival of AnxA6” mice after PHx
providing glucose, as it is the predominant energy substrate during liver regeneration (25).
Therefore, WT and AnxA6”" mice were supplied ad libitum with 10% glucose in the drinking
water 3 days prior liver resection and then throughout the regeneration period after surgery (7
days). Most outstandingly, AnxA6” mice supplemented with 10% glucose significantly
recovered from 2/3 PHx, reaching survival rates similar to WT mice (Fig. 4D). These mice also
recovered their hepatic index 7 days after PHx (Fig. 4E), indicating full liver regeneration
capability. The improved survival of glucose-fed AnxA6”" mice after liver resection correlated
with restoration of glucose homeostasis (Fig. 4F), as blood glucose levels started to rise in
glucose-supplemented AnxA6”" mice 12 h after PHx, reaching euglycemia levels similar to WT
72 h post-PHx. Taken together, these results further strengthened AnxA6 to be a decisive factor

in the hepatic glucose metabolism during liver regeneration.

AnxA6 is essential for alanine-dependent hepatic gluconeogenesis

The tricarboxylic acid (TCA) cycle provides carbons to fuel GNG and fatty acid synthesis
during hepatic regeneration (5). Given the altered glucose homeostasis after liver resection in
AnxA6”" mice (Fig. 4), we next analysed AnxA6-dependent hepatic GNG capability in vitro.
Primary hepatocytes were isolated from livers of fasted (6 h to deplete their glycogen stores) WT
and AnxA6”" mice, and GNG capacity was then measured as the ability to release glucose to the
media in response to the incubation with pyruvate, glutamine or alanine (see Supplementary
Material and Methods). No significant differences were observed in the secreted glucose levels
when pyruvate or glutamine were provided as substrates (Fig. 5A). However, AnxA6”" primary
hepatocytes were completely unable to produce glucose when supplemented with alanine,
strongly supporting AnxA6 being essential for alanine-driven GNG in hepatocytes. To analyse
alanine availability for hepatic GNG during liver regeneration, we measured the amino acid
content in both plasma and liver of WT and AnxA6”" mice at 0, 12, 24 and 48 h after PHx (Fig.
5B-5E and Supplementary Fig. S3 and S4). Remarkably, plasma alanine levels remained
unchanged during the first 24 h after PHx, and then increased at 48 h in WT mice, while AnxA6°

" mice showed a much stronger increase (2.5-fold) of alanine plasma levels 24 h after PHx (Fig.
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5B). Hence, AnxA6 depletion in other tissues, in particular skeletal muscle, did not lead to
defects in alanine release from extrahepatic tissues and sufficient amounts of alanine were
available to the liver as a gluconeogenic substrate. In line with this, total plasma amino acid
levels initialy increased after PHx in both WT and AnxA6” mice (Fig. 5C). Twenty-four hours
after PHx uptake of plasma alanine (which represents 30% of total amino acids) decreased total
plasma amino acid levels in WT mice, while remained high in AnxA6” mice. Interestingly,
plasma branched-chain amino acids (BCAAs; Val, Leu and Ile) levels showed a peak 12 h after
PHx in WT mice, which was not detected in the plasma of AnxA6” mice (Supplementary Fig.
S5A), suggesting BCAA catabolization for energy production in AnxA6” mice in the early
stages of PHx. Alanine levels in the liver decreased 24 h after PHx in WT mice, probably
because of its role to serve as a GNG substrate. However, hepatic alanine levels were restored 48
h after PHx, indicating active alanine uptake from the blood to overcome rate-limiting amounts
in the GNG pathway (see Fig. 5D). In contrast, liver alanine levels did not recover 48 h after
PHx in AnxA6™ mice, suggesting regular alanine catabolism but a strongly compromised hepatic
alanine uptake. These data correlated with the continuous decrease in total amino acid (Fig. 5E)
and BCAA (Supplementary Fig. S5B) levels in the AnxA6” mice livers after PHx. Taken
together, the inability of AnxA6” hepatocytes to produce glucose from alanine (Fig. 5A)
correlated with reduced availability of alanine for GNG after PHx, indicating that AnxA6
depletion interfered with alanine uptake in the liver after surgery.

To address aspects downstream of alanine uptake that might contribute to the AnxA6™
phenotype after PHx, we also analysed alanine deamination, the first step in hepatic alanine
metabolization after PHx and essential for the formation of intermediates for the TCA cycle (4),
and phosphoenolpyruvate carboxykinase (PEPCK) (Pckl) expression levels as the main control
point for the regulation of GNG (4). Actually, hepatic GptI (cytosolic glutamate-pyruvate
transaminase, also termed ALATI1) levels (Fig. 6A) and ALAT activity (Fig. 6C) were
comparable in both mouse strains during PHx. Yet, PHx-induced upregulation of Gp#2
(mitochondrial GPT, ALAT2; Fig. 6B) and Pckl observed in livers from WT mice (Fig. 6D) was
absent in AnxA67" livers, the latter indicating the lack of response to upregulated hepatic PEPCK
levels to accommodate for increased amounts of alanine-derived pyruvate and carbon withdrawn

from the TCA cycle to GNG after PHx.
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Altogether, these results indicated that hepatic GNG was strongly inhibited in AnxA6”
mice due to a dramatic impairment of alanine uptake in hepatocytes, while blood alanine levels

and alanine deamination activity was not affected.

AnxA6 deficiency inhibits recycling of the alanine transporter SNAT4 to the hepatocyte plasma

membrane after PHx

Previous results revealed an incapacity of AnxA6” primary hepatocytes to produce
glucose from alanine, while GNG competence (from glutamine and pyruvate), blood alanine
availability and hepatic deamination activity was unaffected. Given that hepatic alanine levels
failed to rise 48 h after PHx (Fig. 5D), we next analysed the uptake of radiolabelled alanine in
WT and AnxA6” primary hepatocytes. Indeed, in contrast to the linear increase of alanine
uptake in WT hepatocytes, AnxA6”" hepatocytes completely lacked the ability to internalize
radiolabelled alanine (Fig. 7A). Together with the upregulated levels of alanine in plasma, yet
reduced liver alanine levels after PHx, these findings pointed at a failure in hepatic uptake of
circulating alanine as a major underlying cause for the impaired alanine-promoted GNG in the
regenerating liver of AnxA6” mice.

This prompted us to analyse the expression levels of hepatic alanine transporters, SNAT2
and SNAT4, by quantitative RT-PCR at different time points after PHx in WT and AnxA6™
mice (Fig. 7B-C). Interestingly, SNAT2 mRNA levels remained constant in both mice strains
after PHx, while SNAT4 mRNA expression increased approximately 13-fold after liver resection
in WT, but only 5-fold in AnxA6”" mice. Likewise, although not significant, hepatic protein
levels of SNAT4 were reduced by 20% in AnxA6” mice compared to WT 48 h after PHx (Fig.
7D), altogether implicating the lack of SNAT4 upregulation contributing to compromise alanine
uptake and metabolization during liver regeneration of AnxA6-deficient animals.

In addition to the loss of stress-provoked upregulation of hepatic SNAT4 expression
levels in AnxA67" mice, we addressed if alterations in SNAT4 function could be affected in
AnxA67" livers. It is well-known that the localization and trafficking of membrane proteins is
intimately linked to their functionality. In this context, several transporters, including the glucose
transporter 4, or integrins, are known to reside in the recycling endocytic compartment shuttling
back-and-forth to the plasma membrane upon physiological alteractions and signals (26).

Likewise, current cellular models have pointed towards metabolic changes to induce trafficking
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and delivery of amino acid transporters to the plasma membrane in order to increase amino acid
availability (6, 27). Therefore, we next analysed the subcellular localization of SNAT4 during
hepatic regeneration in WT and AnxA6™ mice by fluorescence immunohistochemistry (Fig. 7E,
quantified in 7F). Prior to liver resection surgery, SNAT4 immunostaining displayed an
intracellular scattered location pattern both in WT and AnxA6™ hepatocytes. PHx triggered the
shuttling of SNAT4 to the plasma membrane (12 h) and its recycling to cytoplasmic structures at
the sub-sinusoidal region of hepatocytes (24 h). Most remarkably, 48 h after PHx, the SNAT4
transporter was translocated to the sinusoidal plasma membrane in WT mice, indicating that this
change in SNAT4 location could provide a means to deliver increased amounts of blood alanine
to hepatocytes in order to drive GNG. In AnxA6™" livers, and similar to WT hepatocytes, SNAT4
was initially located in the sinusoidal plasma membrane 12 h after PHx, and returned to
cytoplasmic structures 24 h after PHx (Fig. 7E, quantified in 7F). However, in striking contrast
to the translocation of SNAT4 to the sinusoidal membrane in WT hepatocytes 48 h after PHx,
SNAT4 remained in vesicular intracellular structures in AnxA6” hepatocytes at this later time
point after PHx. Hence, AnxA6 depletion critically interfered with the recycling of SNAT4 to the
plasma membrane upon prolonged metabolic stress during liver regeneration. Indeed, viral-
mediated hepatic expression of AnxA6 in AnxA6”" mice restored SNAT4 trafficking after
surgery, further supporting that AnxA6 is enabling SNAT4 transport to the sinusoidal plasma
membrane 48 h after surgery (see Supplementary Fig. S2B, quantified in S2C).

Hence, AnxA6 deficiency is associated with impaired SNAT4 recycling to the sinusoidal
plasma membrane post-PHx, leading to defects in hepatic alanine metabolism that is required to

drive GNG and maintain glucose homeostasis during liver regeneration.

DISCUSSION

In this study we demonstrate that AnxA6 is a critical factor contributing to liver
regeneration. AnxA6 deficiency leads to a low survival rate after PHx and is associated with
sustained and irreversible hypoglycaemia during the post-hepatectomy phase. AnxA6 is not
necessary for regular cell cycle progression and proliferation of hepatocytes, but for maintaining
the heavy energetic requirements after PHx. This striking phenotype of AnxA6” mice can be

explained by the impaired recycling of SNAT4, the main alanine transporter during liver
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regeneration, to the hepatocyte sinusoidal plasma membrane. Given that the exogenous
administration of glucose during liver regeneration restored AnxA6” mice survival after PHx,
we conclude that this novel role for AnxA6 in the control of SNAT4 membrane translocation is
decisive to fuel alanine-dependent hepatic GNG during liver regeneration (Fig. 8).

The success of many treatments for chronic liver diseases, as well as for liver
transplantation, relies on its regeneration efficiency. Hence, a better understanding of liver
regeneration is clinically relevant, yet the regulation of this complex and pleiotropic process is
still elusive due to the intricate spatiotemporal coordination of cytokines, growth factors,
metabolic signalling pathways and extracellular matrix deposition that have been proven
essential to re-establish the architecture and function of the liver (2). Intriguinly, while the
majority of knock-out mouse models described to date display a delayed rather than complete
abrogation of regeneration (1), the present study identifies AnxA6 not only as a novel, but also
decisive factor crucial in the post-hepatectomy phase, a feature that is documented only for a rare
number of genes (23, 28, 29).

An early steatotic phase is a hallmark for hepatic regeneration, and fatty acids serve as
energy source during the initial steps of regeneration (30, 31). Accordingly, several studies
showed that a decrease in hepatic steatosis diminished liver regeneration (23, 32-35). In
addition, despite some controversy (36, 37), glucose availability is another key factor during
liver regeneration (38) and it was suggested that the hepatic energy status is vital for cell
proliferation and survival after PHx (30, 38). Here, AnxA6”" animals displayed a significant
delay of LD formation that did not affect the kinetics of S phase entry. The high glucose
demands of AnxA6”" mice, as evidenced by the fast reduction in blood glucose levels and high
hepatic glycogen degradation rate, together with the normal hepatic capacity to perform beta-
oxidation in these animals, suggest that the carbohydrate-dependent energy deficiency exhibited
by AnxA6”" mice induced higher lipid catabolism and reduced hepatic steatosis during the pre-
replicative phase of liver regeneration.

Besides triggering the regeneration program, the removal of 2/3 of the liver mass induces
an energetic/metabolic stress due to the drastic reduction of hepatic glycogen content and
gluconeogenic capacity, both responsible for the rapid hypoglycaemia observed after surgery (3,
39). Several studies examining glucose supplementation in mice showed low hepatocellular

proliferation in response to PHx (31, 37, 39), implicating the need to undergo hypoglycaemia to
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induce initial cell proliferation after hepatectomy. However, other studies discovered that
continuous infusion of glucose before and after PHx prevented both the loss of glycogen and
lipid deposition in rats, with no effect on DNA synthesis (36). AnxA6”" hepatectomised mice
suffered rapid and prolonged hypoglycaemia immediately after surgery, while the priming phase
and DNA synthesis evenly progressed during early stages of PHx. However, AnxA6” mice were
unable to recover from hypoglycaemia, causing death of almost 80% of AnxA6”~ animals within
3 days, most likely due to the development of hypoglycaemic coma. Furthermore, the
administration of glucose in the drinking water restored survival index of AnxA6” animals
without avoiding initial hypoglycaemia after PHx, clearly pointing to an energetic hindrance in
hepatectomized AnxA6~ animals. Thirty percent of AnxA6~” mice died during the first 24 h after
PHXx, suggesting especially high glucose requirements of AnxA6”" mice at this stage. Although
onset of hypoglycaemia after PHx is expected, supporting the triggering of alternative metabolic
routes that fuel hepatic regeneration (31), the faster glycogen degradation and lower blood
glucose levels in AnxA6” mice compared to controls during the initial hours after PHx appear
critical factors that contribute to determine AnxA6”" mice survival. Similarly, low survival rate
in the fulminant hepatic failure (FHF) models is substantially rescued upon glucose
administration (40) and inhibition of GNG in this FHF-disease model is well known to trigger
hepatic encephalopathy (41).

The availability of gluconeogenic substrates in the liver determine the flux rates of GNG
(4), and the amino acid transporters of the SNAT family are critical for the uptake of neutral
amino acids such as alanine in the liver (42). The expression levels of both SNAT2 and SNAT4
are regulated by hormones, such as insulin, through the PI3K signalling pathway (7) and
withdrawal of extracellular amino acids (43). Hepatic SNAT2 and SNAT4 expression also
increased in diabetes-induced rodent models (44), under conditions when hormonal control of
GNG is regulated. Nevertheless, despite upregulation of insulin levels in both WT and AnxA6™"
animals after PHx, we only observed significantly increased hepatic SNAT4, but not SNAT2,
mRNA levels in WT mice, indicating differential hormonal response of transcription factors
regulating these SNATS that is compromised in AnxA6™ mice.

Multiple transport systems for the cellular exchange of amino acids are present in the
plasma membrane of mammalian cells. This includes system A transporters, although very little

is known about the machinery that regulates their subcellular localization. Interestingly, previous
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studies indicated SNAT2 redistribution to the hepatocyte plasma membrane after PHx (45). In
skeletal muscle cells and adipocytes, the recruitment of SNAT2 to the cell surface from
endosomal compartments or the trans-Golgi network appeared via insulin-signalling in a
PKB/PI3K-dependent manner, possibly involving Syntaxin 6 (Stx6)-dependent exocytic
trafficking events (46). Similarly, SNAT4 would be expected to follow the secretory pathway to
be delivered to the blood-facing sinusoidal plasma membrane of hepatocytes. Our findings
identify that in resting hepatocytes, most of this transporter was stored in a cytoplasmic
endocytic compartment to be rapidly delivered to the sinusoidal plasma membrane after liver
resection. Possibly related to these findings, we previously demonstrated AnxA6-induced
changes in the cellular distribution of cholesterol to modulate exocytic membrane transport
routes via several cholesterol-sensitive SNARE complexes, including Stx4, SNAP23 and Stx6
(11, 12). It is tempting to speculate that these AnxA6-induced changes in SNARE activity may
contribute to SNAT4 mislocalisation after PHx in hepatocytes. Moreover, the multiple
scaffolding functions of AnxA6 in several signalling pathways (13) may also contribute to
control hormone-dependent SNAT4 translocation to the plasma membrane.

In addition to liver regeneration, regulation of SNAT activity could be also important in
tumour pathogenesis. The single-nucleotide polymorphism rs2429467C>T of SNAT4 has been
associated with lung cancer (47), and the 292 C>T and 1304 G>A SNAT4 mutant alleles have
been associated with hyperglycaemia in humans (48). Moreover, AnxA6 expression is
downregulated in hepatocellular carcinoma (HCC) biopsies (49), and low SNAT4 as well as
AnxA6 expression levels are associated with reduced survival in liver cancer patients (Cancer
Genome Atlas (TGCA)). Furthermore, in a recent study, dysregulation of several GNG enzymes
in HCC underlying macrovascular invasion was identified (50). Strikingly, in the same study,
AnxA6, among a few others, was recognized to be a significantly downregulated biomarker
protein in HCC.

Altogether, our results link intracellular trafficking pathways with the regulation of
glucose metabolism in the hepatocyte through AnxA6, a yet unrecognized/novel regulator of

liver alanine transport and gluconeogenesis in mice.
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FIGURE LEGENDS

Figure 1. AnxAG6 is necessary for survival during liver regeneration in mice.

A. Survival index plot of WT (grey line, n=23) and AnxA6”" mice (orange line, n=27) after PHx
(0-72 h). Log-rank (Mantel-Cox) test, p<0.0001.

B. Hepatic regeneration index at different time points (0-72 h) after PHx from WT (n=6-10 per
time point) and AnxA6™ (n=6-10 per time point) mice. Two-way ANOVA with Bonferroni
post-hoc test, p>0.05.

C. Western blot and quantification (n=3) of relative hepatic AnxA6 expression levels in WT
mice after PHx (0-72 h).

D. Western blot of hepatic GFP and AnxA6 expression in WT and AnxA6”" mice 15 days after
rAAV infection and western blot of liver, lung and kidney showing endogenous or
recombinant AnxA6 expression in WT, AnxA6” and rAAV-AnxA6 infected AnxA6™
(AnxA6” + rAAV-AnxA6) mice.

E. Survival index plot of WT+rAAV-GFP (grey line, n=9), AnxA6”+rAAV-GFP (orange line,
n=9) and AnxA6”+rAAV-AnxA6 mice (red line, n=9) after PHx (0-72 h). Log-rank (Mantel-
Cox) test, p=0.032.

F. Hepatic regeneration index from WT and AnxA6”" mice plus rAAV-GFP (n=9) or rAAV-
AnxA6 (n=9) 7 days after PHx as indicated. Student #-test, p>0.05.

Figure 2. Cell cycle progression in AnxA6” mice after PHx.

A. Quantification of Ki67 positive nuclei of 4 liver sections from WT (n=6) and AnxA6”" (n=6)
mice 24 h after PHx. Student #-test, p>0.05.
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B-D. Relative mRNA expression levels of cJun (cJun), cFos (cFos) and Cyclin D1 (Ccndl) after
PHx (0-6 h) in livers from WT and AnxA6” mice (n=5). Two-way ANOVA with Bonferroni
post-hoc test, p>0.05.

E. Representative PCNA-stained fields from WT and AnxA6”" liver sections 48 h after PHx.
Scale bar, 50 um. Quantification of PCNA positive nuclei of 4 liver sections from WT (n=6)
and AnxA6”" mice (n=7) 48 h after PHx. Student ¢-test, p>0.05.

F. Radioactive thymidine incorporation during liver regeneration (0-72 h) in WT (n=4-10) and
AnxA6” mice (n=4-11). Two-way ANOVA with Bonferroni post-hoc test, p>0.05.

Figure 3. Lipid accumulation in AnxA67 livers after PHx.

A. Representative H&E staining of WT and AnxA6™" liver sections 12 and 36 h after PHx. Scale
bars, 50 and 20 um.

B. Qualitative quantification of steatosis levels of liver sections from WT (n=5-14) and AnxA6™
mice (n=4-14) after PHx (0-72 h). Two-way ANOVA with Bonferroni post-hoc test,
p=0.0044.

C. Quantification of hepatic TAG levels in WT (n=4) and AnxA6”" mice (n=4) at 0, 24 and 48 h
after PHx. Two-way ANOVA with Bonferroni post-hoc test, p=0.0001.

D. Representative electron microscopy images of WT and AnxA67 liver sections 0, 12, 36 and
48 h after PHx. N, nucleus; *, lipid droplets; arrowheads, glycogen. Scale bar, 5 pm.

E. Quantification of blood ketone bodies in WT (n=5) and AnxA6”~ mice (n=5) 24 and 48 h after
PHXx.

Figure 4. Blood glucose levels and glucose supplementation in AnxA6”~ mice after PHx.

A. Blood glucose levels in WT (n=6-10) and AnxA6”" mice (n=6-12) after PHx (0-72 h). Two-
way ANOVA with Bonferroni post-hoc test, p<0.0001.

B. Plasma insulin levels in WT (n=4-9) and AnxA6”" mice (n=4-9) after PHx (0-48 h). Two-way
ANOVA with Bonferroni post-hoc test, p>0.05.

C. Liver glycogen levels in WT (n=5) and AnxA6”" mice (n=5) after PHx (0-12 h). Two-way
ANOVA with Bonferroni post-hoc test, p=0.0045.

D. Survival index plot of WT (grey line, n=7) and AnxA6” mice (orange line, n=11) after PHx
(0-72 h) with 10% glucose supplemented drinking water. Log-rank (Mantel-Cox) test,
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p=0.705. Survival index of WT (grey dotted line) and AnxA6”~ mice (orange dotted line) after
PHx is also shown.

E. Hepatic regeneration index from WT (n=7) and AnxA6”" mice (n=9) 7 days after PHx with
10% glucose supplemented drinking water. Student #-test, p>0.05.

F. Blood glucose levels in WT (n=9-10) and AnxA6”" mice (n=7-10) after PHx (0-72 h) with
10% glucose supplemented drinking water. Two-way ANOVA with Bonferroni post-hoc test,
p<0.0001.

Figure 5. AnxA6 deficiency impairs alanine-dependent hepatic gluconeogenesis after PHx.

A. Glucose secretion of WT and AnxA6™" primary isolated hepatocytes (n=4) starved for 6 h and
incubated with 2 mM sodium pyruvate, 20mM L-alanine and 20mM L-glutamine.

B. L-alanine plasma levels in WT and AnxA6”" mice after PHx (0-48 h, n=4 each group). Two-
way ANOVA with Bonferroni post-hoc test, p=0.0097.

C. Total amino acid plasma levels in WT and AnxA6” mice after PHx (0-48 h, n=4 each group).
Two-way ANOVA with Bonferroni post-hoc test, p>0.05.

D. L-alanine hepatic levels in WT and AnxA6” mice after PHx (0-48 h, n=4 each group). Two-
way ANOVA with Bonferroni post-hoc test, p=0.0404.

E. Total amino acid hepatic levels in WT and AnxA6”" mice after PHx (0-48 h, n=4 each group).
Two-way ANOVA with Bonferroni post-hoc test, p>0.05.

Figure 6. Alanine deamination and Pckl expression in livers of AnxA6~- mice after PHx.

A-B. Relative mRNA expression levels of ALATI1 (Gptl) and ALAT2 (Gpt2) after PHx in WT
and AnxA67 liver (0-48 h, n=5 each group). Two-way ANOVA with Bonferroni post-hoc
test, p<0.0001 (C).

C. Hepatic alanine aminotransferase (ALAT) activity after PHx in WT and AnxA6” mice (0-48
h, n=5 each group). Two-way ANOVA with Bonferroni post-hoc test, p>0.05.

D. Relative mRNA expression levels of PEPCK (Pckl) after PHx in WT and AnxA67 liver (0-
48 h, n=5 each group). Two-way ANOVA with Bonferroni post-hoc test, p=0.0011.
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Figure 7. AnxA6”- deficiency reduces alanine uptake in isolated hepatocytes and is

associated with SNAT4 mislocalisation in livers after PHx.

A. Radioactive ['*C]-L-alanine uptake of WT and AnxA6™ primary hepatocytes (0-10 min, n=4).
Two-way ANOVA test, p=.001.

B-C. Relative mRNA expression levels of SNAT2 (Slc38a2) and SNAT4 (Slc38a4) after PHx in
WT and AnxA6™" liver (0-48 h, n=5 each group). Two-way ANOVA with Bonferroni post-
hoc test, p>0.05 (B) and p<0.0028 (C).

D. Relative SNAT4 protein expression in WT and AnxA6” mice 48 h after PHx (n=4 each
group). Student #-test, p>0.05.

E. Representative confocal laser scanning microscopy of WT and AnxA6™" liver sections at 0,
12, 24 and 48 h after PHx stained for SNAT4 (green), phalloidin (actin, red) and DAPI
(nucleus, blue). Scale bar, 10 um.

F. Quantification of SNAT4 intensity ratio between sinusoidal plasma membrane and cytoplasm
intensities of WT and AnxA6™" liver sections (n=4 each group) at 0, 12, 24 and 48 h after
PHx. Two-way ANOVA with Bonferroni post-hoc test, p<0.0001.

Figure 8. Model of AnxA6-mediated and SNAT4-dependent regulation of gluconeogenesis
in hepatocytes 48 h after PHx.

Schematic representation of SNAT4-dependent alanine uptake and gluconeogenesis in WT and
AnxA67 hepatocytes. The lack of SNAT4 recycling to the sinusoidal membrane in AnxA6™
mice 48 h after PHx strongly hinders alanine uptake and compromises alanine-dependent

gluconeogenesis required for liver regeneration.
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