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Abstract

As important as the fasting response is for survival, an inability to shut it
down once nutrients become available can lead to exacerbated disease and
severe wasting. The liver is central to transitions between feeding and fast-
ing states, with glucagon being a key initiator of the hepatic fasting response.
However, the precise mechanisms controlling fasting are not well defined.
One potential mediator of these transitions is liver kinase B1 (LKB1), given its

role in nutrient sensing. Here, we show LKB1 knockout mice have a severe
wasting and prolonged fasting phenotype despite increased food intake. By
applying RNA sequencing and intravital microscopy, we show that loss of
LKB1 leads to a dramatic reprogramming of the hepatic lobule through ro-
bust up-regulation of periportal genes and functions. This is likely mediated
through the opposing effect that LKB1 has on glucagon pathways and gene
expression. Conclusion: Our findings show that LKB1 acts as a brake to the
glucagon-mediated fasting response, resulting in “periportalization” of the he-
patic lobule and whole-body metabolic inefficiency. These findings reveal a
mechanism by which hepatic metabolic compartmentalization is regulated by
nutrient-sensing.
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INTRODUCTION processes to meet energy demands. Glucagon is at the
crux of regulating the hepatic metabolic adaptation to
fasting. When circulating glucose levels drop, glucagon
stimulates hepatic glucose output through its release
from glycogen storages or de novo synthesis through

gluconeogenesis, as well as fatty acid oxidation and

Fasting is a conserved, adaptive response to nutrient
deprivation that involves metabolic and transcriptional
changes. The liver is critical in this response by se-
quentially activating catabolic and inhibiting anabolic
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ketogenesis, which provide crucial fuels to peripheral
tissues during extended fasting.m Equally important is
the ability to shut down the fasting response once nutri-
ents become available. This action prevents catabolic
processes from continuing needlessly and preventing
gluconeogenesis, lipolysis, and ketogenesis to go un-
checked. Indeed, impairment of fasting inhibition is ob-
served in patients with nonalcoholic fatty liver disease
(NAFLD) in whom gluconeogenesis and lipolysis are
elevated.?®! Indeed, metformin and glucagon-like pep-
tide 1 (GLP-1) agonists have been successful in treat-
ment of obesity, type 2 diabetes, and NAFLD through
attenuation of the glucagon response.[‘”] Fine-tuning
of this complex response is temporally regulated by
glucagon through activation of transcription factor cas-
cades, leading to sequential waves of gene expression
that optimize energy use and prevent tissue damage.[gl

Recently, Cheng at al. demonstrated that glucagon is
also involved in the spatial regulation of hepatic metab-
olism.'" The spatial segregation of hepatic metabo-
lism, also known as liver zonation, permits simultaneous
operation of conflicting pathways.[”‘m This is achieved
through the organization of hepatocytes in polarized,
hexagonal lobules in which six portal vessels deliver
oxygen, nutrients, and hormones (Figure S1B) that
flow directionally toward a single central vein. Several
factors regulate zonation by affecting differential gene
expression along the periportal (PP) to pericentral (PC)
axis. For example, hypoxia and Wnt ligands activate f-
catenin signaling, resulting in the expression of target
genes in PC cells.'"*"® On the other hand, glucagon
controls gene expression in the PP zone.['” Although
the “push and pull” relationship between Wnt ligands
and glucagon have been established as a central deter-
minant exerting zone-dependent expression patterns,
it is not clear how hepatocytes integrate those signals
during periods of fasting to maintain homeostasis.

One potential mediator is liver kinase B1 (LKB1),
given its role as a nutrient sensor that activates AMP-
activated protein kinase (AMPK) and members of
the AMPK-related family. LKB1 is also an important
regulator of hepatic polarity,[16‘19] a feature that may
be important for the spatial organization of the lob-
ule. Loss of LKB1 in whole body®?” and liver-specific
knockout!'®1%21 result in stark metabolic changes re-
sembling cachexia, a condition that causes extreme
weight loss due to fat and muscle wasting. Hepatic
LKB1 was shown to be pivotal for regulating glucose
homeostasis, as it is known to suppress gluconeogen-
esis through the activation of salt-induced kinase, 222
and conversely, mice lacking LKB1 display elevated
hepatic gluconeogenesis,m] driven by amino acid ca-
tabolism.l?"! Furthermore, hepatic LKB1 is required for
the glucose-lowering effects of metformin.??! Despite
its established involvement in whole-body homeostasis
and gluconeogenesis, it is not clear how LKB1 loss of
function results in such a severe metabolic phenotype.

Here, we show that hepatocyte-specific deletion
of LKB1 (KO) leads to a prolonged fasting response
in the liver, resulting in a severe wasting phenotype
and disrupted glucose homeostasis. At the transcrip-
tional level, liver from KO mice displayed up-regulated
glucagon-induced genes throughout the hepatic lobule,
many of which are enriched in PP regions in wild-type
(WT) mice. Our results suggest that LKB1 fine-tunes
glucagon pathways across the hepatic lobule to bal-
ance the extent of the fasting response, which is critical
for whole-body energy homeostasis. These findings
further our understanding of hepatic physiology and
factors regulating liver zonation.

METHODS
Reagents

Primary antibodies for western blots: LKB1 (3047S,
1:1000; Cell Signaling Technologies); p-tubulin
(2146S, 1:1000; Cell Signaling Technologies); phos-
phoenolpyruvate carboxykinase 1 (PCK1 [ab28455],
1:1000, Abcam); glyceraldehyde 3-phosphate dehydro-
genase (2118S, 1:1000; Cell Signaling Technologies);
Alexa Fluor 421, 647- conjugated CD324 (E-cadherin,
1:50, added during secondary antibody incubation;
BioLegend); and cytochrome P450 2E1 (Cyp2e1
[ab28146], 1:200; Abcam). Secondary antibodies used:
goat anti-mouse immunoglobulin G (IgG); horseradish
peroxidase (HRP) conjugate (12-349, 1:1000; Millipore
Sigma); goat anti-rabbit IgG, HRP conjugate (12-348,
1:1000; Millipore Sigma); Alexa-conjugated secondar-
ies (Jackson ImmunoResearch); and Alexa Fluor 647-
phalloidin (Invitrogen).

Mice

The study was approved by the National Cancer Institute
(NCl)-Bethesda Animal Care and Use Committee
protocol number LCMB037. C57BL/6J and LKB1 fl/fl
mice (Jackson Laboratories) had free access to water
and a standard diet (NIH-31 Open Formula, Envigo).
Experiments were done during the light cycle.

LKB1 KO

LKB1 fl/fl were injected with adeno-associated virus 8
(AAVS; 1.25 x 10" GC) expressing Cre recombinase
under the hepatocyte thyroid hormone—binding globu-
lin promoter (Vector Biolabs). AAV8 was delivered by
tail vein injection to LKB1 fl/fl and C57BL/6J at 6 weeks
of age, and mice were analyzed 4 weeks after. As ex-
pected, male mice had higher body weights and lower
fat mass than female mice (data not shown).
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Protein quantification

Western blot analysis was performed in whole liver
homogenate from snap-frozen livers as previously de-
scribed.""® Blots were normalized to a loading control.

Liver tissue fixation, immunofluorescence
staining, and histology

Whole liver was fixed using a transcardial perfusion of
4% paraformaldehyde in PBS, followed by vibratome
sectioning and immunofluorescence as described pre-
viously."™ Paraffin-embedding, sectioning, and his-
tological staining were done by Histoserv, Inc., then
scanned and evaluated by the Molecular Pathology
Unit NCI.

Glucose and insulin tolerance tests

Fasted mice (6 h) were intraperitoneally injected with
0.75 units/kg insulin (Humulin R, Lilly Pharmaceuticals)
or 1 g/kg 50% Dextrose (Hospira) for insulin and glu-
cose tolerance tests, respectively. Blood was collected
from the tail vein, and glucose was measured using
testing strips (Ascencia Diabetes Care).

Weight and body composition analysis

To calculate the change in body weight (BW), the final
BW was subtracted from the initial BW and divided by
the initial BW. Body composition (fat and lean mass)
was measured in unrestrained mice by Echo MRI
(EchoMRI LLC, Houston, TX) at 1:00 p.m.

Food intake and energy balance analysis

Food was weighed weekly. Food intake was converted
to kcal consumed/mouse/day using the energy density
of the standard diet (3.1 kcal/g). Energy balance was
calculated using the method described in Ravussin
et al. (2013).

Serum analysis

Kits were used according to manufacturer’s instruc-
tions to measure fibroblast growth factor 21 (FGF21;
EZRMFGF21-26K; EMD Millipore), f-hydroxybutyrate
(K632; Biovision), free fatty acid FUJIFILM (276-
76491, 999-34691, 995-34791, 991-34891, 993-
35191; Wako Diagnostics) and glucagon (10-1281-01;
Mercodia).

Confocal microscopy and image
processing

Images were acquired using a Leica SP8 inverted
confocal laser scanning microscope using 63-times
oil objective 1.4 Numerical aperture. E-cadherin stain-
ing was used to identify PP regions of the hepatic
lobule. Images were cropped contrast-enhanced,
background-subtracted, and a median filter was ap-
plied using ImageJ. Mean gray values were measured
for PP and PC regions, and ratios of PC over PP were
determined.

Intravital microscopy of hepatic glucose
mobilization

This procedure was previously described.?4
Briefly, under anesthesia, the liver was exposed on
the microscope stage (Leica SP8 inverted confocal
laser). Tetramethylrhodamine-dextran (Invitrogen)
was injected retro-orbitally to label the sinusoids,
followed by injection of the fluorescent glucose
analog during image acquisition. Quantification of
glucose uptake and retention was performed as
described.?*

RNA isolation

The left lobe (three mice per group) was shap-frozen
in liquid nitrogen. Approximately 20 mg per sample
was homogenized (Tissuelyser Il; Qiagen) and RNA
extracted (Qiagen #74104). RNA yield was determined
using the Agilent TapeStation Instrument. Samples with
a RIN > 8.0 were sent for bulk messenger RNA (MRNA)
sequencing.

Bulk mRNA sequencing

The mRNA library was made with TruSeq mRNA li-
brary kit (lllumina). 200 ng of total RNA was used as
the input to an mRNA capture with oligo-dT-coated
magnetic beads. The mRNA was fragmented, and then
a random-primed complementary DNA (cDNA) syn-
thesis was performed. To prepare the library, the re-
sulting double-strand cDNA was used as the input to a
standard Illumina library prep with end-repair, adapter
ligation, and polymerase chain reaction (PCR) amplifi-
cation being performed. The final purified product was
then quantitated by quantitative PCR before cluster
generation and sequencing. Six mRNA-sequencing
samples were pooled and sequenced on NextSeq
using paired-end sequencing and a read length of 76
(2 x 76 cycles).
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Sequencing data analysis

Raw data files were processed using the HiSeq Real
Time Analysis software (RTA 2.11.3). Files were demul-
tiplexed, and conversion of binary base calls and quali-
ties into fastq format was performed using the Illlumina
bcl2fastq2.17. Cutadapt (version 1.18) was used to trim
adapters and low-quality bases from the sequencing
reads, and the trimmed reads were mapped to mouse
reference genome NCBI m37/mm9 and Gencode an-
notation M9 using STAR (version 2.7.0f) with two-pass
alignment option. RSEM (version 1.3.1) was used for
gene and transcript quantification.

Raw counts files were imported into the NIH Data
Analysis Portal (NIDAP) for analysis. Low counts were
removed, data normalized (quantile), and batch correc-
tion was performed. Differential expression of genes
(DEG) analysis was performed using Limma-Voom
(bioconductor-limma package v.3.38.3), and FastGSEA
(bioconductor-fgsea package v.1.8.0) was used for
gene-set enrichment analysis (GSEA). Significance
was determined with threshold of false discovery rate
< 0.05, fold change (FC) > 1.5, FC < —1.5. Heatmaps
were generated using hierarchical clustering on the
NIDAP platform. The Venn diagrams were generated
using Venny 2.1 (Oliveros, 2007). Data discussed in
this publication have been deposited in NCBI's Gene
Expression Omnibus®®! and are accessible through
GEO Series accession number GSE192404 (https:/
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19
2404).

Statistical analysis

At least three mice were averaged per condition. Male
and female values were pooled, as no sex by LKB1
KO interaction was observed. Unpaired t-tests were
performed for data with equal variance, and a Welch’s
t-test was performed for data with unequal variance.
For comparing WT and KO mice within PP or PC re-
gions, a two-way analysis of variance (ANOVA) with
Bonferroni was used, or comparing across time, a
two-way repeated-measures ANOVA was used. Data
are shown as mean = SEM. Statistical significance
was determined by a p-value < 0.05 (GraphPad
Prism).

RESULTS

LKB1 KO mice are in a prolonged fasting
state resulting in a wasting phenotype

Liver-specific LKB1 KO mice were generated via
tail vein injection of AAV8 Cre recombinase with a
TGB promoter in LKB1 floxed mice at 6 weeks of age

and analyzed 4 weeks later. Over 90% reduction in
LKB1 protein was achieved (Figure 1A) with some
residual LKB1 detected, likely originating from non-
parenchymal cells. As previously reported in a model
in which LKB1 was depleted in neonates,!"” pAMPK
levels were significantly reduced in KO livers due to
loss of LKB1, which phosphorylates it (Figure S1A).
Overall, KO mice were smaller than WT controls,
which was also reflected by significant weight loss
over the course of 4 weeks (Figure 1B,C). Weight loss
occurred despite increased food intake and increase
in energy expenditure, indicating poorer metabolic ef-
ficiency in KO mice (Figure 1D,E). Significant reduc-
tion in body weight from muscle and/or fat that cannot
be rectified with nutritional intervention is defined as
a wasting phenotype, which is also concurrent with
shifts toward catabolic hepatic gene expression and
metabolism.?®! Weight loss in KO mice included both
fat and lean mass (Figure 1F,G). Additionally, sub-
stantial reduction in glycogen storage was observed
in liver sections from KO mice, primarily around PC
and midlobular regions (Figure 1H,l and Figure S2).
Hematoxylin and eosin and terminal deoxynucleoti-
dyl transferase—mediated deoxyuridine triphosphate
nick-end labeling staining did not reveal signs of in-
flammation or tissue damage (Figure S2). The wast-
ing phenotype observed is consistent with previous
reports in whole body?” and liver-specific LKB1 KO
models.[819:21 Previously, we have shown that de-
letion of LKB1 at birth via albumin Cre excision dis-
played a similar phenotype to the one we describe
here using AAV8 Cre injection in mature mice.['%
Together, this demonstrates a vital role for hepatic
LKB1 in maintaining metabolic homeostasis in both
neonate and adult mice.

Because LKB1 was ablated specifically in hepato-
cytes, we next examined whether KO livers will be
a source for elevated markers of prolonged fasting/
starvation. Ketone bodies are produced in the liver
during extended fasting, starvation, or exercise (Rui
[2014]; White and Venkatesh [2011]) through fatty acid
oxidation (Puchalska and Crawford [2017]). Indeed,
serum level of the ketone body p-hydroxybutyrate
was increased in KO mice (Figure 1J). In addition, we
measured serum levels of starvation-associated hor-
mone FGF21%"! and found it was higher in KO mice
(Figure 1K). FGF21 levels have been shown to pro-
mote lipolysis in diet-induced obese mice, leading to
weight loss.[28] Additionally, FGF21 null mice are pro-
tected from muscle loss,? and elevated FGF21 is as-
sociated with sarcopenia in adults.?% This catabolic
role of FGF21 on muscle mass likely explains the re-
duction in muscle observed in KO mice. Consistently,
serum free fatty acid levels were also elevated in KO
mice (Figure 1L). Despite these elevated markers of
prolonged fasting, serum glucagon levels in KO mice
were significantly reduced (Figure 1M), likely driven
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FIGURE 1 Characterization of changes in whole-body energy homeostasis in wild-type (WT) and knockout (KO) mice. (A) Confirmation
of liver kinase B1 (LKB1) ablation in the liver. (B) Representative image of WT and KO mice. (C) Percent change in body weight. (D) Daily
food intake (average values from 4-week-long measurements). (E) Energy expenditure measured per mouse per day (average values from
4-week-long measurements). (F) Final fat mass. (G) Final lean mass. (H) Analysis of liver glycogen using periodic acid—Schiff (PAS) staining
in liver sections from WT and KO. **Portal vessel; *central vein. (I) Quantification of PAS-positive hepatocytes expressed by percentage

of area. (J) Serum levels of b-hydroxybutyrate. (K) Serum levels of fibroblast growth factor 21 (FGF21). (L) Serum levels of free fatty acids.
(M,N) Serum glucagon (M) and serum insulin (N) in WT and KO mice. In all of these experiments, n = 16—18 mice per measurement. Data
are shown as mean + SEM. p-Values were calculated using an unpaired Student’s t-test. *p < 0.05, **p < 0.005, ***p < 0.0005,

*kkk

p < 0.0001. ns, not significant

by the hyperglycemia in KOs (Figure 2A), and as pre-  Glucose retention is reduced in LKB1 KO
viously reported.?22%1 On the other hand, insulin lev-  hepatocytes

els were unchanged (Figure 1N). Collectively, these

results demonstrate that the liver is in a prolonged LKB1 ablation results in sever disruption to glucose ho-
fasting state, consistent with the observed wasting meostasis.[?%2% Consistently, KO mice were hypergly-
phenotype. cemic (Figure 2A) and displayed glucose intolerance



1954 | LKB1 INHIBITS GLUCAGON-INDUCED FASTING
(A) (B) (€)
= - 250 GTT - 150 ITT
T 400+ *kkk k=S * =4
g) E 200+ b E
= o - o WT
o 300 2 2 100
8 S 1504 KO 8 .
o 2 o 3
3 200 g -g Ko
S 2 100 S
8 s wr 3
g 100 T s0- z
c s 5
=] N R
g o 0 . . . 0 : T 1
w 0 50 100 150 0 50 100 150

Control LKB1 KO

Time (min) post-glucose injection

(D) WT

Time (min) post-insulin injection

FIGURE 2

(E) os- ns
* ns
£ 0.4
©
2
2-0.3
kS
@ 0.2
2
©
@ 0.1+
0.0-
Periportal Pericentral
Ewr Ko
g 1.59 -
2 ok
c
D1.0 Sekke
e
b *x
8 0.5
E; I wT
o Il Ko
& 0.0 T T T 1
100 200 300 400
Time (s)
= 1.5
S - "
=
8
5 1:01 **
4
b *
S 054
E: I wT
> Il Ko
[&] 0.0
[P T T T 1
0 100 200 300 400
Time (s)

Intravital microscopy (IVM) of glucose uptake and retention in WT and KO mice. (A) Fasting blood glucose from WT and KO

mice. (B,C) Glucose tolerance test (GTT) (B) and insulin tolerance test (ITT) (C) of WT and KO mice. (D) Representative time-lapse frames
of hepatic glucose uptake in vivo using the fluorescent glucose probe 2-(N-[7-nitrobenz-2-oxa-1,3-diazol-4-ylJamino]-2-deoxyglucose
(2-NBDG; white). Mice were injected with 2-NBDG approximately 10 s into image acquisition. Dextran (red) was used to label the
vasculature (time = min: s). Dashed white circles indicate portal veins. (E) Quantification of glucose uptake rate (positive pixels/second). (F)
Quantification of glucose retention shown as the ratio of mean fluorescence intensity of 2-NBDG in hepatocytes to sinusoids in periportal
(PP) hepatocytes and pericentral (PC) hepatocytes. Scale bar = 100 ym. Data are shown as mean + SEM. p-Values were calculated using
an unpaired Student’s t-test for fasting glucose, a two-way analysis of variance (ANOVA) for WT versus KO within PP or PC, or repeated-
measures two-way ANOVA for WT versus KO across time (n = 3 mice). *p < 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.00001. CV,

central vein; ns, not significant

(Figure 2A,B), but were insulin-sensitive (Figure 2C),
indicating peripheral tissues were responding appro-
priately. Glucose homeostasis is maintained by the
coordination of glucose synthesis, storage and use,
which vastly differ across the hepatic lobule.l'?! This
led us to examine whether glucose uptake and re-
lease is spatially regulated, and whether LKB1 has
a role in it. To this aim, we developed an assay to
measure hepatic glucose mobilization in live anes-
thetized mice using time-lapse intravital microscopy

(IVM)24 using fluorescent glucose analog 2-NBDG
(2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-
deoxyglucose; Figure 2D—F). With this approach, the
rate of glucose uptake and retention in PP and PC
hepatocytes was measured. In WT mice, 2-NBDG
signal appeared in portal vein areas within seconds
of injection and was taken up by hepatocytes over
the course of 6 min (Figure 2D, Movie S1). Although
serum glucose concentrations are reportedly higher
in the portal vein,*" we found no difference in the rate
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of glucose uptake between PP and PC hepatocytes in
WT mice (Figure 2E). However, in KO mice, the rate
of uptake in both PP and PC hepatocytes was sig-
nificantly lower compared with WT, and accumulation
of 2-NBDG signal was not observed in PC regions
(Figure 2E). Additionally, we compared the ability of
the hepatocytes to retain glucose by calculating the
ratio of 2-NBDG fluorescent signal in hepatocytes
over sinusoids. Hepatic glucose retention was signifi-
cantly decreased in KO mice in PP and PC regions,
suggesting that glucose is released rather than stored
(Figure 2F) and consistent with the hyperglycemia
and reduced glycogen. This study evaluates glucose
mobilization in a spatially resolved manner and pro-
vides insights into glycemic control.

Up-regulation of PP-enriched genes and
pathways in LKB1 KO mice

To identify the drivers of these metabolic changes in
LKB1-deficient livers, we performed RNA sequencing
and examined its impact on gene expression. Out of
11,669 identified genes, 1635 were differentially ex-
pressed in the KO liver compared with WT, with an ap-
proximate 1:1 ratio of up-regulated to down-regulated
genes (Figure 3A and Table S1). GSEA and Ingenuity
Pathway Analysis (IPA) were used to analyze the
DEGs. We found 699 significantly enriched pathways,
a subset of which is shown in Figure 3B. Interestingly,
many pathways that are associated with PP-related
functions including mitochondria oxidative phospho-
rylation (Figure S3A,B), trichloroacetic acid cycle, the
previously reported gluconeogenesis,ml and amino
acid catabolism,?" were enriched in KO hepatocytes
(Figure 3B). These pathways are up-regulated in the
fasted liver,®? supporting the observation that LKB1
KO livers are in a fasting state. Pathways associated
with PC-related functions, on the other hand, such
as lipogenesis and bile acid metabolism, were down-
regulated (Figure 3B), suggesting a bias toward PP-
enriched genes in the KO liver. To investigate this idea
further, we used a list of PP-enriched and PC-enriched
genes compiled by Cheng et al.'"% and compared them
with the DEGs identified in the LKB1 KO mice. Indeed,
out of 270 PP and 461 PC genes, 89 and 157 were
regulated in the LKB1 KO livers, respectively. Strikingly,
within these regulated genes, there was substantial
up-regulation of PP-enriched and down-regulation of
PC-enriched genes (Figure 3C,D), suggesting the in-
volvement of LKB1 in the spatial division of metabolic
functions.

Given these changes in zone-restricted gene ex-
pression in KO livers, immunofluorescence localization
studies were performed to examine the spatial distri-
bution of selected enzymes in liver sections. Based on
gene expression, gluconeogenesis is enriched to PP

hepatocytes.”z] Consistently, protein expression of the
rate-limiting enzyme PCK1 was mostly confined to PP
hepatocytes in WT (Figure 3E upper image). However,
in the KO lobule, PCK1 expression increased, and its
distribution became uniform across both PP and PC
hepatocytes (Figure 3E lower image). Fluorescence
intensity ratios (PC/PP) demonstrate the increase in
PCK1 expression levels in PC regions (Figure 3F),
while the line scan demonstrates the loss of PCK1 zo-
nation in KO mice (Figure 3G, solid red line). Overall,
in the WT mice, PCK1 expression is barely detected
in PC regions, whereas in the KO mice it is present
across the lobule, suggesting a loss of functional zo-
nation (Figure 1G). Similar results were obtained with
the PP urea cycle enzyme arginase 1 (Figure S3C—
E). The spatial localization of PC enzymes was also
investigated, including Cyp2e1, which is involved in xe-
nobiotic metabolism. Cyp2e1 is mostly confined to PC
hepatocytes in the WT, and this pattern was lost in KO
due to reduced expression levels of the enzyme and re-
stricted distribution around the central vein (Figure 3H—
J). Similar results were obtained with the PC lipogenic
enzyme acetyl-CoA carboxylase 1 (Figure S3F-H).
Overall, in the absence of LKB1, the liver defaults to a
PP metabolic program that overrides PC-related gene
expression and functions. This loss in zonation and
uniform distribution of PP enzymes indicates that LKB1
signaling is important in maintaining liver zonation.

LKB1 regulates glucagon target genes,
but not Wnt/b-catenin

To understand how LKB1 affects liver zonation IPA
analysis was performed to identify potential regulators
based on the DEG. Interestingly, glucagon was identi-
fied as the top upstream activator of LKB1 (Figure 4A).
Because glucagon was reported to regulate liver zo-
nation by promoting the expression of PP genes,“o]
we next investigated the relationship between LKB1-
regulated and glucagon-regulated genes. To this aim,
DEG identified in LKB1 KO was compared with those
identified in glucagon KO mice.'"” Glucagon KO mice
were selected for this comparison because, like the
LKB1 KO, they displayed low serum glucagon. Of the
297 DEGs identified in glucagon KO livers, 40% over-
lapped with DEGs in LKB1 KO (Figure 4B and Table
S2). Interestingly, the overlapping genes inversely cor-
related (Figure 4C), suggesting that LKB1 has an overall
inhibitory effect on glucagon-related gene expression.
In glucagon KO mice, PC genes were up-regulated.“o]
In LKB1 KO mice, despite reduced glucagon levels
(Figure 1M), PP-enriched genes were enhanced, thus
reinforcing the notion that LKB1 negatively regulates
glucagon-related transcriptional changes. Similar
analysis of Wnt target genes revealed that of the 1003
DEGs, 20% of the LKB1 KO overlapped (Figure 4D and
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Table S3). However, there was no correlation in expres- decreased PC-enriched gene expression in LKB1 de-
sion between the overlapping genes (Figure 4E). These ficient hepatocytes is driven by uninhibited glucagon-
results suggest that up-regulation in PP-enriched and related pathways rather than changes to Wnt/b-catenin.
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To confirm this, we also compared DEGs from LKB1 KO
with those reported in liver-specific glucagon receptor
KO mice.’¥ Of the 1744 DEGs identified in glucagon
receptor KO livers, 15% overlapped with DEGs in LKB1
KO (Figure S4 and Table S4), and their expression dis-
played a significant inverse correlation again (Figure
S4A,B). A heatmap of the common affected genes in
LKB1 KO, glucagon KO, and glucagon receptor KO are
shown in Figure 4F and Table S5. We posit that LKB1
acts as a brake for glucagon-related gene expression.
Once that brake is gone (i.e., LKB1 KO), the negative
feedback loop is broken, allowing glucagon-related

pathways to increase unregulated. This notion is rein-
forced by the fact that glucagon-related genes are el-
evated in the face of low serum glucagon levels in LKB1
KO mice.

Glucagon is involved in the hepatic fasting response
through activation of transcription factors. Initially, glu-
cagon stimulates the cyclic adenosine monophosphate/
CREB pathway, which leads to expression of additional
transcription factors and a second wave of gene expres-
sion facilitating the temporal regulation of the fasting re-
sponse.[gl Therefore, expression levels of transcription
factors involved in the hepatic fasting response in the
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FIGURE 5 Graphical summary of results, showing how loss
of LKB1 allows glucagon genes to be up regulated, leading to
metabolic inefficiency and periportalization of the lobule

LKB1 KO were examined. Significant increases in nu-
clear receptor subfamily 4 group A member 1 (Nr4af;
6-fold) and member 2 (Nr4a2; 16-fold) were found in
KO mice (Figure 4G). These factors are involved in
up-regulating gluconeogenesis and the expression
of FGF21.343% Additionally, increased expression
of Ppargc1a (7-fold) was observed, which was previ-
ously described in LKB1 KO mice,’?? and is involved
in FAO and ketogenesis.[36] These transcription factors
are part of the delayed response to glucagon and may
explain the exacerbated and prolonged hepatic fasting
phenotype (Figure 1). Finally, Figure 5 summarizes our
findings in a model. We propose a negative feedback
loop in which LKB1 keeps the glucagon-related hepatic
fasting response under control. Depletion of LKB1 re-
sults in unrestrained activation of glucagon-related
pathways including gluconeogenesis, glucose efflux,
ketogenesis, and lipolysis. These zone-restricted func-
tions extend across the hepatic lobule in mutant mice,
leading to loss of liver zonation. These findings explain
the wasting phenotypes resulting in overall weight
loss, inability to store fuels, and metabolic inefficiency.
Additionally, this study highlights the possibility that
glucagon-related hepatic fasting is not only transcrip-
tionally controlled in time,® but also spatially regulated
by LKB1 across the hepatic lobule.

DISCUSSION

Fasting is an essential adaptive response to simul-
taneously mobilize nutrients as a fuel source while

conserving energy expenditure. During diseases such
as NAFLD and type 2 diabetes, an inability to shut
down this fasting response results in persistent gluco-
neogenesis and Iipolysis,[37] despite adequate nutri-
ent consumption. This excessive mobilization of fuels
worsens the inability to arrest the fasting response,
and further exacerbates disease progression. Here, we
show that LKB1 is vital for the inhibition of the hepatic
fasting response. Our findings that LKB1 KO mice have
a wasting phenotype (Figure 1) despite increased food
intake (Figure 1D), and circulating substrates in the
blood (Figures 1J—N and 2A) are indicative of disrup-
tion in the homeostatic control of energy balance and
suggestive of overall metabolic inefficiency. Energy
expenditure allows the evaluation of overall metabolic
efficiency by measuring the ability to convert ingested
energy into fat and protein.[38] In an attempt to main-
tain bodyweight during fasting, energy expenditure is
decreased by reducing physical activity[39] and diet-
induced thermogenesis.[40] Supporting this, Just et al.
previously showed that liver-specific LKB1 KO had de-
creased locomotor activity.[zﬂ However, we measured
significantly higher energy expenditure in KO mice
despite being in a phenotypical hepatic fasting state
(Figure 1E), reflecting metabolic inefficiency in LKB1
KO mice. Although we do not know the cause for this
inefficiency, the dramatic reduction in hepatocyte heter-
ogeneity reported here may lead to impaired division of
liver function, causing reduced efficiency. Alternatively,
it is possible that due to the severe hyperglycemia in
KO mice, the diet-induced thermogenesis is increased.

One of the key phenotypes described in LKB1
KO mice is dysregulated glucose homeostasis.?'~%]
Hepatocytes shift between glucose uptake for storage
in the fed state and release during the fasted states.
Despite the fact that glucose uptake, storage, and ef-
flux are differentially regulated across the hepatic lob-
ule,l'>" it is not clear whether LKB1 is involved and
how. To measure the changes in glucose uptake and
release, we developed an IVM-based assay to mea-
sure glucose mobilization in space and time.?4 we
measured markedly reduced glucose uptake and reten-
tion in KO hepatocytes, indicating that they are in con-
stitutive efflux state (Figure 2D—F). These results are
consistent with the severe hyperglycemia and glucose
intolerance (Figure 2A,B), reduced glycogen storage
(Figure 1H,1), and up-regulation of gluconeogenesis
genes (Figure 3B-E). Interestingly, Berndt et al. used
modeling to propose that PP hepatocytes release and
PC hepatocytes take up glucose.[‘”] However, in vivo,
we did not detect any difference in the rate of glucose
uptake and/or retention between PP and PC hepato-
cytes in WT or KO (Figure 2D,E). Similar kinetics in
PP and PC are likely achieved through differential ex-
pression of high-affinity and low-affinity glucose trans-
porters across the lobule [12] and redistribution of these
transporters when glucose availability shifts. This study
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shows that LKB1 plays a vital role in the spatial metab-
olism of glucose in the liver. Our results underscore the
importance of measurements of physiological parame-
ters in the intact tissue.

This unique spatial organization of hepatocytes
(Figure 5 and Figure S1E) results in the formation of
nutrient, oxygen, hormone, and morphogen gradients,
which in turn shape hepatocytes’ gene expression.
Indeed, a recent study using single-cell RNA sequenc-
ing demonstrated that 50% of liver genes are zo-
nated.? Key regulators of this zonation were identified
and include Wnt/b-catenin, glucagon, hypoxia, H-ras,
and growth and thyroid hormones."” However, these
do not account for all the zonated genes, highlighting
the existence of additional regulators of zonation. Our
findings show that LKB1 plays a significant role in liver
zonation. In the absence of LKB1, the spatial division of
hepatic metabolism is abolished. Instead, we observed
a striking up-regulation of PP-associated genes, expan-
sion of their spatial distribution, and down-regulation of
PC-related genes (Figure 3B—D and Figure S3A,B). In
a previous study, Cheng et al. showed that glucagon
oppose Wnt/b -catenin activity by inducing PP gene
expression.“o] Our analysis identified glucagon as a
probable upstream activator of LKB1. Furthermore, we
show a strong inverse correlation between glucagon
and LKB1 regulated genes. This apparent interplay
between glucagon and LKB1 indicates a possible fine-
tuning of the hepatocyte’s response to glucagon, al-
though additional studies are warranted to confirm this.
We propose a negative feedback loop between gluca-
gon and LKB1, leading to fine-tuning of hepatocyte’s
response to glucagon. Indeed, Cheng et al. showed
that glucagon ablation led to down-regulation of PP-
associated pathways and up-regulation of PC ones,
reinforcing the notion that LKB1 influences glucagon
signaling.[43] This type of regulation is reminiscent of
the balancing act between Wnt/b-catenin and its neg-
ative regulator adenomatous polyposis coli protein in
the regulation of PC genes.[44'45] Previous reports also
indicated a cross talk between LKB1 and Wnt signaling
in different models.*®=*® However, our data show no
correlation between the expression of Wnt targets and
LKB1-regulated genes (Figure 4D,E), suggesting that
the effects of LKB1 on zonation are largely indepen-
dent of Wnt. Although mechanistic studies to elucidate
how LKB1 counterbalances glucagon are warranted,
we propose that hepatocyte nutrient sensing through
LKB1, together with extrinsic factors such as glucagon,
orchestrate the patterned gene expression observed in
the hepatic lobule. This study is focused on glucagon;
however, we did not rule out that other factors such as
corticosterone and epinephrin could contribute to the
phenotype.

Our study demonstrates that loss of LKB1 in the liver
leads to a prolonged hepatic fasting response, which
contributes to weight loss, decreased glycogen, lean

and adipose mass, and an overall decrease in meta-
bolic efficiency (Figure 1). We identify LKB1 as a vital
inhibitor of the glucagon-related hepatic fasting re-
sponse, to prevent a wasting phenotype. We posit that
LKB1 acts as an important brake in the negative feed-
back loop of glucagon signaling in the liver. One possi-
bility is that LKB1 interacts with transcription factors in
the nucleus and affects their activity. It was previously
shown that the transcription factor Nr4a1 (Nur77) binds
and sequesters LKB1 in the nucleus, thereby attenu-
ating AMPK activation.”*®! In turn, this interaction may
also regulate the activity of transcription factors and,
like shown in this study, lead to an overall up-regulation
of glucagon-related genes. Attenuation of the glucagon
response via metformin and GLP-1 agonists has be-
come one of the most effective drug targets for obesity,
type 2 diabetes, and NAFLD."® Therefore, increasing
our understanding of the regulatory mechanisms be-
hind glucagon signaling is vital to improve new phar-
macological therapeutics. Here, the wasting phenotype
caused by uncontrolled glucagon-related gene expres-
sion in the liver was observed alongside complete abla-
tion of metabolic zonation in the hepatic lobule, raising
the provocative possibility that the fasting response is
not only regulated transcriptionally in time,’® but also
in space within the hepatic lobule. This could be criti-
cal for the organism’s survival in sustaining the fasting
response if nutrients are unavailable. The lobule’s anat-
omy allows for increased capacity of PP-like hepato-
cytes, and glucagon-LKB1 signaling axis may be at the
nexus of the spatio-temporal regulation of the fasting
response. While confirming previous reports of body
weight loss!'®~2" and reduced muscle mass??" in LKB1
KO mice, this paper extends these findings to demon-
strate a role for LKB1 in modulating the hepatic fasting
response through glucagon-induced genes and overall
impact on liver zonation, Furthermore, we show the dis-
ruption in glucose homeostasis in LKB1 KO mice with
spatial and temporal resolution. Given the conserved
role of LKB1 in cell polarity, it is possible that it is also
involved in the organization of the hepatic lobule, which
represents polarity in the tissue scale. Mechanistically,
it is unclear how these zone-specific changes influence
metabolic efficiency seen in LKB1 KO mice. Future
studies that attempt to restore liver zonation and rescue
the wasting phenotype in LKB1 KO mice would identify
its disruption as the primary cause of metabolic ineffi-
ciency in these mice. Nonetheless, this study reveals a
mechanism by which hepatic metabolic compartmen-
talization is regulated by nutrient sensing.
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