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Abstract:

Background and Aims:

Nonalcoholic steatohepatitis (NASH) is a chronic liver disease characterized
by hepatic lipid accumulation, inflammation, and progressive fibrosis. However,
the pathomechanisms underlying NASH are incompletely explored.
Phosphoenolpyruvate carboxykinase 1 (PCK1) catalyzes the first rate-limiting
step of gluconeogenesis. This study was designed to determine the role of
PCKZ1 in regulating NASH progression.

Methods:

Liver metabolism, hepatic steatosis, and fibrosis were evaluated at 24 weeks
in liver-specific Pck1-knockout mice fed with NASH diet or chow diet. Gain- or
loss-of-function approaches were used to explore the underlying mechanism in
vitro. AKT and RhoA inhibitors were evaluated for NASH treatment in vivo.
Results:

Hepatic PCK1 was downregulated in patients with NASH and mouse models
of NASH. Mice with liver Pckl deficiency displayed hepatic lipid disorder and
liver injury fed with normal diet, while showed aggravated fibrosis and
inflammation when fed NASH diet. Mechanistically, PCK1 deficiency
upregulated genes involved in fatty acid transport and lipid droplet formation.
Moreover, metabolomics analysis showed the accumulation of glycerol
3-phosphate, the substrate of triglyceride synthesis. Furthermore, the loss of

hepatic PCK1 could activate the RhoA/PI3K/AKT pathway, which leads to
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increased secretion of PDGF-AA and promotes the activation of hepatic
stellate cells. Accordingly, treatment with RhoA and AKT inhibitors alleviated
NASH progression in the presence of Pckl deletion in vivo.

Conclusions:

PCKZ1 deficiency plays a key role in the development of hepatic steatosis and
fibrosis by facilitating the RhoA/PI3K/AKT/PDGF-AA axis. These findings

provide a novel insight into therapeutic approaches for the treatment of NASH.

Keywords: phosphoenolpyruvate carboxykinase 1; gluconeogenesis;
non-alcoholic steatohepatitis; PISK/AKT pathway; platelet-derived growth

factor AA
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver
disease worldwide affecting nearly 25% of U.S. and European adults.* NAFLD
is characterized by aberrant lipid accumulation in hepatocytes in the absence
of excessive alcohol consumption. NAFLD may progress to non-alcoholic
steatohepatitis (NASH), a more serious form of liver damage hallmarked by
irreversible pathological changes such as inflammation, varying degrees of
fibrosis, and hepatocellular damage, which is more likely to develop into
cirrhosis and hepatocellular carcinoma (HCC).? Although multiple parallel
insults, including oxidative damage, endoplasmic reticulum stress, and hepatic
stellate cell (HSC) activation have been proposed to explain the pathogenesis

of NASH, the underlying mechanisms remain incompletely elucidated.?

Gluconeogenesis is the process of generating glucose from non-carbohydrate
substrates such as glycerol, lactate, pyruvate, and glucogenic amino acids,
which occurs mainly in the liver to maintain glucose levels and energy
homeostasis. Phosphoenolpyruvate carboxykinase 1 (PCK1) is the first
rate-limiting enzyme in the gluconeogenesis which converts oxaloacetate
(OAA) to phosphoenolpyruvate (PEP) in the cytoplasm.® Our previous studies
have shown that PCK1 deficiency promotes HCC progression by enhancing
the hexosamine-biosynthesis pathway.®> However, PCK1 has been found to

regulate not only glucose homeostasis but also lipogenesis by activating sterol
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regulatory element-binding proteins (SREBPs).® Patients lacking PCK1
function present diffuse hepatic macrosteatosis concomitant with
hypoglycemia and hyperlactacidemia.” Likewise, mice with reduced Pckl
expression develop insulin resistance and exhibit hypoglycemia as well as
hepatic steatosis, indicating an important role of PCK1 in regulating both
glucose homeostasis and lipid metabolism.® ° However, the exact role of

PCK1 during NASH progression is incompletely understood.

The phosphoinositide 3-kinase/protein kinase B (PI3K/ATK) pathway plays a
critical role in regulating cell growth and metabolism. This pathway can be
activated in response to insulin, growth factors, energy, and cytokines, and in
turn, regulates key metabolic processes, including glucose and lipid
metabolism, as well as protein synthesis.'® AKT promotes de novo lipogenesis
(DNL) primarily through SREBP activation.™ PIBK/AKT dysregulation leads to
many pathological metabolic conditions, including obesity and type 2
diabetes.' NAFLD is characterized by disordered glucose and lipid
metabolism in liver. Although PI3K/AKT pathway is a key regulator for sensing

metabolic stress, its exact role in NAFLD/NASH progression is unclear.*® **

In this study, we explored the role of Pckl in a mouse NASH model. We
unraveled the molecular mechanisms underlying disordered lipid metabolism,

inflammation, and fibrosis induced by Pckl depletion. We also delineated the
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101  functional importance of the PI3K/AKT pathway and its effectors in

102  steatohepatitis, providing a potential therapeutic strategy for treating NASH.
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Materials and Methods

Animal models.

Pck1'™®"* mice with a 129S6/SvEV background were purchased from the
Mutant Mouse Resource & Research Centers (MMRRC: 011950-UNC) and
Alb-Cre mice with a C57BL/6 background were purchased from Model Animal
Research Center of Nanjing University. To generate liver-specific
Pck1-knockout mice (L-KO), Alb-Cre mice were crossed with Pck1'™®*® mice.
Pck1'®1°® mice from the same breeding were used as control (wild-type, WT).
Male WT and L-KO mice, 7-9-week-old, were fed NASH diet (Research Diets,
D12492: 60% Kcal fat, with drinking water containing 23.1 g/L fructose and
18.9 g/L glucose) (n=11 per group) or a control chow diet (Research Diets,
D12450J: 10% Kecal fat, with tap water) (n=10 per group) for 24 weeks. Food
and drinking water were provided ad libitum. All mice were housed in
temperature-controlled (23°C) pathogen-free facilities with a 12-hour light-dark
cycle. For the male L-KO mice in the treatment group, after fed with NASH diet
for 16 weeks, mice were divided into 3 groups and intraperitoneally (i.p.)
injected with vehicle solution (n=6), MK2206 (AKT inhibitor, 50 mg/kg, every 3
days) (n=5) or Rhosin (RhoA inhibitor, 20 mg/kg, every 3 days) (n=6) for 8
weeks, respectively. All mice were executed for further study after fed with
NASH diet for 24 weeks. Animal experiments were approved by Animal
Experimentation Ethics Committees of Chongging Medical University and

were carried out in accordance with the Guide for the Care and Use of
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Laboratory Animals.

Liver tissues collection, ELISA, immunoblotting, transcriptomic analyses,
untargeted metabolomics, primer sequences, reagents, antibodies,
ChIP-gPCR, and other in vitro studies are provided in the Supplementary

Materials and Methods.
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Results

PCK1 is downregulated in patients with NASH and mouse models of
NASH

To determine whether PCK1 is involved in NAFLD, we first examined hepatic
gene expression in a published transcriptome dataset (GEO: GSE126848)
containing samples from 14 healthy, 12 obese, 15 NAFLD, and 16 NASH
patients.'® Bioinformatics analysis showed that 32 genes were markedly
changed in obesity, NAFLD, and NASH; 12 genes were considerably
downregulated and 20 genes were upregulated (Supplementary Figure 1A-C).
Notably, PCK1 was gradually reduced in obesity, NAFLD, and NASH patients
(Figure 1A and B). Downregulation of PCK1 mRNA was also found in a similar
dataset (GSE89632) (Figure 1B). Moreover, q-PCR, immunoblotting, and
immunohistochemistry (IHC) assays showed that PCK1 expression were
dramatically downregulated in liver samples derived from NASH patients and

NASH model mice (Figure 1C-E).

Next, palmitic acid (PA) was used to mimic the liver steatosis of NAFLD
patients in vitro.*® Cell growth was assessed by CCK8 assay after treatment
with different concentration of PA (Supplementary Figure 1D). Interestingly,
PCK1 mRNA and protein levels were downregulated in a dose-dependent
manner during 24-hour PA stimulation (Figure 1F and G), suggesting that

transcription of PCK1 may be inhibited in response to lipid overload. We
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10
screened several known regulators of PCK1 (Supplementary Figure 1E and F)
and determined ATF3, a transcriptional repressor of PCK1,*” was upregulated
upon PA stimulation (Figure 1H). Similarly, ATF3 expression was remarkably
upregulated in liver samples derived from NASH patients and NASH model
mice (Supplementary Figure 1G-1). Chromatin immunoprecipitation assays
revealed that the binding of ATF3 to PCK1 promoter was increased by PA
administration (Figure 11). ATF3 knockdown restored the expression of PCK1
in human hepatocytes under PA treatment (Figure 1J). These results indicate
that increased lipids caused upregulation of the repressor ATF3, impairing

PCK1 transcription in NASH patients and mouse models.

L-KO mice exhibit a distinct hepatic steatosis phenotype

To explore the role of Pckl in fatty liver disease, WT and L-KO mice were fed
with chow diet for 24 weeks (Supplementary Figure 2A). From 16 weeks, L-KO
mice showed increased body weight compared with WT mice, however, there
was no significant difference in the glucose tolerance test (GTT) and insulin
tolerance test (ITT) (Supplementary Figure 2B). Moreover, significant
hepatomegaly and increased liver weight were observed in L-KO mice
(Supplementary Figure 2C). Alanine transaminase (ALT) and aspartate
transaminase (AST) levels were higher in L-KO mice, indicating liver injury
(Supplementary Figure 2D). In addition, total triglyceride (TG), total cholesterol
(TC), and free fatty acids (FFAS) in liver tissues and serum were elevated in

10
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11
L-KO mice (Supplementary Figure 2E and F). Histochemistry and ELISA
showed that L-KO mice exhibited prominent hepatic steatosis and higher
levels of TNF-a (Supplementary Figure 2G-1). These data suggest that L-KO
mice exhibited a distinct hepatic steatosis phenotype and liver injury even

when fed normal chow.

Hepatic loss of Pckl promotes inflammation and fibrogenesis in NASH
mice

To explore whether an unhealthy diet could exacerbate the pathologic
changes in L-KO mice, WT and L-KO mice were fed with high-fat diet with
drinking water containing fructose and glucose (NASH diet) for 24 weeks
(Figure 2A).*® *° From 4 weeks, L-KO mice showed significant weight gain
(Figure 2B). GTT and ITT showed that L-KO mice developed a more severe
form of glucose intolerance and insulin resistance (Figure 2C and D). L-KO
mice had pale and heavier livers (Figure 2E), although there was no significant
difference in liver weight ratio (Supplementary Figure 3A). Insulin, AST, ALT,
TC, TG, and FFAs were increased in serum or liver homogenates of L-KO
mice, suggesting more serious liver injury and lipid metabolism disorder
(Figure 2F; Supplementary Figure 3B and C). Analyses of L-KO liver sections
revealed increased fat droplets, more severe fibrosis, and greater macrophage
infiltration (Figure 2G and H). Furthermore, L-KO mice had higher NAFLD
activity score (NAS score), and higher TNF-a and IL-6 levels (Figure 2l and J).

11
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12
In addition, the expression of inflammatory factors, lipogenic enzymes, and
fibrogenesis associated genes were upregulated in L-KO mice
(Supplementary Figure 3D-F). In summary, mice lacking hepatic Pckl showed

substantial liver inflammation and fibrosis when fed NASH diet.

Transcriptomic and metabolomics analyses confirm loss of Pckl
promotes hepatic lipid accumulation

To comprehensively investigate the role of Pckl in NASH, we performed
RNA-seq analysis of liver samples from L-KO and WT mice fed normal chow
or NASH diet for 24 weeks. Gene ontology analysis indicated that lipid
metabolic processes were remarkably upregulated in L-KO mice fed with
NASH diet (Figure 3A). Volcano plot showed that genes involved in fatty acid
uptake, such as Slc27al and Cd36, and lipid droplet synthesis, such as Cidec
and Cidea, were upregulated in response to NASH diet (Figure 3B). Gene Set
Enrichment Analysis (GSEA) revealed that the PPAR signaling pathway was
prominently upregulated in L-KO mice fed either diet (Figure 3C;
Supplementary Figure 4A and B). Several genes selected from the data set
were independently validated by g-PCR and immunoblotting and found to be
significantly overexpressed in L-KO mice (Figure 3D and E). Furthermore,
genes involved in the glycerol 3-phosphate (G3P) pathway were also
upregulated in L-KO mice (Figure 3F). Metabolomics analysis showed that
compared with WT mice fed NASH diets, L-KO mice had significantly higher

12
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G3P and PA levels (Figure 3G and H). Since G3P is a substrate for TG
synthesis and PA is a key intermediate metabolite in DNL, these data
suggested that Pckl ablation could promote the substrates accumulation for

lipid synthesis.

To further examine the function of PCK1 on steatosis in vitro, we
overexpressed (PCK1-OE) using the AdEasy adenoviral vector system and
knocked out PCK1 (PCK1-KO) using the CRISPR-Cas9 system in human
hepatocytes (Supplementary Figure 4C and D), and found that PCK1-OE
attenuated the accumulation of lipid droplets, whereas PCK1-KO facilitated
lipid accumulation (Supplementary Figure 4E and F). Collectively, these results
suggested that hepatic Pckl deficiency leads to lipid accumulation by
promoting the expression of lipogenic genes and the accumulation of

substrates related to lipid synthesis (Supplementary Figure 4G).

Hepatic Pckl deficiency leads to HSC activation via PISK/AKT pathway
RNA-seq analysis indicated that the PISK/AKT pathway was also specifically
activated in L-KO mice fed NASH diet (Figure 4A and B). Immunoblotting
revealed p-AKT (S473) and p-AKT (T308), two activated forms of AKT, and
downstream c-MYC were significantly upregulated in L-KO livers (Figure 4C).
Consistently, g-PCR also confirmed the high expression of genes related to
PISK/AKT pathway in L-KO mice (Supplementary Figure 5A). Similarly, p-AKT

13
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(S473 and T308) significantly decreased in human PCK1-OE cells, but

increased in PCK1-KO cells after 0.2 mM PA treatment (Figure 4D and E).

To clarify the role of PISK/AKT pathway activation, transcriptome data were
further analyzed. Interestingly, Collal, Col3al, and Lamaz2, which are primary
components of the extracellular matrix (ECM), were upregulated as shown in
the heat map of the PI3K/AKT pathway (Supplementary Figure 5B). Moreover,
GSEA analysis revealed that ECM-receptor interaction was upregulated in
L-KO mice (Supplementary Figure 5C). Since ECM deposition is usually
considered as the key event underlying liver fibrosis, we suspected that
activation of the PIBK/AKT pathway may promote fibrosis in L-KO mice.
Considering HSCs are major ECM secretors, we performed human hepatocyte
(MIHA) and HSC (LX-2) co-culture assays (Figure 4F). Interestingly, mRNA
levels of ACTA2 (a-SMA, an HSC activation marker), COL1A1, and COL3A1
were increased in HSCs co-cultured with PCK1-KO cells, but were decreased
in HSCs co-cultured with PCK1-OE cells (Figure 4G and H). Likewise,
COL1A1, COL3A1, and a-SMA expression was increased in liver tissues and
primary HSCs of L-KO mice, which was confirmed by IHC analysis of COL3A1
(Figure 41-K). However, these increases could be partially reversed by
MK2206, an AKT inhibitor (Figure 4L and M). Collectively, these data
suggested that loss of PCK1 in hepatocytes induces HSCs activation and ECM
formation via activating the PI3K/AKT pathway.

14
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Paracrine PDGF-AA from hepatocytes promotes HSC activation
Hepatocytes elicit several fibrogenic actions in a paracrine fashion to promote
the activation of HSCs.?’ Thus, PCK1-mediated hepatic fibrosis may be
involved in paracrine disorders. To test this hypothesis, several pro-fibrotic
factors were screened, and Pdgfa was significantly elevated in liver tissues of
L-KO mice (Figure 5A). Bioinformatics analysis confirmed that PDGFA were
significantly increased in NAFLD and NASH patients (Figure 5B). Pdgfa
encodes a dimer disulfide-linked polypeptide (PDGF-AA), and the chronic
elevation of PDGF-AA in mice liver induces fibrosis.?* Immunoblotting and
ELISA demonstrated increased PDGF-AA expression in liver tissues and
primary hepatocytes of L-KO mice (Figure 5C-E). Moreover, PDGF-AA
concentration was markedly increased in the culture medium of PCK1-KO
cells, but decreased in that of PCK1-OE cells treated with 0.2 mM PA (Figure
5F). Correspondingly, platelet-derived growth factor receptor alpha (PDGFRA),
which encodes the PDGF-AA receptor, was increased in HSCs co-cultured
with PCK1-KO cells, while decreased in HSCs co-cultured with PCK1-OE cells
(Figure 5G). To determine whether the pro-fibrogenic effect was mediated by
PDGF-AA secretion, we used a neutralizing antibody against PDGF-AA. As
expected, the increase of a-SMA, COL1A1, and COL3A1 in HSCs co-cultured

with PCK1-KO cells can be reversed by anti-PDGF-AA treatment (Figure 5H).

15
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16
286  Reviewing transcriptome data, we found that Pdgfa appeared in the heat map
287  of the PIBK/AKT pathway (Supplementary Figure 5B). IHC results showed that
288  p-AKT (S473) was positively correlated with PDGF-AA (Figure 51). The AKT
289  inhibitor MK2206 significantly blocked the increase of PDGFA expression
290 levels in the supernatants and cells lysates of PCK1-KO cells (Figure 5J and
291  K). Taken together, these data confirmed that PCK1 deficiency promoted the
292 expression of PDGF-AA through the PISK/AKT pathway, and activated HSCs
293 through hepatocyte-HSC crosstalk.
294
295 PCK1 deficiency promotes the activation of the PI3BK/AKT/PDGF-AA axis
296 by activating RhoA signaling in hepatocytes
297 Rho GTPases, which cycle between active GTP-bound and inactive
298 GDP-bound conformations, are known to activate the PI3K/AKT pathway.?*?*
299  Considering PCK1 catalyzes the conversion of OAA to PEP, consuming GTP
300 to generate GDP, we speculated that PCK1 deficiency may alter intracellular
301  GTP homeostasis. To test this hypothesis, we examined several Rho GTPase
302  protein levels in mice liver tissues and found that GTP-bound RhoA
303  significantly increased but inactivated RhoA, p-RhoA (S188) reduced in L-KO
304 mice (Figure 6A-6C). Consistently, after PA treatment, levels of GTP-bound
305 RhoA decreased but p-RhoA (S188) expression increased in PCK1-OE cells,
306 while PCK1-KO cells displayed the opposite effects (Figure 6D-6G). Next,
307 Rhosin was used to determine whether PI3K/AKT activation is dependent on
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308 RhoA. Immunoblotting, ELISA, and g-PCR assays showed that Rhosin
309  blocked the increase of activated forms of AKT and PDGF-AA in PCK1-KO cell
310 lysate and supernatant, as well as ACTA2, COL1A1, and COL3AL1 expression
311 in HSCs co-cultured with PCK1-KO hepatocytes (Figure 6H-J). Moreover,
312 PCK1 and p-RhoA (S188) were downregulated in NASH patient samples,
313 while p-AKT (S473) and PDGF-AA levels were upregulated (Figure 6K). Taken
314  together, these data indicate that PCK1 ablation stimulated the
315  PI3K/AKT/PDGF-AA axis by activating RhoA.
316
317 Therapeutic treatment with RhoA and AKT inhibitors reduced
318 progressive liver fibrosis in vivo
319  To explore whether blocking RhoA/PI3K/AKT could rescue the NASH
320 phenotype in L-KO mice, Rhosin and MK2206 were used in vivo (Figure 7A).
321  Treatment of L-KO mice with Rhosin or MK2206 showed improved glucose
322 intolerance (Supplementary Figure 6A) and insulin resistance (Supplementary
323 Figure 6B). Furthermore, the increased liver weight was also prevented
324  (Figure 7B), whereas body weight was reduced only in the MK2206 treatment
325 group (Supplementary Figure 6C). Additionally, Rhosin or MK2206
326 administration attenuated AST and ALT levels, as well as TG and FFA levels in
327 serum and liver tissues (Figure 7C; Supplementary Figure 6D and E). Similarly,
328 histochemistry showed reduced liver steatosis, inflammation, and fibrosis in
329 Rhosin or MK2206 treated mice (Figure 7D; Supplementary Figure 6F), which
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was confirmed by decline in liver TNF-a and IL-6 levels (Figure 7E).
Additionally, a-SMA, COL1A1, COL3A1, PDGF-AA, p-AKT (S473, T308)
expression and GTP-bound RhoA levels were also decreased, while the
expression of p-RhoA (S188) was increased in treatment group (Figure 7F;
Supplementary Figure 6G). MK2206 or Rhosin treatment also reduced the
expression of genes related to inflammation and fibrosis (Figure 7G). These
data suggested that the RhoA/PISK/AKT axis plays a key role in NASH

progression in L-KO mice.

18


https://doi.org/10.1101/2021.01.12.426294
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426294; this version posted April 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

19
338 Discussion
339  This study revealed that the hepatic gluconeogenic enzyme PCK1 plays an
340 important role in NASH progression. The expression of PCK1 was diminished
341  in livers from patients or mice with NASH. Moreover, deletion of PCK1
342  significantly exacerbated hepatic steatosis, fibrosis, and inflammation in
343  mouse models fed NASH diet. Mechanistically, loss of PCK1 not only
344  promotes steatosis by enhancing lipid deposition, but also induces fibrosis by
345  HSC activation via the PI3BK/AKT/PDGF-AA axis, thus promoting the
346 progression of NASH.
347
348  Abnormal lipid metabolism is a characteristic of NAFLD and NASH. Previous
349  studies assumed that altered lipid homeostasis was usually caused by
350 abnormal expression of genes related to lipid metabolism.?® However, recent
351 studies have demonstrated that disruption of gluconeogenesis also leads to
352 abnormal lipid metabolism. Deficiency of fructose-1,6-bisphosphatase 1 (FBP1)
353  and glucose-6-phosphatase catalytic subunit (G6PC), key enzymes of
354 gluconeogenesis, results in severe hepatic steatosis and hypoglycemia,
355 indicating that suppression of gluconeogenesis could also disrupt lipid
356 homeostasis.”® ?’ As the first rate-limiting enzyme in gluconeogenesis, it is
357  currently not clear whether PCK1 plays a critical role in NAFLD/NASH
358 development. In this study, we identified a robust decrease in PCK1
359  expression in the livers of NASH mice and NAFLD/NASH patients, causing
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severe hepatic steatosis and confirming that disordered hepatic

gluconeogenesis can affect lipid homeostasis.

Previous reports have shown that PCK1 expression is increased in several
obesity/diabetes mouse models, such as ZDF rats, ob/ob and db/db mice, and
the disease progression of NASH is positively correlated with obesity and type
2 diabetes mellitus (T2DM).?° |nterestingly, we found that PCK1 expression
was down-regulated in diet-induced murine NASH model. Such a discrepancy
might be due to the differences in animal models. The widely used rodent
models of genetic forms of obesity and diabetes, such as ob/ob and db/db
mice, have increased plasma glucocorticoids, which may drive PCK1
expression.* ! Another explanation is that high-fat diet supplemented with
high fructose/glucose in drinking water is capable of suppressing PCK1
expression, which is consistent with the previous report. ** Furthermore, we
identified ATF3, a member of the basic leucine zipper (bZIP) family of
transcription factors,® transcriptionally repressed PCK1 upon PA overload in
vitro or in NASH mouse model. This is in line with previous studies suggesting
that ATF3 was upregulated in NAFLD patients and murine NASH model, and
could inhibit the expression of PCK1 in alcoholic fatty liver disease.'® 3* %

Therefore, in the current study, we found that PCK1 markedly decreased in

NASH, and PA inhibited PCK1 transcription via the upregulation of ATF3.
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Accumulating studies using PCK1 agonists or whole-body Pck1 knockdown
mice have verified that PCK1 may affect lipid metabolism.*® *" In the present
study, we found that liver-specific Pck1l knockout induced significant hepatic
steatosis even under normal feeding conditions. This is a very important
phenomenon, since it is uncommon for a single gene ablation to cause
spontaneous steatosis unless a high-fat diet is used. Moreover, we observed
that mice with liver Pckl deficiency showed aggravated inflammation when fed
high-fat high-fructose diet, which was completely different from a previous
study showing that whole-body Pckl knockdown prevented hepatic
inflammation.®® We speculate that this discrepancy is possibly due to
differences between diet plan and animal models, since whole-body Pckl

knockdown may have unforeseen effects on glucolipid metabolism.

Lipid accumulation is the essence of steatosis. Emerging evidence has
indicated that increased fatty acid uptake is associated with lipid
accumulation.®> “° In this study, genes involved in fatty acid uptake such as
Cd36 and Slc27al were highly expressed in L-KO mice. In addition, Cidec, a
lipid droplet-associated protein that promotes their formation, was increased
by both chow and NASH diets, and recently it was claimed to upregulated in
NALFD patients and mice, suggesting that PCK1 ablation also promotes lipid
droplet formation.** *> Abnormal levels of metabolites also contribute to TG
accumulation in liver. The G3P pathway contributes to over 90% of TG

21
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204  synthesis.”® Since our metabolomics data showed that G3P and PA were
405  significantly upregulated in L-KO mice, we propose that PCK1 deficiency
406 promotes hepatic lipid accumulation by enhancing the expression of Cd36,
407  Slc27al, and Cidec and the levels of metabolic substrates such as G3P and
408 PA. However, the exact mechanism by which PCK1 regulates G3P pathway
409 and the expression levels of Cd36, Slc27al remains to be further explored.
410
411  Fibrosis is another characteristic of NASH and drives the transition from simple
412  steatosis to NASH. Activation of HSCs through the secretion of profibrotic
413 cytokines, such as TGF-B and PDGF, is a key event in liver fibrosis.** A recent
414  study identified high mobility group protein B1 (HMGB1), secreted by
415  FBP1-deficient hepatocytes, as the main mediator to activate HSCs, showing
416 the important crosstalk between hepatocytes and HSCs via paracrine
417  signaling.?® Herein, we found that PDGF-AA was secreted by PCK1-deficient
418  hepatocytes and acted in a paracrine manner to activate HSCs. Increased
419  deposition of extracellular matrix and activation of HSCs were shown in
420 PDGFA-transgenic mice, however, the underlying mechanism mediating
421  PDGF-AA upregulation in fibrosis remains unclear. >* Here, we demonstrated
422  that PCK1 deficiency promoted PDGF-AA secretion via activation of the
423  RhoA/PI3K/AKT pathway. Mechanistically, we hypothesize that PCK1 deletion
424  may increase intracellular GTP levels, thus promoting the activation of RhoA
425 and further activating the PI3K/AKT pathway. Based on our in vitro findings,
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we used pharmacological AKT and RhoA inhibitors, MK2206 and Rhosin
respectively, in L-KO NASH mice. Hepatic steatosis, fibrosis, and inflammation
were significantly attenuated in treated mice. Although RhoA and AKT
inhibitors are currently only in phase 3 trials or preclinical studies for the
treatment of liver fibrosis or clinical tumors, these compounds may also have a

promising therapeutic potential for NASH.*>*

In conclusion, this study demonstrated that hepatic PCK1 deficiency could
promote lipid deposition and fibrosis in murine NASH model. Moreover,
hepatic PCK1 loss activates the RhoA/PISK/AKT pathway, which increases
secretion of PDGF-AA and promotes HSC activation. AKT/RhoA inhibitors
could reduce progressive liver fibrosis, providing a therapeutic window for

NASH treatment.
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Abbreviations:

AKT, protein kinase B; ALT, Alanine transaminase; AST, aspartate
transaminase; a-SMA, alpha-smooth muscle actin (ACTA2); ATF3, Activating
Transcription Factor 3; bZIP, Basic Leucine Zipper; ChIP, chromatin
immunoprecipitation; CIDEC and CIDEA, cell death inducing DFFA like
effector C and A; COL1A1, COL1A3, recombinant collagen type | alpha 1 and
alpha 3; CD36, fatty acid translocase; DNL, de novo lipogenesis; FFA, free
fatty acid; G3P, glycerol 3-phosphate; GTT, glucose tolerance test; GSEA,
Gene Set Enrichment Analysis; HE, hematoxylin and eosin; IHC,
immunohistochemistry; ITT, insulin tolerance test; LamaZ2, laminin subunit
alpha 2; L-KO, liver-specific Pck1l-knockout mice; NASH, non-alcoholic
steatohepatitis; NAFLD, non-alcoholic fatty liver disease; NAS, NAFLD activity
score; PCK1, Phosphoenolpyruvate carboxykinase 1; PCK1,
Phosphoenolpyruvate carboxykinase 1; PDGF-AA, platelet-derived growth
factor AA; PI3K, phosphatidylinositol 3-kinase; PPAR, Peroxisome
Proliferator-Activated Receptor; RhoA, Ras homolog family member A;
SLC27A1, solute carrier family 27 member 1; TC, total cholesterol; TG,

Triglyceride
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Figure legends
Figure 1. PCK1is downregulated in patients with NASH and mouse
models of NASH. (A) Genes downregulated in patients with obesity (n=12),
NAFLD (n=15), and NASH (n=16) from GSE126848 dataset. (B) Relative
PCK1 mRNA levels in GSE126848 and GSE89632 datasets. (C) PCK1
expression in normal individuals and patients with NASH. Scale bars: 50 pum.
(D-E) mRNA and protein levels of PCK1 in the livers of WT mice fed with chow
diet or NASH diet. (F-G) PCK1 mRNA and protein levels in MIHA cells treated
with palmitic acid (PA) or BSA. (H) Relative levels of indicated genes in MIHA
cells treated with 0.2 mM PA. (1) ChIP assays were performed in MIHA cells
with or without PA treatment using an antibody against ATF3, IgG or H3. (J)
Protein levels of PCK1 in MIHA cells infected with either shControl or ShATF3
treated with 0.2 mM PA. Data expressed as mean £ SEM; *P < 0.05, ** P <
0.01, **P < 0.001. P values obtained via 2-tailed unpaired Student’s t tests or

one-way ANOVA with Tukey’s post hoc test.
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656 Figure 2. PCK1 ablation accelerates inflammation and fibrogenesis in
657 NASH model. (A) Schematic diagram of mouse model fed with NASH diet.
658 (B-D) Body weight, GTT, and ITT were measured in WT and L-KO mice (n=11).
659 (E) Representative gross liver morphology, whole body photo, and liver weight.
660 (F) Serum levels of insulin, ALT and AST were measured. (G)
661 Paraffin-embedded liver sections were stained with H&E, Sirius Red, a-SMA
662 and F4/80. Frozen sections stained with Oil Red O. Scale bars: 50 um. (H)
663  Quantifications of Oil red O staining, Sirius red staining, and IHC staining. (I)
664  NAS scores of each group. (J) Levels of TNF-a and IL-6 in liver tissues were
665 examined using ELISA (n=8). Data expressed as mean = SEM; *P < 0.05, ** P

666 < 0.01, **P < 0.001. P values obtained via 2-tailed unpaired Student’s t tests.
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Figure 3. Loss of PCK1 promotes lipid accumulation confirmed by
transcriptome and metabolome. RNA sequencing was performed on livers
of WT and L-KO mice fed NASH diet (n=4-5). (A) Gene ontology analysis of all
significantly changed genes in top 10 biological processes. (B) Volcano plot
representation of significantly up- and downregulated genes. (C) GSEA plot
(left) of enrichment in “PPAR signaling pathway” signature; Heatmap (right)
presentation of significantly upregulated PPAR target genes. (D-E) g-PCR and
immunoblot analysis of indicated genes or protein expression in mice liver
tissues. (F) Relative mRNA expression of key genes in G3P pathway (n=8). (G)
Upregulated metabolites detected by untargeted metabolomics (n=6). (H) The
relative level of G3P and PA in mice liver tissues (n=6). Data expressed as
mean + SEM; *P < 0.05, * P < 0.01, **P < 0.001. P values obtained via

2-tailed unpaired Student’s t tests.

36


https://doi.org/10.1101/2021.01.12.426294
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.12.426294; this version posted April 28, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

available under aCC-BY-NC-ND 4.0 International license.

37

Figure 4. Hepatic PCK1 deficiency leads to HSC activation via PISK/AKT
pathway. (A) Pathway enrichment analysis of significantly upregulated genes
in L-KO mice. (B) GSEA plot of enrichment in PI3K/AKT pathway. (C-E)
Immunoblot analysis of AKT and p-AKT (S473 or T308) in mice liver tissues or
PCK1-OE and PCK1-KO MIHA cells with or without 0.2 mM PA treatment. (F)
Schematic flow chart of co-culture models. (G-H) g-PCR analysis of fibrosis
related gene in HSC (LX-2) cells co-cultured with PCK1-KO or PCK1-OE MIHA
cells. (I-J) Western blot of fibrosis related protein in liver tissues or primary
HSCs (n=3). (K) COL3Al immunostaining in mice liver sections. Scale bars:
50 um. (L-M) Relative mRNA expression and immunofluorescence images of
ACTA2/a-SMA, COL1A1 and COL3A1 in LX-2 cells co-cultured with PCK1-KO
MIHA cells treated with AKT inhibitor MK2206 (10 uM). Scale bars: 25 pm.
Data expressed as mean + SEM; *P < 0.05, ** P < 0.01, **P < 0.001. P values
obtained via 2-tailed unpaired Student’s t tests or one-way ANOVA with

Tukey’s post hoc test.
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Figure 5. Paracrine PDGF-AA from hepatocytes promotes HSC activation.
(A) Expression levels of genes related to fibrogenesis. (B) Relative PDGFA
MRNA levels in GSE126848 and GSE89632 datasets. (C-D) PDGF-AA protein
levels in liver tissue detected by Western blot and ELISA. (E) PDGF-AA protein
levels in primary hepatocytes (n=3). (F) Secreted PDGF-AA levels in the
conditional medium of PCK1-KO or PCK1-OE MIHA cells with 0.2mM PA
treatment. (G) MRNA levels of PDGFRA in cell lysate of LX-2 co-cultured with
PCK1-KO or PCK1-OE MIHA cells treated with PA. (H) Indicated protein level
in LX-2 cells co-cultured with PCK1-KO MIHA cells containing nonspecific
rabbit IgG or a PDGF-AA blocking antibody. () IHC analysis of PCK1, p-AKT
(S473) and PDGF-AA in mice liver sections. Scale bars: 50 um. (J) Levels of
PDGF-AA or PDGFA in the conditional medium or cell lysate of PCK1-KO
MIHA cells treated with AKT inhibitor MK2206 (10 pM). (K) Indicated protein
levels in PCK1-KO MIHA cells treated with AKT inhibitor MK2206 (10 uM).
Data expressed as mean + SEM; *P < 0.05, ** P < 0.01, **P < 0.001. P values
obtained via 2-tailed unpaired Student’s t tests or one-way ANOVA with

Tukey’s post hoc test.
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713 Figure 6. PCK1 deficiency promotes the activation of PIBK/AKT/PDGF-AA
714  axis by activating RhoA in hepatocytes. (A) Immunoblotting analysis of

715 indicated protein in mice liver tissues. (B) IHC analysis of p-RhoA (S188) in
716  mice liver tissues. Scale bars: 50 pm. (C-E) Relative levels of active RhoA

717  were measured by G-LISA in mice liver tissues, PCK1-OE and PCK1-KO

718  MIHA cells treated with 0.2 mM PA. (F-G) Immunoblots of p-RhoA (S188) and
719  RhoA in PCK1-OE and PCK1-KO MIHA cells with or without 0.2 mM PA

720 treatment. (H) Expression of indicated proteins in PCK1-KO MIHA cells after
721 addition of Rhosin (30 pM). (1) Levels of PDGF-AA in the supernatant of

722 PCK1-KO MIHA cells treated with Rhosin (30 uM). (J) Relative mRNA

723 expression of ACTA2, COL1A1, and COL3AL1 in LX-2 cells co-cultured with
724  PCK1-KO MIHA cells treated with Rhosin (30 puM). (K) IHC analysis of PCK1,
725  p-RhoA (S188), p-AKT (S473), and PDGF-AA in normal individuals and

726  patients with NASH. Scale bars: 50 um. Data expressed as mean + SEM; *P <
727  0.05, * P <0.01, **P < 0.001. P values obtained via one-way ANOVA with

728  Tukey’'s post hoc test.
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Figure 7. AKT and RhoA inhibitors prevent the development of NASH in
vivo. L-KO mice were fed NASH diet for 24 weeks, and therapeutic treatment
with AKT or RhoA inhibitor was initiated at 16 weeks. (A) Schematic diagram of
L-KO mice treated with DMSO (n=6), Rhosin (n=6) or MK2206 (n=5). (B-C)
Representative whole body, gross liver morphology, liver weight, and serum
ALT and AST. (D) Paraffin-embedded liver sections were stained with HE, or
immunostained for F4/80, COL3A1 and a-SMA. Frozen sections stained with
Oil Red O. Scale bars: 50 um. (E) Levels of TNF-q, IL-6 in liver tissues. (F)
Expression of indicated protein in mice liver tissues. (G) mMRNA levels of genes
associated with lipid metabolism, fibrogenesis, and inflammatory infiltration.
Data expressed as mean £ SEM; *P < 0.05, ** P < 0.01, **P < 0.001; n.s., not
statistically significant. P values obtained via one-way ANOVA with Tukey’'s

post hoc test.
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Figure 7
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