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Abstract . Since the proportion of population suffering from type 2 diabetes mellitus (T2DM)
is increasing all around the world, including in Japan, it has become extremely important to
develop novel therapies and drugs for treating T2DM. Liver, along with the muscles and adipose
tissue, is one of the main organs regulating systemic glucose and lipid metabolism. Since
individual organs connects with each other via nerve system or endocrine system, disorders in
liver influence the systemic homeostasis. It is known that insulin resistance in liver results in an
increase in the expression of enzymes that regulate fatty acid (FA)/triglyceride (TG) metabolism.
This results in non-alcoholic steatohepatitis NASH) and increases the risk of developing hepatic
fibrosis, hepatocirrhosis, and/or hepatoma. However, the detailed molecular mechanisms, as well
as the effect of hepatic steatosis, on the pathogenesis of T2DM are largely unknown. In this study,
we focused on the pathophysiological significance and epigenetic regulation of the FA/TG
synthesis pathway in T2DM, in order to reveal the pathogenesis of T2DM and to develop novel
drugs to counteract it. For proving this, we adopted two approaches: (1) Clarification of the
function of fatty acid synthase (FAS), which governs FA synthesis in liver, and (2) Elucidation of
the molecular mechanism that controls the feeding/fasting-induced responses in the liver.
1) Elucidation of the function of FAS in the liver
We generated the ob/ob LFASKO mice, which possessed the ob allele and lacked the FAS
allele (specifically in the liver), by crossing the ob/+ FASY mice with the ob/+ FASYf Alb—Cre*" mice.

Despite showing improvement in the symptoms of hepatic steatosis, the ob/ob LFASKO mice
showed higher blood glucose levels upon ad libitum feeding compared with the ob/ob FAS! control
mice, without showing significant changes in the level of blood insulin or insulin sensitivity. In
contrast, the glucose tolerance test (GTT) revealed that the glucose tolerance of ob/ob LFASKO
mice improved compared to that of the control mice. These results suggested that FAS played an
important role in controlling glycemia; however, this role was independent of the action of insulin.
First, we investigated the improvement in glucose tolerance in the ob/ob LFASKO mice during
fasting. Under fasting conditions, the increase in glycemia observed after the administration of
pyruvate or glycerol, both of which are used as substrates for gluconeogenesis, was found to
decrease in the ob/ob LFASKO mice compared to that in the control mice. In concert with these
results, the expression of the gluconeogenic gene G6Pase was also found to be suppressed in the
liver of oblob LFASKO mice. In addition, metabolomic analysis revealed a decrease in the levels of
the metabolites involved in gluconeogenesis, along with a decrease in the level of acetyl-CoA in the
liver of the fasted ob/ob LFASKO mice. We observed decreases in the expression of PPARa, Cptla,
and Acox1, all of which promoted B-oxidation of FA. This observation could explain the decrease

observed in the level of acetyl-CoA in the liver of 0b/0b LFASKO mice. Concomitantly, we observed
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a decrease in the ATP:AMP ratio in the liver of ob/ob LFASKO mice, which explained the
reduction in gluconeogenesis. We also measured glucose uptake by liver and muscles using
2-deoxy-D-glucose (2DG). While the uptake of 2DG by muscles was insignificant, the uptake by
liver was considerably higher in the ob/ob LFASKO mice compared to that in the control mice.
This observation was consistent with the observation of higher expression of Gck in the liver of
oblob LFASKO mice. Altogether, we speculated that the following reasons may be responsible for
improved glucose tolerance in the ob/ob LFASKO mice during fasting: (1) reduced production of
hepatic glucose due to low expression of G6Pase and low level of ATP, and (2) enhanced glucose
uptake by liver due to the upregulation of Gek.

We next proceeded to investigate the reason behind elevation in the blood glucose levels upon
ad Iibitum feeding in the ob/ob LFASKO mice. Metabolomic analysis confirmed that the
accumulation of metabolites from glucose to F-6-P in the glycolytic pathway increased; however,
those lying downstream of F-1,6-P showed decreased accumulation. This suggested suppression of
glycolysis. We noticed that citrate, which is known to inhibit PFK allosterically and is involved in
fatty acid biosynthesis mediated by FAS, accumulated in the liver of ob/ob LFASKO. Since the
excess glucose present in liver is stored in form of glycogen, we measured the amount of glycogen
in the liver of ob/ob LFASKO mice post-re-feeding. As expected, during feeding, the amount of
glycogen in the liver of ob/ob LFASKO mice was significantly higher than that in the liver of
control mice. Subsequently, the mice displayed hyperglycemia following glycogen overload. This
observation was supported by the observed overexpression of glycogen synthase in the liver of
oblob LFASKO that resulted in the worsening of glucose tolerance. These results indicated that
lower utilization of glucose and higher storage of glycogen during ad /ibitum feeding in the liver of
ob/ob LFASKO mice lead to hyperglycemia.

We further tested whether inhibition of FAS in liver affected the progression of NASH. Upon
feeding the NASH diet (which contained high fructose, trans-fatty acids, and cholesterol), an
improvement in hepatic steatosis in the ob/ob LFASKO mice was observed as compared to the
mice fed on normal chow diet. Additionally, the mice also presented normal blood glucose levels.
Furthermore, the expressions of inflammatory genes [such as TNF-o and F4/80] and fibrotic
marker genes [such as Col1A1 and SMAJ; deposition of collagen in the liver; and the levels of AST
and ALT in the blood, were suppressed in the ob/ob LFASKO mice. These observations indicated
an improvement in liver function.

In conclusion, increased expression of FAS in the liver of obese and T2DM patients behaved
like a “buffer for glycemia” and worsened the symptoms of hepatic steatosis.

2) Elucidation of the molecular mechanism that regulates feeding/fasting-induced

responses in liver

We tried to elucidate the mechanism by which metabolic signals from the fasting-feeding
cycle control the expression of a variety of genes via epigenetic regulation by understanding: (1)
the mechanisms by which the CITED2— GCN5 axis controls the epigenetic modifications of the
gluconeogenic genes, and (2) the mechanism by which SetU, a downstream target of

CITED2-GCNS5, regulates the fasting response.
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1) Analysis of the mechanisms by which the CITED2-GCNS5 axis controls the epigenetic

modifications of gluconeogenic genes

We firstly examined whether cAMP mediated signaling altered the histone acetyl transferase
(HAT) activity of GCN5. As expected, the HAT activity of GCN5 increased upon stimulation with
cAMP that was promoted by the co-expression of CITED2. Consistent with this result, we observed
that the recruitment of GCN5 on the promoters of gluconeogenic genes increased in the presence of
cAMP; however, the acetylation of histone H3K9 on these promoters decreased upon knockdown of
CITED2 or GCN5. These results implied the direct involvement of protein kinase A (PKA) in the
functioning of CITED2—-GCN5 complex. In order to prove the above, we obtained several evidences
which are listed as follows: (1) CITED2 is essential for GCN5—CITED2-PKA complex formation,
(2) PKA phosphorylates serine 275 in GCN5 within the module, (3) the phosphomimetic mutant,
S275D, favors histone H3 as a substrate rather than PGC-1a, (4) the phosphodeficient mutant,
S275A, showed low HAT activity. We also observed the phosphorylation of serine 275 on GCN5
during fasting; however, it disappeared after re-feeding. This suggested that the module acted as a
molecular switch for regulating the epigenetic modifications in response to fasting and feeding in
the liver. We further observed that the extent of phosphorylation on serine 275 in GCN5 (which
was dependent on CITED2) was considerably higher in the liver of 0b/0b mice than that in the
liver of the control db/m mice and that the overexpression of S275A in the liver of db/db mice could
lower blood glucose level. Altogether, we propose that the GCN5-CITED2-PKA signaling module
acted like a molecular switch and activated the gluconeogenic genes via epigenetic modifications
during fasting.
2) Analysis of the mechanism by which SetU regulates fasting response

We previously identified SetU, a putative histone methyl transferase (HMT), as one of the
downstream targets of the CITED2—-GCNS5 signaling module and confirmed that SetU played an
essential role in the induction of gluconeogenic genes. We identified two novel SetU-interacting
proteins, Sirtl and PGC-1a. Since Sirtl has been reported to activate PGC-1a, we proceeded to
evaluate the effect of SetU on Sirtl and PGC-1a. We obtained the following evidences in support of
the above hypothesis: (1) overexpression of SetU decreased the acetylation of PGC1-a, whereas its
knockdown increased the acetylation, (2) overexpression of SetU promoted the interaction of Sirtl
with PGC-1a, (3) overexpression of SetU enhanced the histone de-acetylation activity of Sirt1.
Furthermore, these effects are stronger with a SetU mutant that lacks HMT activity. We also
found that SetU was capable of catalyzing auto-methylation in vitro, which was inhibited by the
co-expression of the active form of PKA. We hypothesized that the HMT activity of SetU was
inhibited by the activation of PKA under fasting conditions that resulted in the upregulation of
Sirt1-mediated PGC-1a activation and induction of the gluconeogenic genes; however, this effect
was suppressed by reduced PKA activity flowed by auto-methylation under feeding conditions. We
also observed that SetU modulated lipid metabolism in addition to modulating gluconeogenesis.
Altogether, we propose that SetU acts as a molecular switch that regulates the homeostasis of

glucose as well as lipid metabolism.
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