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Abstract :

The number of diabetic patients and potential patients has reached almost 3.16 million in Japan.
The improvement of glycemic control in the early stage of diabetes is critical to prevent such
patients from diabetic complications. Although unrestrained hepatic gluconeogenesis due to
obesity-induced insulin resistance is a major cause of diabetic hyperglycemia, remedies for this
pathological state are still not satisfactory, and thus there is an urgent need to develop this class of
drugs.

We have previously shown that transcriptional coregulator CITED2 (CBP- and p300-interacting
transactivator with glutamic acid- and aspartic acid-rich COOH-terminal domain 2) is a critical
inducer of hepatic gluconeogenesis through the activation of PGC-a (peroxisome
proliferator-activated receptor y coactivator—1a) (Nature Medicine 18: 612-617, 2012). We have
revealed that CITED2 activates PGC-1la-dependent gluconeogenic gene induction via suppression
of acetylation-mediated inactivation of PGC-1a by acetyltransferase GCN5 (general control
non-repressed protein 5). As CITED2 deletion in the liver of diabetic animals ameliorates
hyperglycemia, manipulation of CITED2-related regulation of metabolic gene transcription might
provide therapeutic strategies for metabolic disorders such as type 2 diabetes. Our preliminary
findings suggest the following possibilities: (1) CITED2 regulates skeletal muscle metabolism; (2)
CITED2Z is involved in the epigenetic regulation of metabolic gene transcription through the
modulation of various histone modifying enzyme activities. In this research project, we aimed to
investigate the following CITED2-related issues:

D Elucidation of the role of CITED2 in skeletal muscle metabolism

@ Elucidation of the role of CITED2-associated acetyltransferase GCN5 in the epigenetic
regulation of hepatic metabolism

@ Identification and functional analysis of novel CITED2-regulated molecules that epigenetically
regulate metabolism in the liver

We also sought to verify whether the metabolic regulators newly identified through this

investigation have potential as drug discovery seeds. The results of this project are summarized

below.

(D Elucidation of the role of CITED2 in skeletal muscle metabolism
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To investigate the role of CITED2 in the regulation of skeletal muscle metabolism, we generated
and analyzed skeletal muscle-specific CITED2 knockout (mCITED2KO) mice. In CITED2-depleted
skeletal muscle compared with that of control mice, expression levels of NR4A, C2Cd4a,b, and
Pck1 were upregulated, while expression levels of various myosin chains (Myh3/7, Myl2/3/10) were
downregulated. These changes were also observed in C2C12 myotubes depleted of CITED2 by
short hairpin RNA, suggesting that the changes in gene expression are primary effects of CITED2
depletion. We also carried out phenotypic analysis of mCITED2KO mice fed a chow or high-fat diet.
However, we could not observe any differences between mCITED2KO and control mice in
metabolic parameters such as body weight, blood glucose and plasma insulin levels, respiratory
metabolism, muscle volume and fiber types, and exercise tolerance.

@ Elucidation of the role of CITED2-associated acetyltransferase GCN5 in the epigenetic

regulation of hepatic metabolism
Hepatic gluconeogenesis is induced by pancreatic glucagon during fasting to maintain glucose
homeostasis, a process whose dysregulation in diabetes results in fasting hyperglycemia.
Gluconeogenic gene induction via the cAMP—PKA (protein kinase A) pathway requires epigenetic
changes and assembly of transcriptional machinery at the corresponding promoters. Although
various components of this machinery have been identified, how glucagon triggers epigenetic
changes has remained unclear. The histone acetyltransferase (HAT) GCN5 acetylates PGC-1a and
thereby suppresses its transcriptional coactivator activity. We have previously shown the
transcriptional coregulator CITED2, which is induced by glucagon, binds to and suppresses this
function of GCN5 and thereby activates PGC-1a (Nature Medicine 18: 612-617, 2012). The precise
role of GCN5 in the regulation of gluconeogenesis has remained unknown, however.

In this study we show that GCN5 functions as a PKA-regulated acetyltransferase that integrates
epigenomic modification and transcriptional coactivation to control gluconeogenesis. The
abundance of GCN5 was found to be increased in the liver of diabetic animal models and in
cAMP-treated hepatocytes. Depletion of hepatic GCN5 attenuated, whereas its coexpression with
CITEDZ2 increased, cAMP-induced gluconeogenic gene expression and glycemia. GCN5
recruitment to gluconeogenic gene promoters was induced by cAMP-PKA signaling, and its
inhibition attenuated epigenetic changes associated with active gene transcription. In response to
cAMP accumulation, PKA phosphorylates GCN5 at serine-275, thereby increasing its HAT
activity and attenuating its PGC-1a acetyltransferase activity. This substrate switch
concomitantly promotes both epigenetic changes associated with transcriptional activation as well
as PGC-la—mediated coactivation, thereby triggering the gluconeogenic program. Our results
have thus revealed the GCN5-CITED2-PKA module and an associated GCN5 substrate switch as
a key driver of a hormone-regulated pathway that integrates epigenetic changes and
transcriptional coactivation for efficient metabolic gene induction. Disruption of this module
suppresses gluconeogenesis in diabetic mice and is therefore a potential strategy for the treatment

of type 2 diabetes.
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@ Identification and functional analyses of novel CITED2-regulated molecules to epigenetically
regulate metabolism in the liver
Our preliminary data suggest that in the liver, CITED2 promotes not only gluconeogenesis, but
also other fasting responses such as fatty acid oxidation, amino acid catabolism, and
steroidogenesis via transcriptional activation of enzymes involved in this pathway in a
GCNb5-dependent manner. We hypothesized that CITED2-related molecules might include novel
metabolic regulators related to the fasting response. We comprehensively explored proteins that
associate with or are transcriptionally regulated by CITEDZ2, and identified retinoblastoma
protein (pRb) as a former candidate, and SET domain-containing protein (SetU) and
a-ketoglutarate/Fe2+dependent dioxygenase (DioxY) as latter candidates, and carried out
functional analyses of these proteins.

SetU mRNA expression was induced by the glucagon-cAMP-PKA axis in a CITED2-dependent
manner in primary hepatocytes and increased during fasting in the mouse liver. Depletion of SetU
suppressed while its overexpression promoted fasting response gene expression in the hepatocytes.
These data suggest that SetU is a critical regulator in the fasting response. Our analyses also
revealed that SetU has methyltransferase activity in vitro, was phosphorylated by PKA, and
interacted with and activated NAD*-dependent deacetylase X, a member of the sirtuin family,
named Sirtuin X. These findings suggest that SetU is a novel fasting-inducible methyltransferase
that regulates fasting response gene expression via activation of Sirtuin X. SetU as well as Sirtuin
X might play pleiotropic roles in the regulation of longevity and memory, and pathogenesis of
metabolic diseases.

Our CITED2 depletion experiments in preadipocytes revealed that CITEDZ2 is essential for
preadipocyte proliferation and subsequent differentiation into mature adipocytes. The mechanistic
analyses suggested that CITED2 interacted with pRb, cyclin, and CDK (cyclin-dependent kinase),
and enhanced the phosphorylation of pRb by the cyclin-CDK complex, resulting in pRb
inactivation and promotion of preadipocyte proliferation and subsequent differentiation. We also
investigated the effect of CITED2 loss-of-function in adipose tissue expansion in obesity by using
mice that were heterozygous for a null allele of the CITEDZ2 gene and were fed on a high-fat diet
(hetKO mice). The adipose tissue from hetKO mice exhibited a decrease in preadipocyte number
along with a reduced expression of genes involved in cell cycle progression. Thus, the hetKO mice
were protected from diet-induced obesity. Thus, we concluded that CITED2 loss-of-function
impairs adipogenesis by inhibiting preadipocyte proliferation in vitro and in vivo, suggesting that
CITED2Z contributes to diet-induced adipose tissue expansion.

DioxY was also induced by the glucagon-cAMP-PKA axis in fasting liver. DioxY depletion in
hepatocytes exhibited suppression of gluconeogenic gene expression and insulin signaling, and
increased inflammatory gene expression. This dioxygenase may integrate glucose metabolism,
insulin sensitivity, and the anti-inflammatory response. The detailed mechanism of Diox Y’s

function is currently under investigation.
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