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ABSTRACT

Kr-pok increases gluconeogenesis through

upregulation of G6pc and Pckl

Jae-Hyeon Yoon

Department of Medical Science

The Graduate School, Yonsei University

(Directed by professor Man-Wook Hur)

Gluconeogenesis is essential for maintenance of blood glucose level
during fasting. Gluconeogenesis is tightly regulated by the key enzymes,
including  glucose-6-phophatase  (G6pc) and  phosphoenolpyruvate
carboxykinase (PEPCK). Transcription of the genes encoding the two
enzymes is tightly regulated under fasting condition.

Kr-pok knockout mice showed a decrease in blood glucose level.

_1_



Differential gene expression analysis of Kr-pok wild type and knockout mice
liver showed that mRNA of G6pc and Pckl are decreased. I investigated the
role of Kr-pok in the regulation of gluconeogenesis. I found that Kr-pok is
induced in the liver of fasted mice. Also, forskolin treatment increased Kr-pok
expression in mice primary hepatocytes and knockout of Kr-pok decreased
transcription of G6pc and Pckl. These results showed that, under fasting
condition, Kr-pok can increase expression of G6pc and Pcklgenes.

I investigated how Kr-pok can increase transcription of G6pc and Pckl
genes. Transient transcription assays of the reporter plasmid showed that Kr-
pok increases transcription by acting on the IRSs of the G6pc and Pckl
promoters. ChIP assays revealed that Kr-pok reduces acetylation of FoxOl
and thereby increases FoxO1 binding to the IRS elements of the promoters to
activate transcription of G6pc and Pckl. Kr-pok increased the interaction
between FoxOl and HDAC3 and deacetylated FoxOl. Also, I found that
protein stability of Kr-pok is increased by treatment of forskolin. These results
suggested that Kr-pok might be a metabolic regulator controlling expression

of the two key gluconeogenic enzymes, G6pc and PEPCK.

Key words: Kr-pok, transcription, gluconeogenesis, G6pc, Pckl,

FoxO1, HDAC3



Kr-pok increases gluconeogenesis through

upregulation of G6pc and Pck1l

Jae-Hyeon Yoon
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(Directed by professor Man-Wook Hur)

I. INTRODUCTION

The proteins with human BTB/POZ domain are a large and diverse family
of regulators including over 200 proteins members. Many other types of
protein with BTB/POZ domain have diverse biological functions.' In
particular, some POK proteins, which have BTB/POZ and C2H2 Kriippel-like
zinc-finger domains, are involved in key biological processes such as
development, differentiation, hematopoiesis and oncogenesis.” > POK family
proteins were shown to interact with coregulators such as HATs, HDACs,
NuRD and BcoR. These interactions are involved in epigenetic changes of
gene expression.*”’

The POK family proteins such as BCL-6 (B-cell lymphoma 6), FBI-1



(also known as Pokemon and OCZF) and HIC-1 (hypermethylated in cancer-1)
function as major regulators of development, malignant transformation and

? Recently, it was reported that PLZF

lymphocyte differentiation.”’
(promyelocytic leukemia zinc-finger) overexpression in brown adipocytes
leads to the induction of genes involved in fatty acid oxidation, glycolysis,
and mitochondrial function.” Also, PLZF promotes the expression of
gluconeogenic gene and hepatic glucose output, leading to hyperglycemia.'*
However, the biological functions of many other POK family proteins remain
uncharacterized. Also, the relationship between POK expression and their
roles in differentiation, development, tumor suppression, oncogenesis and
metabolism is needed to be investigated.

Kidney cancer—related POK family protein, Kr-pok (ZBTB7c¢), is a proto-
oncoprotein that increases cell proliferation. Kr-pok functions as a negative
regulator of CDKNI1A expression.”” Also, Kr-pok increases expression of
FASN which is a key enzyme of the fatty acid synthesis.'® Kr-pok decreases
transcription of metabolic regulator gene, SIRT1 in p53-dependent manner.
Kr-pok decreases acetylation of Ppary and Pgc-1a by increasing transcription
of Sirtl (unpublished data). In addition, abdominal fat mass is decreased in

Kr-pok knockout mice compared to wild type mice. These findings suggest

that Kr-pok may be an important metabolic regulator.
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Mammalian cells constantly try to use nutrients efficiently and have
mechanisms to adjust excess or deficiency of energy sources. The overall
metabolic response to meet demand of energy is accomplished mainly in liver.
Glucose which is a main energy source is stored as liver glycogen, adipose
tissue triglyceride and muscle protein. In fasting, glycogen is degraded into
glucose and glucose is produced from precursors such as amino acids and
glycerol derived from triglyceride (gluconeogenesis).'” In prolonged fasting,
ketones synthesized from acetyl-CoA are used as energy sources.® An
appropriate supply of glucose is particularly important for brain and red blood
cells because glucose is the only substrate for these tissues.

Hypoglycemia, a state of low glucose, impairs these tissues, even leading
to death."” The supply of glucose form gluconeogenesis can protect the tissues
from hypoglycemia. Diabetes is characterized by increased hepatic glucose
output and high blood glucose levels. The rate of hepatic gluconeogenesis is
considerably increased in diabetes, contributing significantly to fasting
hyperglycemia.”® Excessive glucose concentration can cause damage to
human body. People with diabetes show complications including endothelial
dysfunction and nephrophathy.”'** Therefore, maintenance of blood glucose
levels is crucial in protecting organisms against hypoglycemia and

hyperglycemia.



Gluconeogenesis is required to provide the body with metabolic fuel under
physiological conditions. During fasting, mammals show low insulin, high
glucagon, glucocorticoids and epinephrine concentrations in plasma. The
change of hormones needs to maintain blood glucose levels. The control of
gluconeogenesis is mainly achieved by key metabolic enzymes such as
PEPCK (phosphoenol-pyruvate carboxykinase), G6P (glucose-6-phosphatase),
PC (pyruvate carboxylase) and FBP (fructose biphosphatase). These enzymes
are unique to the gluconeogenic pathway, although most of the enzymes
involved in glucose metabolism are used in reversible steps of glycolytic and
gluconeogenic pathway.”*>* A major part of the livers’ response to fasting is
accomplished by transcriptional regulation of gluconeogenic enzymes. During
fasting, change of hormones leads to initiate transcriptional program involved
in gluconeogenesis.”

The two major hormones regulating gluconeogenesis are glucagon and
glucocorticoids. Glucocorticoids participate in gluconeogenesis through
activating GR (glucocorticoid receptor). GR induces a set of genes encoding
fasting-related transcription factors such as C/EBPJ and Kriippel-like factor
15, thereby contributing to gluconeogenesis.”* %’ Glucagon activates adenylate
cyclase through binding of membrane receptor, which increases in cellular

cAMP levels. This leads to activation of PKA (protein kinase A). Binding of
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cAMP to regulatory subunits within PKA heterotetramer stimulates migration
of its catalytic subunits to the nucleus. Catalytic subunits of PKA
phosphorylates CREB at Ser133. Phosphorylated CREB promotes target gene
expression with promoters containing CREs(cAMP-responsive elements).
Phosphorylated CREB activates gluconeogenic genes, G6pc (a gene encoding
Glucose-6-Phosphatase Catalytic Subunit) and PCK1 (a gene encoding
PEPCK) through subsequent recruitment of the coactivators such as CBP
(CREB binding protein)/p300, PCAF and PRMT5.%**° Also, CREB can
induce many transcription factors to activate gluconeogenic genes. For
example, CREB induces the expression of the Nrd4a gene family which is one
of the nuclear receptors and Yin Yang 1 that enhance gluconeogenesis.**>'
Additionally, CREB activity can be decreased by dephosphorylation through
phosphatases such as protein phosphatase 1 (PP1) and PP2A.*

FoxO (class O forkhead box) proteins are involved in hepatic glucose
production following fasting. FoxO proteins that possess a forkhead box-type
DNA binding domain recognize a specific IRS (insulin response sequence) on
the promoter of target genes. FoxO1’s role in regulation of gluconeogenesis
has well characterized. Insulin of gluconeogenesis is largely mediated through

the serine/threonine kinase Akt, which phosphorylates and inactivates FoxO

family of transcription factors, mainly FoxO1 and FoxO3 in mammalian liver.
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Insulin-AKT signaling activates FoxO1 export to cytoplasm. FoxO proteins in
cytoplasm are ubiquitinylated and degraded.”>* Also, coactivators such as
CBP, p300, SRC-1 and PGC-la were shown to interact with Fox0.>>
Acetylation of FoxO1 by coactivator CBP and p300 decreases DNA binding
affinity to the promoters of FoxOl target genes.” Glucagon-induced FoxO1
deacetylation by the class [la HDACs and HDAC3 increases FoxO1l DNA-
binding activity to the gluconeogenic gene promoters.” Also, deacetylation of
FoxO1 by the NAD" dependent sirtuin activates transcription of FoxO1 target
genes.”’ Loss of insulin signaling in fasting state dephosphorylates the Akt
phosphorylation sites in FoxOl and allows FoxO1 to translocate into the
nucleus. Fasting promotes transcriptional activity of FoxOl by
dephosphorylation and deacetylation.

Over the past few decades, studies about molecular mechanisms involved
in the regulation of hepatic glucose have been accomplished. The
transcriptional regulation of the key gluconeogenic genes such as G6pc and
Pckl has been proved through useful transgenic or knockout mice models.
Many studies on the regulation of glucose levels revealed the importance of
glucose homeostasis. Also, researchers in this field are trying to find
promising targets controlling glucose homeostasis. The increasing studies

about gluconeogenesis will provide a solid basis for the maintenance of
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glucose homeostasis and development of drug targets.

I investigated regulation of hepatic gluconeogenesis by Kr-pok. Kr-pok is
induced in fasting state of mice, and activates transcription of gluconeogenic
genes, G6pc and Pckl. Kr-pok increases deacetylation of FoxOl, which
activates G6pc and Pckl promoter. My study revealed that Kr-pok induced by
fasting is an important transcriptional activator of two key gluconeogenic

genes, G6pc and Pck1.



Il. MATERIALS AND METHODS

1. Plasmids, antibodies and reagents

The pGL4b-G6pc-Luciferase (Luc) plasmid was kindly provided by Dr.
Yong-Ho Ahn Young(Yonsei University of Medicine, Seoul, Korea). Also, Dr.
Kyung-Sup Kim (Yonsei University of Medicine, Seoul, Korea) kindly
provided the HA-HDAC3 plasmid. pcDNA3.0-FLAG-Kr-pok, pcDNA3.1-
FoxOl1, pGL3-PCK1-Luc and pG5-3X(IRS)-Luc were prepared by cloning
cDNA. Oligonucleotides used for cloning is listed in Table 1. A series of
pGL4b-G6pc-Luc plasmids were prepared by cloning mouse G6pc promoter
DNA fragments (bp, -500 ~ +66; bp, -231 ~ +66; bp, -158 ~ +66; bp, -85 ~
+66) into pGL4b vector (Promega, WI). Various mutant G6pc-Luc and PCK1-
Luc plasmids were prepared using site-directed mutagenesis kit (MGmed,
Seoul, Korea). All plasmid constructs were verified by sequencing.

Antibodies against GAPDH, Gé6pc, Pckl, HA-tag, FLAG-tag, Acetyl-lysine,
Hnf4o and FoxO1 were purchased from Cell Signaling Technology (Danvers,
MA) or Santa Cruz Biotechnology (Santa Cruz, CA). A rabbit polyclonal

antibody against Kr-pok was prepared as described previously.

2. Site-directed mutagenesis of the G6pc promoter
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Mutations at IRS were introduced into the G6pc and PCK1 promoter
sequence using the site-directed mutagenesis kit (MGmed, Seoul, Korea).
Sequences of oligonucleotides used to introduce mutations into IRS (Isulin
Response Sequence) is listed in Table 2. For site-directed mutagenesis, 18
PCR cycles with denaturation at 94 °C for 30 sec, hybridization at 55 °C for 1
min, and extension at 68 °C for 10 min was used. The amplified mixtures
were treated with Dpnl (New England Biolabs, MA) at 37 °C for 1 hr, and
aliquots were used to transform competent E. coli. All constructs were

confirmed by DNA sequencing.

3. Cell culture and transient transfection assay

HEK293A, and HepG2 cells were maintained at 37 °C in a humidified
incubator with 5% CO, air in Dulbecco's Modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100.0 pug/ml streptomycin
and 100 units/ml penicillin. Cell culture medium and supplements were from
Invitrogen (Gibco-BRL, MD).

The pGL4b-G6pc-Luc, pGL3-PCK1-Luc, various pGL4b-G6pc-Luc
promoter reporter fusion plasmids, pcDNA3.0-FLAG-Kr-pok and HA-
HDACS3 in various combinations were transiently transfected into HepG2

cells using Lipofectamine 3000 reagent (Invitrogen, CA). After 24 to 36 hr of
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incubation, the cells were harvested and and analyzed for luciferase activity
using a Microplate LB 96V luminometer (EG&G Berthold, MD). All the
reactions were performed in triplicate. Reporter activity was normalized with

protein concentration for transfection efficiency.

4. Subcellular fractionation

The nuclear extract Kit (Active Motif, CA) was used for cytoplasmic and
nuclear fraction of cells. Cells were resuspended in 1x hypotonic buffer and
incubated for 15 min on ice, followed by adding detergent and vortexing.
Cytoplasmic fraction (supernant) collected by centrifugation. The nuclear
pellet was resuspended in complete lysis buffer and nuclear fration (supernant)

was recovered by centrifugation.

5. Preparation of recombinant adenovirus overexpressing Kr-pok and
SshRNA against Kr-pok mRNA

The Kr-pok cDNA was cloned into the adenovirus El1 shuttlevector
pCA14 (Microbix) to generate pCA14-Kr-pok. To prepare recombinant
adenovirus expressing short hairpin RNA (shRNA) against Kr-pok, annealed
shRNA DNA sequences [sense: 5’-

GATCCCTCCAGTGCATCGTGAATGTTTTTCAAGAGA(loop)-
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ACATTCACGATGCACTGGATTTTTTTGGAA(loop)-A-3°, antisense: 5’-
AGCTTTTCCAAAAA(loop)-
AATCCAGTGCATCGTGAATGTTCTCTTGAA((loop)-
AAACATTCACGATGCACTGGAGG-3’] were cloned into pSilencer 2.0-U6
(Ambion) and subcloned into the pDElsplA vector. The pCA14-Kr-pok
shuttle vector or pAElspl A-U6-shKr-pok vector and the adenovirus vector
vmdI324Bst were linearized by restriction enzyme digestion. The linearized
pCA14-Kr-pok or pAElsplA-U6-shKr-pok was cotransformed into E. coli
BJ518 with the vmdl324Bst vector for homologous recombination.
Homologous recombinant adenoviral plasmid was digested with Pacl and
transfected into HEK293 cells to generate the adenovirus expressing Kr-pok

(d1324-Kr-pok) or shRNA against Kr-pok (d1324-shKr-pok).

6. Quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from HepG2 cells and mice liver tissue using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNAs were synthesized
using 5.0 pg of total RNA, random hexamer (10 pmol) and Superscript
reverse transcriptase II (200 units/pl) in 20 pl using a reverse transcription kit
(Invitrogen, Carlsbad, CA, USA). qRT-PCR was conducted using the SYBR

Green PCR Master Mix (Applied Biosystems) and gene-specific primers.
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Reactions were subjected to qRT-PCR quantification using the ABI PRISM
7300 RT-PCR System (Applied Biosystems). All reactions were performed in
triplicate. Sequences used for qRT-PCR is listed in Table 3. 18S ribosomal

RNA was measured as an invariant control.

7. Western blot analysis

Cells were harvested and lysed in RIPA buffer (50.0 mM Tris-HCI pH 8.0,
1% NP-40, 0.25% sodium deoxycholic acid, 150.0 mM NaCl, 1.0 mM EGTA
and complete mini-protease cocktail). Cell extracts (30.0 pug) were separated
using 12% SDS-PAGE gel electrophoresis, transferred onto Immun-Blot™
PVDF membranes (Bio-Rad, CA), and blocked with 5% skim milk (BD
Biosciences, MD). Blotted membranes were incubated with antibodies against
GAPDH, FLAG, HA, Kr-pok, G6pc, PCK1, Hnf4a and FoxOl and then
incubated with anti-mouse, rabbit or goat secondary antibody conjugated with

HRP (Vector Laboratory, CA). Protein bands were visualized with ECL

solution (Thermo Fisher Scientific, NY).

8. Co-immunoprecipitation
Cells were washed, pelleted, and resuspended in a lysis buffer (20.0 mM

Tris-HCL, pH 7.5, 150.0 mM NacCl, 10% glycerol, 1% Triton X-100 and
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complete mini-protease cocktail). The cell lysates were pre-cleared, and the
supernatant was incubated overnight with anti-FLAG, anti-HA, anti-Kr-pok
and anti-FoxO1 antibody on a rotating platform at 4 °C, followed by
incubation with protein A-Sepharose Fast Flow beads. The beads were
collected, washed, and resuspended in equal volumes of 5x SDS loading
buffer. Immunoprecipitated proteins were separated with 12% SDS-PAGE.
Western blot analysis was performed as described above using the appropriate

antibodies.

9. Quantitative chromatin immunoprecipitation (ChIP-gRT-PCR) assays
Cells were treated with formaldehyde (final 1%) to cross-link proteins to
the DNA promoter sequence. Cells were washed and lysed with SDS lysis
buffer (1% SDS, 10.0 mM EDTA, 50.0 mM Tris-HCI, pH 8.0). The lysate was
sonicated to shear DNA into fragments ranging from 500 to 1000 bp. The
sonicated supernatant was diluted 10-fold with ChIP dilution bufter (1% SDS,
1% Triton X-100, 16.7 mM Tris-HCI, pH 8.1, 167.0 mM NaCl, 1.2 mM
EDTA) and incubated with antibody overnight at 4 °C with rotation. To collect
DNA-protein-antibody complex, protein A/G-agarose slurry was added to the
mixture. The mixture was incubated for 2 hr at 4 °C with rotation and pelleted

by brief centrifugation. After extensive washing of the pellet with washing
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buffers (low salt immune complex wash buffer, high salt immune complex
wash buffer, LiCl immune complex wash buffer, and TE buffer) as
recommended by the manufacturer, the pellet was dissolved with 500.0 pl
elution buffer and spun to remove excess agarose. The supernatant was treated
with 20.0 ul 5.0 M NaCl and heated to 65 °C for 2 hr to reverse the protein-
DNA cross-link. After treatment with EDTA and proteinase K, the supernatant
was extracted with phenol/chloroform and precipitated with ethanol to recover
DNA. PCR reactions using the immunoprecipitated DNA were conducted
using oligonucleotide primer sets designed to amplify the promoter region.
The reactions were performed using the following amplification condition in
the ABI PRISM 7300 RT-PCR System (Applied Biosystems, Foster, CA,
USA): initial 94 °C denaturation for 5 min, 50 cycles of amplification reaction

94 °C, 30 sec; 55 °C, 30 sec; 72 °C, 30 sec.

10. Oligonucleotide pull-down assay

Cells were lysed in HKMG buffer (10.0 mM HEPES pH 7.9, 100.0 mM
KCl, 5.0 mM MgCl,, 10% glycerol, 1.0 mM DTT, 0.5% NP40 and complete
mini-protease cocktail). Cellular extracts were incubated with 1.0 ug
biotinylated double stranded oligonucleotides for 16 h. To collect DNA-bound

proteins, the mixtures were incubated with NeutrAvidin-agarose beads
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(Thermo Fisher Scientific Inc., USA) for 4 hr, washed with HKMG buffer,
and precipitated by centrifugation. The precipitate was analyzed by Western
blot analysis using the appropriate antibodies. The sequences of the
oligonucleotides are listed in table 5. Oligonucleotide probes were annealed

by heating at 95 °C for 5 min and cooling slowly to room temperature.

11. Glucose and insulin tolerance tests

An oral glucose tolerance test (OGTT) was performed on mice that had
fasted for 16 hr. Glucose (20% wt/vol.) was administered orally using a
feeding tube (2 g/kg body weight) and blood glucose levels were monitored at
specific time points. For the insulin tolerance test (ITT), mice were fasted for
6 hr and insulin (0.75 units’kg Humulin R; Eli Lilly, Indianapolis, IN, USA)
administered intraperitoneally. Plasma glucose levels were measured using
blood drawn from the tail vein at designated time points using an automatic

glucose monitor (One Touch, CA).

12. Primary hepatocytes isolation and culture
Hepatocytes were isolated from 8-week-old male mice via collagenase
(Sigma, MO) digestion and Percoll gradient purification. The detailed

protocol for isolation of hepatocytes was described previously.*' Cellular
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viability of freshly isolated hepatocytes was assessed and only preparations
with viability greater than 80% were used.

Hepatocytes were seeded in culture dish. After cell attachment,
hepatocytes cells were maintained in Dulbecco's Modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) including 100
nM insulin and 10nM dexamethasone. Cell culture medium and supplements

were from Invitrogen (Gibco-BRL, MD).

13. Glucose production assay

Glucose production from primary hepatocytes was measured according
to themanufacturer's protocol, using a colorimetric glucose oxidase assay
(Invitrogen, CA). Primary hepatocytes were seeded, cultured for 12 hr, the
cells were washed three times with phosphate-buffered saline and the medium
was then replaced with glucose production buffer (glucose-free DMEM, pH
7.4, containing 20 mmol/liter sodium lactate, 1 mmol/liter sodium pyruvate,
and 15 mmol/liter HEPES, without phenol red). The glucose assays were

performed in triplicate.
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Table 1. Sequences of oligonucleotide primers used for cloning

Oligo Sequence
PCK1 Sense 5'-GATCCTCGAGCATGGGTTGTTCA-3'
promoter  Antisense 5'-GATCAAGCTTTCTTCCCGCCAGC-3'
FoxO1 Sense 5'-GATCCTCGAGACCATGGCCGAGGCGCCTCAGGTG-3'
CDS Antisense 5'-GATCGGATCCGCCTGACACCCAGCTATGTG-3'
5'-CTAGCGCAAAACAAACTTATTT-
Sense -TGAAGCAAAACAAACTTATTTTG-
-AAGCAAAACAAACTTATTTTGAA-3'
3X (IRS)
5'-CTAGCTTCAAAATAAGTTT-
Antisense -GTTTTGCTTCAAAATAAGTTTGTT-

-TTGCTTCAAAATAAGTTTGTTTTGCG-3'

Table 2. Sequences of oligonucleotide primers used for site-directed

mutagenesis

Sequence

5'-AATGGCGATCAGGCTCAAAATGTGTGCCTGTTTTG-3'
5'-CAAAACAGGCACACATTTTGAGCCTGATCGCCATT-3'

S“TGTTTTTGTGTGCCTCAAAAGCTATTTTACGTAAA-3'
S'-TTTACGTAAAATAGCTTTTGAGGCACACAAAAACA-3'

5'"TGTGCCTGTTTTGCTCAAAAACGTAAATCACCCTG-3'
5'-CAGGGTGATTTACGTTTTTGAGCAAAACAGGCACA-3'

Oligo

Go6pc Sense
IRS #1 Antisense

Go6pc Sense
IRS#2  Antisense

Gobpc Sense
IRS#3  Antisense

PCK1 Sense
IRS Antisense

5'-ATCTTATAGCTGTGGTGAAAACCCAACCAGCAGCTCT-3'
5'-AGAGCTGCTGGTTGGGTTTTCACCACAGCTATAAGAT-3'
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Table 3. Sequences of RT-gPCR oligonucleotide primers

Sequence

5'-CCCATCTGCCACAAAGTCATC-3'
5-TGGTGCACATGTATGGCTTCTC-3'

5'-GGCTCAACCTCGTCTTTAAGTG-3'
5'-CTCCCTGGTCCAGTCTCACA-3'

5'-TCGGAGACTGGTTCAACCTC-3'
5-TCACAGGTGACAGGGAACTG-3'

5'-ACGGATTCACCCTACGTGG-3'
5'-CCCCACAGAATGGAGGCATTT-3'

5'-CTGGCACCTCAGTGAAGACA-3'
5'-TCGATGCCTTCCCAGTAAAC-3'

5'-GGCTGGAAGAATTCAATTCGTC-3'
5'-ACCCTCTGGATTGAGCATCCAC-3'

Oligo
Sense
Kr-pok
Antisense
Sense
Human G6Pc
Antisense
Sense
Mouse G6pc
Antisense
Sense
Human PCK1
Antisense
Sense
Mouse Pckl
Antisense
Sense
Human FoxO1
Antisense
Sense
Mouse FoxO1 )
Antisense

5'-TTCAATTCGCCACAATCTGTCC-3'
5-GGGTGATTTTCCGCTCTTGC-3'

Table 4. Sequences of ChlIP-gRT-PCR oligonucleotide primers

Sequence

5'-CTTGCACTGCCAAGAAGCAT-3'
5'-ATTGATCAAAGGTGCATCAC-3'

5'-TGGCTTCAAGGACCAGGAAG-3'
5'-TGCAAACATGTTCAGGGTGA-3'

5'-GGGTGCATCCTTCCCATGAA-3'
5'-GACTTCGAGCCCTCAACCAA-3'

Oligo
Sense
Human G6Pc
Antisense
Sense
Mouse Gépc )
Antisense
Sense
Human PCK1
Antisense
Sense
Mouse Pckl
Antisense

5'-TGGCTCAGAGCTGAATTTCC-3'
5'-CCTGTTGCTGATGCAAACTG-3'
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Table 5. Sequences of oligonucleotide primers used for oligo pull-down

Oligo Sequence
Sense 5'-GATCAGGCTGTTTTTGTGTGC-3'
Go6pc IRS #1

Antisense 5'-GCACACAAAAACAGCCTGATC-3'

Sense 5'-GCCTGTTTTGCTATTTTACGTA-3'
Gopce IRS #2,3

Antisense 5'-TACGTAAAATAGCAAAACAGGC-3'

Sense 5'-AGCTGTGGTGTTTTGCCAACCAG-3'
PCK1 IRS
Antisense 5'-CTGGTTGGCAAAACACCACAGCT-3'
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I11. RESULTS

1. Levels of blood glucose and the expression of gluconeogenic genes,
G6pc and Pckl, is decreased in Kr-pok knockout mice

Kr-pok increases expression of FASN (fatty acid synthase), a key enzyme
in fatty acid synthesis, showing that Kr-pok plays important roles in fatty acid
metabolism. I investigated metabolic change of Kr-pok knockout mice. To
examine the effects of Kr-pok expression on levels of blood glucose, glucose
and insulin tolerance tests were performed in Kr-pok wild type and knockout
mice. These studies showed that blood glucose level of Kr-pok knockout mice
was lower than that of wild type mice, but Kr-pok wild type and knockout
mice showed similar rates of recovery in blood glucose (Fig. 1A, B). Because
Kr-pok regulates blood glucose level, I investigated whether Kr-pok can affect
expression of gluconeogenesis related genes. Western blot analysis of livers in
Kr-pok wild type and knockout mice showed that gluconeogenic genes, G6pc
and Pckl were decreased in Kr-pok knockout mice. However, expression of
other transcription factors related to gluconeogenesis like Hnf-4a and FoxO1
was not changed (Fig. 1C). I also tested whether Kr-pok regulates glucose
production in primary hepatocytes. Primary hepatocytes of Kr-pok knockout

mice showed decreased hepatic glucose production compared with those of
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wild type mice (Fig. 1D). Taken together, these results indicate that Kr-pok
might play a key role in hepatic glucose production by increasing expression

of gluconeogenic genes, G6pc and Pckl.
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Figure 1. Levels of blood glucose and expression of gluconeogenic genes,

G6pc and Pckl, is decreased in Kr-pok knockout mice. (A, B) OGTT (Oral

Glucose Tolerance Test) was performed in mice fasted for 16 hr, with glucose

injected orally. For the ITT (Insulin Tolerance Test), mice were fasted for 6 hr

and insulin was injected intraperitoneally (n=3 per group). Error bars

represent standard deviations. (C) Total proteins were prepared from the liver

tissues of Kr-pok wild and knockout mice (n=3 per group). The proteins were

analyzed by western blot. (D) A glucose production assay in primary

hepatocytes.
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2. Kr-pok expression is increased by fasting and forskolin

Gluconeogenic genes, G6pc and Pckl were decreased in livers of Kr-pok
knockout mice. To test whether fasting can affect expression of Kr-pok, I
investigated a change of Kr-pok expression in mouse liver under feeding and
fasting conditions. The hepatic expression of Kr-pok mRNA was not changed
in mice subjected to feeding and fasting. But, protein expression of Kr-pok in
fasting state for 12 hr was more increased than in feeding state. Also, mRNA
and protein levels of G6pc and Pck1 were induced in the fasted state (Fig. 2A).
To investigate the expression of Kr-pok during fasting, primary hepatocytes
were treated with 10 pM of forskolin, an adenylate cyclase activator which
increases intracellular levels of cAMP and create a situation similar to fasting
state. Primary hepatocytes treated with forskolin showed increase in
endogenous Kr-pok expression in a time dependent manner. Also, Kr-pok
mRNA expression was not affected by forskolin treatment in primary
hepatocytes (Fig. 2B). These results suggested that Kr-pok might increase
gluconeogenesis during fasting.

Being intrigued by the observations, I investigated expression of Kr-pok
in diabetes mouse model induced by streptozotocin, which shows consistent
increase in gluconeogenesis. Streptozotocin injection strongly induced

expression of Kr-pok protein, suggesting that Kr-pok might play a role in
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gluconeogenesis in diabetes. But, increase of Kr-pok mRNA expression was
not observed in streptozotocin-treated mice (Fig. 2C). These results suggest

that Kr-pok may be involved in gluconeogenesis.
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Figure 2. Effects of fasting and forskolin on Kr-pok expression. (A)

C57BL6 mice (n=3 per group) were fed and fasted for 12 hr. Total RNAs were

prepared from the livers of the mice. The expression of Kr-pok, G6pc and

Pckl were measured by qRT-PCR and analyzed by western blot. Error bars
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represent standard deviations. (B) Primary hepatocytes were treated with 10
uM forskolin for the indicated time periods. The lysates of primary
hepatocytes were used for analysis of qRT-PCR and western blot. Error bars
represent standard deviations. (C) qRT-PCR analysis and western blot of Kr-
pok expression from livers of streptozotocin (STZ)-induced diabetic mice
(n=4 per group). Error bars represent standard deviations. *, p<0.05; N.S., Not

Significant; GAPDH, control.
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3. Kr-pok activates transcription of G6pc and Pckl genes

Go6pc and Pckl, two key enzymes involved in gluconeogenesis are
controlled at transcriptional levels. Based on the facts that the expression of
G6pc and Pckl is decreased in livers of Kr-pok knockout mice, I investigated
whether Kr-pok regulates transcription of G6pc and Pckl genes, using
promoter-Luc fusion plasmids. Transient transfection assay showed that Kr-
pok activate transcription of both G6pc and PCK1 genes in HepG2 cells by 4-
7 fold (Fig. 3A and B). Also, Knockdown of Kr-pok mRNA by adenovirus sh-
Kr-pok decreased transcription of G6pc and PCK1 genes in forskolin treated
HepG2 cells (Fig. 3A and B). Forskolin increased mRNA expression of G6pc
and Pckl in wild type primary hepatocytes. But, mRNA expression of G6pc
and Pckl in primary hepatocytes of Kr-pok knockout mice was less increased
by forskolin (Fig. 3C). Taken together, these data suggested that Kr-pok

activates transcription of G6pc and Pckl genes involved in gluconeogenesis.
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Figure 3. Kr-pok activates transcription of gluconeogenic genes, G6pc
and Pckl. (A, B) The transcriptional activity of Kr-pok on the promoter of
G6pc and PCK1 in HepG2 cells. Kr-pok expression plasmids and reporter
plasmid of G6pc or PCK1 promoter fused with the luciferase gene were
transiently co-transfected and luciferase activity was measured. HepG2 cells

were infected with adenovirus d1324 or d1324-shKr-pok and transfected with
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reporter plasmid of G6pc or PCK1 promoter. After transfection for 24 hr, cells
were treated with FSK for 6 hr prior to harvest and then luciferase activity
was measured. Error bars represent standard deviations. (C) Primary
hepatocytes of Kr-pok wild and knockout were treated with forskolin for 6 hr
and analyzed for G6pc and Pckl mRNA expression by qRT-PCR. Error bars
represent standard deviations. 18S RNA was measured as a control. FSK,

Forskolin; *, p<0.05; N.S., Not Significant.
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4. Kr-pok activates transcription of Gépc and PCK1 gene by acting at the
promoter region containing IRS

Since Kr-pok activates transcription of the G6pc gene, I tried to map the
regulatory elements of the G6pc gene promoter responsible for transcriptional
activation by Kr-pok. Four G6pc-reporter gene fusion reporter plasmid
constructs differing in the length of the 5’ upstream sequence were prepared.
Transient transfection and transcription assays in HepG2 cells showed that
ectopic Kr-pok increases transcription of #1 and #2 promoter constructs, but
showed little effect on transcription in the two of the constructs with deletion
of -500 ~ - 231 region (Fig. 4A). Transcription of G6pc by Kr-pok was not
changed when regions containing IRSs (Insulin Response Sequences; bp, -202
~ - 196; bp, -188 ~ -182; bp, -180 ~ -175) were deleted. To examine the
effects of IRS in transcriptional activation by Kr-pok, reporter assays were
executed with the IRS mutated G6pc promoter constructs. While Kr-pok
increased reporter activity of the promoter with intact IRS binding sites, it
could not increase transcription of the promoter with the mutation at second
and third IRS. The mutation at first IRS showed little decrease in
transcriptional activation by Kr-pok (Fig. 4B). Also, oligonucleotide pull-
down assays showed that Kr-pok binds to the IRS#1 and IRS#2/3 region on

G6pc promoter. Kr-pok preferentially binds to the IRS#2/3 probe over the

_32_



IRS#1 probes tested (Fig. 4C). Based on these results, I investigated whether
Kr-pok is targeted to the promoter region containing IRSs by ChIP assays.
ChIP assay of the HepG2 cells with ectopic Kr-pok expression showed that
Kr-pok binds to the region containing IRSs in G6pc promoter (Fig. 4D). Also,
ChIP assays showed decrease in Kr-pok binding to the promoter region
containing IRSs by Kr-pok Knockdown (Fig. 4D).

Also, the PCK1 promoter contains one IRS, I examined the functions of
IRS (bp, -363 ~ -358) in the transcription activation by Kr-pok. Kr-pok could
not activate transcription of PCK1 promoter with mutated IRS (Fig. 5A). Kr-
pok was shown to bind to the IRS region of the PCK1 promoter by
oligonucleotide pull-down assays (Fig. 5B). HepG2 cells were transfected
with a FLAG-Kr-pok expression plasmid and ChIP assays showed that Kr-pok
binds to the region containing IRS. Also, ChIP assays showed that Kr-pok
knockdown decreases Kr-pok binding to the region (Fig. 5C). These data
suggested that the promoter regions containing IRSs are important for

transcriptional activation of the G6pc and PCK1 gene by Kr-pok.
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Figure 4. Kr-pok activates G6pc gene by acting on the proximal promoter
element containing IRS. (A) Transient transcription assays of G6pc gene.
Structures of various G6pc gene promoter constructs fused with luciferase
gene, varying in 5’ upstream regulatory sequence length. HepG2 cells were
transiently co-transfected with Kr-pok expression vector and various pGL4b-
G6pc-Luc reporter plasmids and analyzed for luciferase activity. All assays
were performed in triplicate. Filled circle, HNFla binding sites; open circle,
IRS (Insulin Response Sequence); filled square, CRE(cAMP Response
Element); open square, HNF4a binding sites. (B) Transient transcription
assays and luciferase gene fusion constructs of G6pc promoter designed to
test function of IRS in transcriptional regulation by Kr-pok. (C)
Oligonucleotide pull-down assays of Kr-pok binding to IRSs of Go6pc
promoter. These assays were analyzed by western blot using antibody against
FLAG. (D) qChIP assays of Kr-pok binding on promoter region (ChIP region:
bp, -250 ~ -100) of endogenous G6pc gene in HepG2 cells. The ChIP
antibodies used were anti-FLAG for FLAG-Kr-pok, anti-Kr-pok or control

IgG. Error bars represent standard deviations. *, p<0.05; N.S., Not Significant.
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Figure 5. Kr-pok activates the transcription of the PCK1 promoter by
acting on the IRS. (A) Structures of luciferase gene fusion constructs of
PCK1 promoter tested and transient transcription assays. HepG2 cells are co-
transfected with pcDNA3.0, pcDNA3.0-FLAG-Kr-pok, pGL3-PCKI1-Luc
(wild type, WT) or pGL3-PCK1-Luc mutant plasmids and luciferase activity
was measured. Error bars represent standard deviations. (B) Oligonucleotide
pull-down assay of Kr-pok binding to the PCK1 promoter IRS region. (C)
qChIP assay of Kr-pok binding on the promoter region containing IRS of
endogenous PCK1 gene in HepG2 cells. HepG2 cells were transfected with

FLAG-Kr-pok  or infected  adenovirus  dI324-sh-Kr-pok  and
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immunoprecipitated using the antibodies indicated. Error bars represent

standard deviations. *, p<0.05; N.S., Not Significant.

_37_



5. Kr-pok increases FoxO1 binding to the IRSs of G6Pc and PCK1
promoters

It was reported that transcription factor FoxO1 activates the transcription
of G6pc and Pckl by directly binding to IRSs. In the above, I have shown that
Kr-pok could not activate transcription of G6pc and PCK1 when the IRSs
were mutated. So, I tested effects of Kr-pok on the 3X IRS FoxO1 response
element-luciferase reporter construct in HepG2 cells. Kr-pok alone activated
the construct weakly, but Kr-pok more increased transcriptional activity of
FoxOl1 on the 3X IRS construct (Fig 6A). I investigated whether Kr-pok
increases binding of FoxO1 to the region spanning IRSs of G6pc and Pckl
promoters. HepG2 cells were transfected with a Kr-pok expression plasmid.
ChIP assays showed that the binding of FoxO1 to the IRS regions of G6Pc
and PCK1 promoter is increased in the presence of Kr-pok (Fig. 6B and C).

Fasting increases FoxO1 binding to the IRSs of G6pc and Pckl promoter.
I also examined the effects of Kr-pok of FoxO1 binding to IRSs in forskolin
treated cells, HepG2 cells were infected with adenovirus d1324-Kr-pok or
dI324- sh-Kr-pok for knockdown, followed by treatment with forskolin for 6
hr. Overexpressed Kr-pok with forskolin treatment increased FoxO1 binding
more compared to with forskolin only. However, Kr-pok knockdown by sh-
Kr-pok attenuated the increase in FoxO1 binding by forskolin treatment (Fig.

6D and E).
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Figure 6. Kr-pok increases FoxO1 binding on the IRS of G6Pc and PCK1
promoters. (A) The transcriptional activity of Kr-pok and/or FoxO1 on 3X
IRS reporter constructs in HepG2 cells. Kr-pok and/or FoxOl expression
plasmids and reporter plasmid of 3X IRS fused with the luciferase gene were
transiently co-transfected and luciferase activity was measured. (B, C) qChIP
assay of endogenous FoxOl binding to the IRSs of the G6Pc and PCK1
promoter in HepG2 cells. The cells were transfected with Kr-pok expression
vector, fixed, and the chromatins were subjected to immunoprecipitation using
the indicated antibodies: anti-FLAG for Kr-pok, anti-FoxO1 and control IgG.
Error bars represent standard deviations. (D, E) ChIP assay for the recruitment
of FoxO1 on the G6Pc and PCK1 gene promoter. HepG2 cells were infected
with adenovirus d1324-Kr-pok or d1324-sh-Kr-pok. After 36 hr, the cells were
treated with FSK for 6 hr. Cell lysates were precipitated with anti-FoxO1 and
control IgG. Error bars represent standard deviations. FSK, Forskolin; *,

P<0.05.

_40_



6. Kr-pok does not change expression and subcellular localization of
FoxO1

Since Kr-pok increased FoxOl1 binding to G6Pc and PCK1 promoters, |
investigated how Kr-pok increases FoxO1 binding to the G6Pc and PCK1
promoters. I tested whether Kr-pok regulates expression of FOxO1 gene. qRT-
PCR showed that overexpression and Knockout of Kr-pok could not increase
expression of FoxO1 (Fig. 7A).

Subcellular localization of FoxO1 by signals such as insulin and cAMP is
changed. I investigated whether Kr-pok can change subcellular localization of
FoxOl. Fractionation in Kr-pok overexpressed HepG2 cell showed that
protein level of FoxOl in cytoplasm and nucleus is not affected by Kr-pok
(Fig. 7B). It is reported that insulin is involved in phosphorylation and nucleus
exclusion of Foxol, leading to degradation of FoxOl1. Also, I tested whether
Kr-pok affect phosphorylation of FoxOl by insulin. Overexpression and
knock down of Kr-pok did not affect phosphorylation of FoxOl in insulin-
treated primary hepatocytes (Fig. 7C). But, co-immunoprecipitation of Kr-pok
wild and knockout livers showed that the Kr-pok and FoxO1 proteins interact

with each other (Fig. 7D).
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Figure 7. Kr-pok does not affect expression, subcellular localization and
phosphorylation of FoxO1. Kr-pok interacts with FoxO1. (A) gRT-PCR of
endogenous FoxO1 expression. cDNA for qRT-PCR were prepared from the
cell lysates transfected with a Kr-pok expression plasmid. And cDNA from
wild and Kr-pok knockout mice livers was used for qRT-PCR. Error bars
represent standard deviations. (B) Subcellular localization of FoxO1l by
expression of Kr-pok. HepG2 cells infected with control dI324 or d1324-Kr-

pok adenovirus were fractionated followed by western blot analysis of
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cytoplasm and nucleus fractions. GAPDH, Cytoplasm marker protein;
HDACI, Nucleus marker protein. (C) Change of phosphorylation of FoxO1
by Kr-pok. Primary hepatocytes were infected with adenovirus d1324-Kr-pok
or d1324-sh-Kr-pok. After 36 hr, the hepatocytes were treated with 10 uM
insulin for 6 hr. The lysates of primary hepatocytes were used for analysis of
western blot. (D) Co-immunoprecipitation of Kr-pok and FoxO1. Lysates of
Kr-pok wild and knockout livers were immunoprecipitated using anti-Kr-pok
antibody, IgG and analyzed by western blot using anti-FoxO1 and anti-Kr-pok.

GAPDH, control; IP, immunoprecipitation. *P<0.05; N.S., Not Significant.
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7. Kr-pok decreases acetylation of FoxO1

Because Kr-pok could not change the expression, subcellular localization
and phosphorylation of FoxOl, I investigated how Kr-pok can increase
FoxOl binding to G6Pc and PCK1 promoters. It was reported that
deacetylation of FoxO1 by gluconeogenic signals increases its transcriptional
activity. Co-immunoprecipitation and western blots in mice livers showed that
Kr-pok and FoxO1 proteins interact with each other (Fig. 7D). I investigated
whether Kr-pok affects acetylation of FoxOl. Acetylation of FoxO1l was
increased in Kr-pok knockout mice livers (Fig. 8A). Co-immunoprecipitation
revealed that FoxO1l acetylation was decreased in Kr-pok overexpressed
HepG2 cells (Fig. 8B). Also, forskolin treatment decreased FoxO1 acetylation,
while Kr-pok knockdown with forskolin treatment did not decrease FoxO1
acetylation (Fig. 8C).

Based on previous studies that Kr-pok represses transcription of CDKN1A
gene through interaction with HDACS3, I investigated that Kr-pok interacts
with FoxO1 and HDAC3. Co-immunoprecipitation and western blot assays of
the HEK293A cells transiently transfected with HA-HDAC3 expression
plasmid and/or FLAG-Kr-pok expression plasmid showed that Kr-pok
interacts with FoxO1 and HDAC3 (Fig. 8D). Kr-pok knockdown by sh-Kr-

pok reduced the interaction between FoxOl and HDAC3 (Fig. 8E). As
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previous studies showed that FoxO1 deacetylation through interaction with
HDACS3 increases its ability to bind DNA, I examined the association of
HDAC3 with G6Pc and PCK1 promoters by Kr-pok. Forskolin treatment
resulted in increased binding of HDAC3 to G6pc and PCK1 promoters, which
is consistent with the increased deacetylation and binding of FoxO1 to the
promoters. On the contrary, ChIP assays showed that binding of HDAC3 to
the G6Pc and PCK1 promoters were decreased by Kr-pok knock down upon
treatment with forskolin, leading to reduced deacetylation and binding of
FoxO1 to the promoters (Fig. 8F and G). ChIP assays further showed that Kr-
pok, FoxO1, Hdac3 and NCoR bind to G6pc and Pckl promoters in Kr-pok
wild and knockout mice liver tissues. Fasting increased binding of Kr-pok,
FoxO1, Hdac3 and NCoR to the promoters in Kr-pok wild livers. However,
the binding of FoxO1, Hdac3 and NCoR was less increased in Kr-pok knock
out livers compared to in Kr-pok wild type livers (Fig. 9A and B). Liver
tissues used in ChIP assays showed that knockout of Kr-pok decrease protein

levels of G6pc and Pck1 (Fig. 9C).
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Figure 8. Kr-pok recruits HDAC3 to deacetylate FoxO1. (A) Western blot
analysis of acetylation FoxO1 in Kr-pok wild and knockout mice livers. (B)

Cell lysates prepared from HepG2 cells transfected with FLAG-Kr-pok
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expression plasmids were immunoprecipitated using anti-FoxO1 antibody and
analyzed by western blot using the antibodies indicated. Anti-acetyl-lysine
was used to detect acetylation of FoxO1. (C) HepG2 cells were infected with
adenovirus d1324-sh-Kr-pok for 36 hr and then treated with FSK for 6 hr. The
cell lystes were immunoprecipitated and analyzed by western blot as depicted
in (B). (D) Co-immunoprecipitation and western blot assays of protein
interaction between HDAC3 and FoxO1. HEK293A cell extracts with ectopic
HA-HDAC3 and/or FLAG-Kr-pok expression were immunoprecipitated with
ant-HA antibody. The precipitates were analyzed by western blotting with
anti-HA, anti-FLAG, anti-FoxO1 and anti-GAPDH antibody. (E) HepG2 cells
infected with adenovirus d1324-sh-Kr-pok and treated with FSK for 6 hr were
immunoprecipitated using anti-HDAC3 antibody and analyzed by western
blot using the antibodies indicated. (F, G) qChIP assay of endogenous
HDACS3 binding to the IRSs of the G6Pc and PCK1 promoter in HepG2 cells.
The cells were infected with adenovirus d1324-sh-kr-pok for 36 hr and treated
with FSK for 6 hr. The cells were fixed, and the chromatins were subjected to
immunoprecipitation using the antibodies indicated: anti-HDAC3 for HDAC3
and control IgG. Error bars represent standard deviations. FSK, Forskolin;

*P<0.05.
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Figure 9. Kr-pok increases recruitment of FoxO1, Hdac3 and NCoR to
the G6pc and Pckl promoters. (A, B) qChIP assay of endogenous Kr-pok,
FoxO1, Hdac3 and NCoR binding to the IRSs of the G6pc and Pck1 promoter
in wild and Kr-pok knockout livers. The livers were washed and fixed by
perfusion. The lysates were sonicated and subjected to immunoprecipitation
using the indicated antibodies: anti-, Kr-pok, FoxO1,Hdac3, NCoR and
control IgG (C) Western blot analysis of the liver tissue used for qChIP assay.

GAPDH, control; *P<0.05.
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8. Forskolin increases protein stability of Kr-pok

Above results showed that forskolin treatment of HepG2 cells and fasting
of mice increase Kr-pok protein expression. But, mRNA expression of Kr-pok
was not increased by treatment of forskolin and fasting. I investigated whether
protein stability of Kr-pok is modulated by forskolin. Exogenous Kr-pok
transfected with FLAG-Kr-pok expression plasmid in HEK 293A cells was
increased in protein levels by forskolin treatment, while mRNA expression of
transfected Kr-pok was not changed (Fig. 10A). I also measured the protein
stability of Kr-pok by a cycloheximide chase assay of HepG2 cells treated
with forskolin. Endogenous Kr-pok of the forskolin treated cells was degraded
more slowly than that of the control cells (Fig. 10B). These results suggested

that Kr-pok expression may be regulated at the post-transcriptional level.
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Figure 10. Protein stability of Kr-pok is increased by forskloin. (A)

HepG2 cells were transfected with FLAG-Kr-pok expression plasmid,

incubated for 24 hr and then treated with FSK for 6 hr. Exogenous Kr-pok

expression was analyzed by western blot using anti-FLAG Ab and qRT-PCR.

Error bars represent standard deviations. (B) The HepG2 cells were treated

with vehicle or 10 pM FSK. Then, the cells were treated with 10 pM

cycloheximide. The cells were lysed at the indicated times for western blot.

Endogenous Kr-pok expression was analyzed by western blot using Kr-pok

antibody. FSK, Forskolin; GAPDH, control.
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Figure 11. Hypothetical model of transcriptional regulation of G6pc and
Pckl by Kr-pok. Feeding leads to enhanced secretion of pancreatic insulin
and insulin binds to insulin receptor (IR) to activate of insulin signaling
pathways in liver. Activated Akt also directly phosphorylates FoxOl,
inhibiting translocation into nucleus. In fasting, binding of glucagon to
glucagon receptor (GR) triggers the activation of adenylyl cyclases, which
catalyse the production of cAMP from ATP. Binding of cAMP to protein

kinase A (PKA) migrates PKA to the nucleus. This hormone signal increases
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protein stability of Kr-pok. Kr-pok increases recruitment of FoxO1, Hdac3
and NCoR to G6pc and Pckl promoters. Deacetylation of Foxol by Hdac3

promotes transcription of G6pc and Pck1.
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IV. DISCUSSION

It is reported that the POK family proteins regulate many biological
processes, including embryonic development, cell differentiation,
inflammation, apoptosis, and oncogenesis. Kr-pok was first identified as one
of the POK family proteins with growth inhibitory activity in a cervical
carcinoma cell line.*> Recent studies have revealed the biological functions of
Kr-pok. Kr-pok activates transcription of FASN (fatty acid synthase) involved
in synthesis of fatty acids.'® Also, Kr-pok function as a proto-oncoprotein
repressing transcription of CDKN1A."> Kr-pok mRNA is expressed in various
tissues of the mouse including the brain, liver, heart, kidney, WAT, BAT,
muscle and very little in spleen. Normal physiology function of Kr-pok has
not yet been reported. The size of the gonadal white adipocytes of the old Kr-
pok knock-out mice is significantly decreased compared to that of Kr-pok
wild type mice (unpublished data) and blood glucose level of Kr-pok
knockout mice was lower than that of that of the wild type mice. The study of
Kr-pok knockout mice provides clues about functions of Kr-pok involved in
metabolism.

Intrigued by these initial observations, I tried to analyze the metabolic

changes of Kr-pok knockout mice. Glucose, insulin tolerance tests and
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glucose production assays of primary hepatocytes showed decreases of blood
glucose level in Kr-pok knockout mice. Glycogenolysis (breakdown
of glycogen to glucose) and gluconeogenesis mainly contribute to production
of glucose.” Also, Glucose transporter 2 (Glut 2) in livers is involved in
regulation of blood glucose level.” Microarray differential gene expression
analysis showed that expression of Glut 2 and the genes involved in
glycogenolysis and gluconeogenesis such as Pc, Fbp, Pyg 1 and Pgm 5 is not
changed in Kr-pok knockout livers. I found that loss of Kr-pok in mice livers
decreases the expression of gluconeogenic enzymes such as G6pc and Pckl,
and G6pc and Pckl genes are the transcriptional activation target of Kr-pok.
Because expression of G6pc and Pckl is activated by cAMP/PKA signaling
during fasting,** 1 investigated whether fasting affects Kr-pok expression in
cultured primary hepatocytes. Forskolin which increases cAMP/PKA
signaling in mice primary hepatocytes increased expression Kr-pok
expression. Also, Kr-pok expression was increased in mice livers by fasting.
Interestingly, mRNA expression of Kr-pok was not changed in forskolin-
treated primary hepatocytes and also in livers isolated form fasted mice. Kr-
pok expression was also increased in hyperglycaemic streptozotocin-induced
mice diabetes models, suggesting Kr-pok may be involved in glucose

production.

_54_



I also studied how Kr-pok regulates transcription of G6pc and Pckl gene.
Kr-pok could activate G6pc and Pckl gene transcription by acting on the IRSs.
Glucocorticoid receptor, HNF4a, Nur77 and FOXO1 are transcription factors
activating transcription of G6pc and Pckl. In particular, FoxO1 is known to
increase gluconeogenesis by acting on IRSs.***” Co-transfection with FoxOl,
Kr-pok and pG5-(IRS)3X-Luc reporter construct increased promoter activity
significantly. Kr-pok increased FoxO1 binding to IRSs on the promoters of
G6pc and Pckl. I investigated whether Kr-pok affects the expression and
subcellular localization of FoxO1. Expression of FoxO1 was not changed in
Kr-pok knockout mice livers. Also, Kr-pok could not affect the subcellular
localization of FoxO1 in HepG2 cells. Insulin treatment phosphorylates and
inactivates FoxO1 through serine/threonine kinase Akt, in mammalian liver.**"
3 Kr-pok could not increase or decrease phosphorylation of FOXO1 by
insulin treatment in hepatocytes.

Once FoxOl enter into nucleous, it binds to the promoters of
gluconeogenic target genes and activates transcription, at least in part through
deacetylation and activation of FoxO1. Dephosphorylation of HDAC3 results
in deacetylation of nuclear FOXO1, enhancing FOXO1 DNA-binding activity
to the gluconeogenic gene promoters.*” It was reported that Kr-pok interacts

with HDAC3 and NuRD complex. I found that Kr-pok increases interaction
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between FoxOl and HADC3, promoting deacetylation of FoxOl, which
activates transcription of G6pc and Pckl. Recruitment of FoxO1, Hdac3 and
NCoR to G6pc and Pckl promoters was decreased in Kr-pok knockout mice
livers subjected to fasting compared to that of wild type mice.

Proteins are often subjected to posttranslational modifications in response
to signals, including acetylation, methylation, phosphorylation, and
SUMOylation. These modifications can regulate stability and localization of
proteins. Stability of Kr-pok was increased by forskolin treatment, suggesting
posttranslational modifications of Kr-pok. Also, my studies demonstrated a
role for Kr-pok in deacetylation of FoxO1 by interaction with HDAC3 during
fasting in mice liver. FoxO1 was previously shown as a target of SIRT1 in a
number of cell types, such as in muscle.*® Also, Kr-pok represses transcription
of SIRT1(unpublished data). It will be interesting to investigate relative
contributions of SIRT1 versus HDAC3-Kr-pok complex in the control of
FoxO1 acetylation in liver.

The expression of gluconeogenesis enzymes such as PEPCK and G6Pase
could be activated by glucagon via cAMP/PKA and CREB because of CREB-
response elements on their promoters. However, a variety of other
transcription factors were also shown to play key roles in the regulation of

PEPCK or Go6Pase, such as CREBH, HNF40a, FOXOI1, and KLF15.
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Deficiency of one of these genes resulted in fasting hypoglycemia and
reduced expression of gluconeogenesis enzymes, suggesting that these
transcription factors could not compensate each other and that all of them are
required for the liver to fully activate expression of gluconeogenic genes. Also,
G6pc and Pckl are mainly expressed in livers and their expression is
increased during fasting. Accumulating evidences showed the importance of
gluconeogenesis regulation for glucose homeostasis. Most of glycolytic
enzymes are used for both glycolysis and gluconeogenesis. G6Pc and PCK 1
are enzymes only for gluconeogenesis. Therefore, transcriptional regulation of
G6pc and Pckl is important for glucose homeostasis. The significance of the
results presented here is that Kr-pok is a new transcription factor increasing
gluconeogenesis through deacetylation of FoxOl. Kr-pok activated
transcription of G6pc and Pckl, increasing deacetylation of FoxO1 through
promoting the interaction of FoxO1 and HDAC3. Kr-pok increases glucose
production through transcriptional regulation of G6pc and Pckl. Identification
of Kr-pok’s role in hepatic gluconeogenesis will expand our knowledge on the
molecular mechanism of the regulatory factors involved in blood glucose

homeostasis.
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V. CONCLUSION

Analysis of Kr-pok knockout mice showed that Kr-pok increases blood
glucose levels and glucose production in cultured primary hepatocytes. Also, I
found that expression of Kr-pok was induced in fasted mice and forskolin-
treated cultured primary hepatocytes. I investigated whether and how Kr-pok
can regulate expression of the genes involved in gluconeogenesis and found
that Kr-pok is involved in glucose homeostasis through transcriptional
activation of gluconeogenic genes, Gopc and Pckl. Kr-pok binds to IRSs
which is FoxO1 binding sites to activate transcription of G6pc and Pckl. Kr-
pok decreases FoxO1 acetylation through interaction with HDAC3, which
increases transcriptional activity of FoxO1. ChIP assays of Kr-pok wild and
knockout mice liver tissues showed that Kr-pok increases recruitment of
FoxO1, HDAC3 and NCoR to the G6pc and PCK1 promoters, which results
in the transcriptional activation of these genes via deacetylation of FoxOl
(Fig. 11). I investigated how fasting increases expression of Kr-pok. I found
that forskolin treatment which mimics fasting states increases protein stability
of Kr-pok.

My results suggest that Kr-pok may be one of the glucose metabolism

regulators and Kr-pok increases gluconeogenic genes, G6pc and PCK1 by
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