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ABSTRACT
Jang-Seok Lee
The Department of Molecular Medicine and Biopharmaceutical Science
The Graduate School
Seoul National University

Stem cells have distinct features in metabolism compared with differentiated
somatic cells and metabolism is important in stem cells. Because stem cells
divide very actively and nucleotide is essential for cell division, metabolism
related to nucleotide in stem cells is expected to be different from that in
somatic cells. Thus, in ESCs, nucleotide metabolism will be important in
maintaining stemness and thus, regulated by some pluripotency factors.
Phosphoribosyl Pyrophosphate Synthetase (PRPS) is an enzyme that makes
Phosphoribosyl Pyrophosphate (PRPP) from Ribose-5’phosphate in
nucleotide biosynthesis pathways. Since PRPP is used in both purine and
pyrimidine biosynthesis pathways, PRPS enzyme is important in nucleotide
metabolism. PRPS has two isoforms, PRPS1 and PRPS2 which are known to
have differences in many diseases and cancers. However, PRPS isoforms are
little understood in stem cells. In this study, we investigated how Prps1 and
Prps2 are regulated and the functional differences between them in ESCs.
First, we observed that the expression patterns of Prps1 and Prps2 were
i

different during ESC differentiation. And pluripotency factors like Oct4,
Sox2, and Nanog (OSN) were mainly occupied in Prps1 promoters. Next, we
observed different knockdown phenotypes through each Prps1 and Prps2knockdown ESCs. In consequence, Prps1 is a stronger target of Oct4, Sox2,
and Nanog which is mainly regulated in stem cells. And, based on different
knockdown phenotypes, Prps1 and Prps2 have functional differences in
addition to common function making PRPP in ESCs.

----------------------------------------------------------------------------------------------

Keywords: Embryonic Stem cell, Nucleotide metabolism, Phosphoribosyl
Pyrophosphate Synthetase, PRPS
Student number: 2014-24814
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I. INTRODUCTION
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1-1. Nucleotide Metabolism in Embryonic Stem Cells (ESCs)

Embryonic stem cells (ESCs) have different metabolism from
differentiated somatic cells and there are many studies that metabolism is
important in ESCs (Folmes et al., 2012; Zhang et al., 2012). For example, to
gain energy, ESCs depend on glycolysis more than oxidative phosphorylation
and, on the other hand, somatic cells depend on oxidative phosphorylation
more than glycolysis. And, in recent study, we revealed that core pluripotency
factors regulate metabolism in ESCs by controlling glycolytic enzymes (Kim
et al., 2015). Besides, ESCs have many other features in metabolism in
contrast to somatic cells. ESCs need a lot of macromolecule to maintain stem
cell’s property, self-renewal and pluripotency. Therefore, biosynthesis
pathway producing macromolecules has to be regulated distinctively in ESCs
and one of these macromolecules is nucleotide (Ito and Suda, 2014).
Nucleotide is essential in all cells including stem cells for cell division and
maintenance (Lane and Fan, 2015). If there are not enough nucleotides in
stem cells, they fail to divide. Thus, nucleotide biosynthesis pathway is
upregulated in ESCs. Similarly, we expect that nucleotide metabolism can be
regulated by pluripotency factors or other ESC-specific factors. Although the
exact mechanism is not well understood so far, understanding how nucleotide
metabolism is regulated in ESCs is important.
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1-2. Phosphoribosyl Pyrophosphate Synthetase (PRPS)

Nucleotide biosynthesis pathway is composed of many steps,
enzymes and factors (Lane and Fan, 2015). Among them, it was revealed that
one of the most important enzymes is Phosphoribosyl Pyrophosphate
Synthetase (PRPS). PRPS is an enzyme which makes Phosphoribosyl
Pyrophosphate (PRPP) from Ribose-5’phosphate using ATP (Kornberg et al.,
1955). In the purine biosynthesis pathway, PRPS is the enzyme in the first
step of the pathway and PRPP made by PRPS is used as a substrate in the
pathway. Meanwhile, in pyrimidine biosynthesis pathway, PRPP is used as
cofactor in the middle of the pathway. Thus, PRPP is used in both purine and
pyrimidine biosynthesis pathway and enzyme making PRPP, PRPS, is
important and essential in nucleotide metabolism (de Brouwer et al., 2010).
Also, PRPS is regarded as a rate-limiting enzyme in nucleotide synthesis
(Cunningham et al., 2014). PRPS has two isoforms, PRPS1 and PRPS2.
Prps1 and Prps2 are located at X chromosome and the homology between
PRPS1 and PRPS2 is very high (Lee et al., 1994). Although they have high
homology, the two isoforms are known to function differentially. Related to
PRPS1, mutations on Prps1 gene cause some diseases such as Arts Syndrome
and hearing loss (Chen et al., 2015; de Brouwer et al., 2010). And, related to
PRPS2, how it is regulated in melanoma cells and cancer cells is studied
(Cunningham et al., 2014; Mannava et al., 2008). However, PRPS1 and
PRPS2 is little studied in ESCs.

3

1-3. Purpose

ESCs have distinct metabolism in contrast to differentiated somatic
cells that glycolysis exceed oxidative phosphorylation (Folmes et al., 2012;
Ito and Suda, 2014). Nucleotide metabolism is expected to be important and
regulated differently to somatic cells because nucleotide is a building block
when stem cells divide actively (Lane and Fan, 2015). Thus, understanding
nucleotide metabolism related to stemness and the mechanisms of how it is
regulated in ESCs is expected to be important and need to be understood.

PRPS is an enzyme making PRPP from Ribose-5’phosphate using
ATP (Kornberg et al., 1955). PRPP is used in both purine and pyrimidine
biosynthesis pathway so PRPS is important and a rate-limiting enzyme in
nucleotide metabolism (Cunningham et al., 2014). There are two isoforms,
PRPS1 and PRPS2. Related to each PRPSs, how they are regulated in somatic
cells or melanoma cells and the differences between PRPS1 and PRPS2 is
studied so far (Lane and Fan, 2015; Mannava et al., 2008). Recently, it was
revealed that PRPS2, not PRPS1, was regulated by oncogene c-Myc and
overexpressed PRPS2 could cause cancer in the end (Cunningham et al.,
2014).

PRPS isoforms are not much studied in the stem cell area. Since stem
cells are similar to cancer cells in metabolism, we expect that nucleotide
metabolism is important in stem cells (Varum et al., 2011). Also, recently, we
revealed that core pluripotency factors directly regulate metabolic enzymes in
4

ESCs. Therefore, we hypothesize that PRPS isoforms are important and are
regulated by pluripotency factors in ESCs.
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II. MATERIALS AND METHODS
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2-1. Cell culture
E14 mouse embryonic stem cell line was cultured on 0.1% gelatin (Sigmaaldrich) coated tissue culture dish. The medium was composed of DMEM(GE
health care) and 10% (v/v) fetal bovine serum(Gibco), suppled with
100units/ml penicillin, 100𝜇𝜇g/ml streptomycin, 2mM L-glutamin, 1% (v/v)
non-essential amino acid, 55𝜇𝜇M 𝛽𝛽-mercaptoethanol (Gipco), 30𝜇𝜇M

ciprofloxacin (Sigma-aldrich), 500units/ml ESGRO(Millipore).

HEK293FT cell line was cultured on tissue culture dish. The medium was
composed of DMEM media (GE health care) and 10% (v/v) fetal bovine
serum, suppled with 100units/ml penicillin, 100𝜇𝜇g/ml streptomycin.

2-2. Antibodies

The antibodies used in this study were as follows: anti-Oct4 was purchase
from Santa Cruz; anti-Sox2 was purchased from R&D systems; anti-Nanog
was purchased from Abcam; anti-Prps1 and anti-Prps2 were purchased from
Abnova.

2-3. RNA isolation
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Total RNA were extracted with Trizol (Invitrogen). Cell extracts mixed with
chloroform and incubated at room temperature for 5 min. Superannuates
incubate with iso-propanol at room temperature for 10 min. Centrifuge
12000g for 15 min. Pellet was washed by 75% ethanol in DEPC.

2-4. Quantitative real-time PCR (qRT-PCR)
cDNA was synthesized using AMV Reverse Transcriptase(Sigma-Aldrich).
cDNA was diluted to proper concentration and mixed with SYBR premix Ex
Taq (Takara). Reaction was processed by manufacture’s protocol.

Primers for qRT-PCR are listed in Table 1.

2-5. Western blot assay
Cells were lysed with IP Buffer (5 M Nacl, 1 M Tris-Cl (pH 8.0), 5% NP-40,
10% glycerol, 0.5 M EDTA). Lysates were separated by SDS-PAGE (Sodium
dodecyl sulfate polyacrylamide gel electrophoresis). And transferred onto
nitrocellulose membrane for blotting using 25 mM Tris-Cl, 250 mM glycine,
15% (v/v) Methanol buffer at 4℃ for 2 hours. Membranes were blocked with
5% non-fat dry milk, 10 mM Tris-Cl (pH 7.5), 150 mM NaCl, 0.1% tween-20
for 1 hour. After blocking, membranes were washed 3 times and incubated
with proper antibody at 4℃ for 16 hours. Membranes were washed 3 times
8

and incubated with HRP (Horse radish peroxidase)-conjugated antibody at
room-temperature for 1 hour. For detection, blots were reacted with ECL
solution and exposed to X-ray film.

2-6. Lenti virus-based shRNA
pLKO.1 puro vectors are purchased from Sigma-Aldrich for expressing
shRNAs. PLP1 0.5 𝜇𝜇g, PLP2 0.5 𝜇𝜇g, VSVG 0.5 𝜇𝜇g and 0.5 𝜇𝜇g of shRNA

were transfected to HEK293FT cells by Lipofectamine plus (Introgen). After
48 hours, media which were contained viruses were filtrated by 0.45 𝜇𝜇M filter
(Sartorius AG). Cells were infected by virus which were mixed with media
1:1 as ratio with 1 𝜇𝜇g/ml polybrene.
shRNAs used for gene knockdown are listed below

Mouse Prps1 shRNA (TRCN0000024886, TRCN0000365994)

Mouse PrpsS2 shRNA (TRCN0000276646, TRCN0000276708)

2-8. Self-renewal assay
ESCs were trypsinized to single cell suspension and cultured 500 cells/well in
6 well plate. Cells were incubated with media which is supplied with LIF during
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7 days. Alkaline phosphates are stained with Fast Red Violet (Sigma-Aldrich)
and Naphthol AS-BI (Sigma-Aldrich).

2-9. Proliferation Assay

ESCs were trypsinized to single cell suspension and re-plated at 10000
cells/well in 6 well plate. Cells were incubated with media which is supplied
with LIF and were counted at day 1, 2, and 3.

2-11. Chromatin Immunoprecipitation (ChIP) assay

ESCs were cross-linked with 1% (v/v) formaldehyde for 10 min at 37℃.
After washing twice with cold PBS, cross-linked cells were lysed with buffer
containing 85Mm KCl, 5Mm PIPES (pH 8.0) and 0.5% (v/v) NP-40. After
centrifugation, nuclear pellets were re-suspended in buffer containing 10Mm
EDTA, 100Mm Tris-Cl (pH 8.1), and 1% SDS. To solubilize and shear crosslinked DNA, lysates were sonicated and 10-fold diluted lysates in IP buffer
containing 16.7Mm Tris-Cl (pH 8.1), 167Mm NaCl, 0.01% (w/v) SDS, 1.1%
(v/v) Triton X-100 and 1.2Mm EDTA were incubated overnight at 4 with
protein A/G agarose and 1 ~ 2 ㎍ appropriate antibodies. Beads were washed
with buffers. Immune complexes were then eluted by adding 500 ㎕ of
elution buffer containing 1% (w/v) SDS and 0.1M NaHCO3. Cross-linking
10

was reversed by adding 20 ㎕ of 5M NaCl and incubated overnight at 65℃.
DNA was precipitated with iso-propanol and kept in -20 for the further use.

Primers for ChIP are listed in Table.2
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Gene
18s

Oct4

Sox2

Nanog

Prps1

Prps2
Realtime
PCR

5’ primer
TTAGAGTGTTCAAAGCAGG

3’ primer
TCTTGGCAAATGCTTTCGC

CCCGA

TCTGG

GGCGTTCTCTTTGGAAAGG

CTCGAACCACATCCTTCTC

TGTTC

T

GAGAGCAAGTACTGGCAAG

ATATCAACCTGCATGGACA

ACCG

TTTTT

ATGAAGTGCAAGCGGTGGC

CCTGGTGGAGTCACAGAGT

AGAAA

AGTTC

CAAAGTGGGTGTGGTGAGA

GTAAGGGAAGCATGGGAT

TAA

GAC

TGCCTAACATCGTGCTCTTC

CTCTCACACTTTCACCGAT
CTC

Fgf5

TTGCGACCCAGGAGCT

CTACGCCTCTTTATTGCAG
C

Pax3

T

AACCCACTACCCAGACATTT

CCAGCTTGTTTCCTCCATC

AC

T

GACTTCGTGACGGCTGACA

CGAGTCTGGGTGGATGTAG

A
Pitx2

Gata4

Sox17

CGGCAGAGGACTCATTTCA

CTTCCGTAAGGTTGGTCCA

C

C

CCGAGCAGGAATTTGAAGA

GCCTGTATGTAATGCCTGC

GG

G

TTCTGTACACTTTAATGAGG

TTGTGGGAAGTGGGATCAA

CTGTTC

G

Table 1. qRT-PCR primer list
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ChIP

Gene
Prps1

5’ primer
GCCTTCCAGGTAGAAAGTA

3’ primer
AGGCGTGAAACGGGTTAAA

Promoter1

CAC

Prps1

TGCAAACACTGAAAGCATCT

GCCACAAAACCCCACATTA

Promter2

G

AA

Prps1

GGTCAAAGAGGTGAGATGT

GGATCAGCCTGCTTTATCT

Promoter3

GTG

GG

Prps2

CGCCTGAACATCTGAGTAA

GAAGCAACCCTTCTTTGTA

Promoter

GT

ATCTC

Table 2. ChIP primer list
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Ⅲ. RESULTS
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3-1. Prps1 and Prps2 show different expression patterns during
ESC differentiation.
There are many enzymes including PRPS related to purine and
pyrimidine biosynthesis pathways (Figure 3-1-1.). First, to investigate
expression patterns of these enzymes during ESC differentiation, we used
publically available RNA-seq data (Xiao et al., 2012). Then, we analyzed and
observed that Prps1 and Prps2 were highly expressed in ESCs and decreased
during differentiation (Figure. 3-1-2.). To confirm it, we investigated mRNA
and protein expression patterns of Prps1 and Prps2 by qRT-PCR and western
blot assay during E14 cell differentiation by Leukemia Inhibitory Factor

(LIF) withdrawal. Consistent with the results above, we observed that Prps1
decreased gradually during differentiation and Prps2 showed fluctuation at
day2 of differentiation in both mRNA and protein levels (Figure. 3-1-3.).
Thus, Prps1 and Prps2 showed different expression patterns during ESC
differentiation. Next, through Integrative Genomic Viewer (IGV), we
observed that Prps1 and Prps2 are differentially expressed in ESCs (Figure. 31-4.). So, we examined quantitative difference between Prps1 and Prps2 in
E14 cells by qRT-PCR. Prps1 was expressed 2.6 times higher than Prps2 in
mRNA quantity level (Figure. 3-1-5.). Consequently, the expression of Prps1
and Prps2 decreased in both mRNA and protein levels during ESC
differentiation and their expression patterns and quantity were different in
ESCs.

15

Figure. 3-1-1. Purine and pyrimidine biosynthesis pathways.
There are many enzymes related to purine and pyrimidine biosynthesis
pathways. PRPS is in the first step of purine biosynthesis pathway.

16

Figure. 3-1-2. Prps1 and Prps2 are highly expressed in ESCs
The expression of Prps1 and Prps2 is analyzed by publically available RNAseq data. (GSE 36114)

17

Figure. 3-1-3. Prps1 decreases gradually and Prps2 shows
fluctuation during ESC differentiation.
The mRNA and protein level of Prps1 and Prps2 is detected by qRT-PCR
and western blot assay during E14 cell differentiation by LIF withdrawal for
indicated period. Actin is used as control.
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Figure. 3-1-4. Prps1 and Prps2 are differentially expressed in
ESCs.
In IGV, the expression level of Prps1 and Prps2 is different in ESCs.
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Figure. 3-1-5. Prps1 is expressed 2.6 times higher than Prps2 in
ESCs.
The mRNA expression of Prps1 and Prps2 is analyzed by qRT-PCR during
E14 cell differentiation by LIF withdrawal. The mRNA level of Prps1 at day 0
is used as control.
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3-2. Pluripotency factors like Oct4, Sox2, and Nanog (OSN) are
mainly occupied in Prps1.
Next, we sought out how Prps1 and Prps2 were regulated in ESCs.
Previously, we reported that pluripotency factors like Oct4 directly regulate
glycolytic enzymes to maintain pluripotency in ESCs (Kim et al, 2015). Based
on this study, we postulated that pluripotency factors regulate Prps1 or Prps2
in similar way. First, we searched the motif score in Prps1 and Prps2
promoters using JASPAR database, a tool to search transcription factor
motifs. The score of Oct4/Sox2 dimer motif was higher in three of Prps1
promoters than one of Prps2 promoter (Figure. 3-2-1.). To confirm that
Oct4/Sox2 is enriched higher in Prps1 promoter, we performed Chromatin
Immunoprecipitation (ChIP) assay with Oct4, Sox2, and Nanog antibody in
E14 cells during differentiation by LIF withdrawal and analyzed Oct4, Sox2,
and Nanog (OSN) occupancy in promoters of Prps1 and Prps2. As a result, all
OSN were occupied in both Prps1 and Prps2 promoters but the number and
extent of occupancy was larger and higher in Prps1 than Prps2 (Figure. 3-22.).
In addition, to investigate Oct4 dependency of Prps1 and Prps2, we
observed mRNA and protein expression levels of Prps1 and Prps2 by qRTPCR and western blot assay in ZHBTc4 cells. In ZHBTc4 cells, Oct4 is
depleted when Doxycycline (Dox) is treated. The treatment of Dox reduced
Oct4, Sox2, and Nanog and both Prps1 and Prps2. However, Prps1 decreased
more quickly than Prps2 in mRNA and protein levels (Figure. 3-2-3.). The
expression of Prps1 decreased at day 1 of Dox treatment but the expression of
21

Prps2 decreased at day 2 of Dox treatment. Taken together these results, Prps1
is expected to be a stronger target of OSN and expression of Prps1 is more
dependent on Oct4 level than Prps2.

22

Figure. 3-2-1. The score of Oct4:Sox2 dimer motif is higher in
Prps1 promoters than Prps2 promoter.
Three of Prps1 promoters and one of Prps2 promoter are analyzed by
JASPAR tool.
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Figure. 3-2-2. Oct4, Sox2, and Nanog are occupied in promoters of
Prps1 and Prps2 but the number and extent is higher in Prps1 than
Prps2 in ESCs.
The occupancy of Oct4, Sox2, and Nanog is analyzed by ChIP assay using
each Oct4, Sox2, and Nanog antibody during E14 cell differentiation for 6
days by LIF withdrawal.
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Figure. 3-2-3. The treatment of Dox reduces both Prps1 and Prps2
but Prps1 decreases more quickly.
The expression of mRNA and protein levels of Prps1 and Prps2 is detected
by qRT-PCR and western blot assay in ZHBTc4 cells upon treatment of
Doxycycline (Dox) for 0, 1, and 2 days.
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3-3. Knockdown of each Prps1 and Prps2 shows different
phenotypes in ESCs.
To determine the function of Prps1 and Prps2 in ESCs, we generated
Prps1 and Prps2-knockdown ESCs using shRNAs. First, we confirmed that
Prps1 and Prps2 decreased in mRNA and protein levels by qRT-PCR and
western blot assay (Figure. 3-3-1.). Also, in Prps1 and Prps2-knockdown
ESCs, mRNA expression of Oct4, Sox2, and Nanog was unchanged (Figure.
3-3-1.). However, in protein level, expression of Sox2 and Nanog decreased
but expression of Oct4 was also unchanged (Figure. 3-3-1.). Then, to
investigate phenotypes of Prps1 and Prps2-knockdown ESCs, we performed
self-renewal assay in these ESCs. In case of Prps1-knockdown ESCs, we
observed that the size and numbers of colonies were smaller than control in
presence of LIF (Figure. 3-3-2.). On the other hands, in case of Prps2knockdown ESCs, we observed that colonies showed flat and spreading
morphologies like differentiated form in presence of LIF (Figure. 3-3-2.). In
addition, to examine if each PRPS isoforms are related to proliferation, we
performed proliferation assay and observed that the cell proliferation was
delayed by knockdown of Prps1, not Prps2 (Figure. 3-3-3.). While, in case of
knockdown of Prps2, not Prps1, we observed that mRNA level of
differentiation markers increased higher than control and Prps1-knockdown
ESCs by qRT-PCR (Figure. 3-3-4.). In consequence, knockdown of each
Prps1 and Prps2 showed different phenotypes and it was expected that Prps1
and Prps2 have functional differences in addition to common function making
PRPP in ESCs.
26

Next, to confirm that these phenotypes are due to each Prps1 and
Prps2-knockdown, we overexpressed human PRPS1 and PRPS2 to each
knockdown ESCs. First, we confirmed that each hPRPS1 and hPRPS2 was
overexpressed in each knockdown ESCs (Figure. 3-3-5.). In these ESCs, we
observed that mRNA expression of Oct4, Sox2, and Nanog was also
unchanged and protein expression of Sox2 and Nanog was rescued (Figure. 33-5.). In addition, we performed self-renewal assay to examine knockdown
phenotypes above. As a result, we observed that colonies showed the same
size, numbers, and morphologies compared to control (Figure. 3-3-6.). Thus,
we confirmed that overexpression of hPRPS1 and hPRPS2 rescued the
characteristics of ESCs and above knockdown phenotypes were due to each
Prps1 and Prps2
Collectively, Prps1 is expected to be a stronger target of OSN and
more important than Prps2 in ESCs. In addition, based on different
knockdown phenotypes, Prps1 and Prps2 have functional differences and they
are expected to be related to proliferation or differentiation in ESCs (Figure.
3-3-7.).
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Figure. 3-3-1. Knockdown of each Prps1 and Prps2 shows no
change in mRNA of OSN and protein of Oct4 but reduced protein
of Sox2 and Nanog.
Each Prps1 and Prps2-knockdown ESC is generated using shRNAs. The
expression of mRNA and protein is detected by qRT-PCR and western blot
assay. Actin is used as control.
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Figure. 3-3-2. Knockdown of each Prps1 and Prps2 shows different
phenotypes in self-renewal assay.
Each Prps1 and Prps2-knockdown ESCs are plated for self-renewal assay in
6well plate with / without LIF for 7 days. The undifferentiated state is
evaluated by AP staining and morphology.
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Figure. 3-3-3. Cell proliferation is delayed only in Prps1knockdown ESCs in proliferation assay.
Each Prps1 and Prps2-knockdown ESCs are cultured on 6 well plate in
presence of LIF. Cell counting was performed at day 1, 2, and 3.
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Figure. 3-3-4. mRNA expression of differentiation markers more
increases in knockdown of Prps2.
In each Prps1 and Prps2-knockdown ESCs, mRNA of differentiation
markers are detected by qRT-PCR. Each two markers in ectoderm,
mesoderm, and endoderm are confirmed
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Figure. 3-3-5. Protein expression of Sox2 and Nanog is rescued by
overexpression of hPRPS1 and hPRPS2.
Flag-tagged human PRPS1 and PRPS2 is overexpressed in each knockdown
ESCs. The expression of mRNA and protein is detected by qRT-PCR and
western blot assay. Actin is used as control
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Figure. 3-3-6. Overexpression of hPRPS1 and hPRPS2 rescues the
characteristics of ESCs.
Each hPRPS1 and hPRPS2-overexpressed ESCs are plated for self-renewal
assay in 6well plate with / without LIF for 7 days. The undifferentiated state is
evaluated by AP staining and morphology
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Figure. 3-3-7. A Schematic model.
Prps1 is a stronger target of Oct4, Sox2, and Nanog and more important
than Prps2 in ESCs. In addition, PRPS isoforms are expected to be related to
proliferation or differentiation in ESCs based on different knockdown
phenotypes
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IV. DISCUSSION
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Stem cells have a distinct features in metabolism compared with
somatic cells and it is well known that metabolism is important in stem cells
(Folmes et al., 2012). For example, to gain energy, ESCs rely more on
glycolysis than oxidative phosphorylation and somatic cells rely more on
oxidative phosphorylation than glycolysis. In addition to these difference,
nucleotide metabolism is expected to differ between stem cells and somatic
cells. Nucleotide is a building block when cells divide and according to ESC’s
self-renewal property, ESCs divide limitlessly (Ito and Suda, 2014; Lane and
Fan, 2015). Thus, nucleotide metabolism in ESCs is expected to be regulated
in distinct way.
PRPS is an important enzyme in nucleotide metabolism. PRPS
makes PRPP from Ribose-phosphate using ATP (Lee et al., 1994). Then,
PRPP is used as substrate in an early step of purine biosynthesis pathway and
in the middle step of pyrimidine biosynthesis pathway. Thus, PRPS is
important and a rate-limiting enzyme in nucleotide metabolism (Cunningham
et al., 2014; de Brouwer et al., 2010). PRPS has two isoforms, PRPS1 and
PRPS2. Related to PRPS, each isoforms are studied in melanoma cells or
cancer cells (Cunningham et al., 2014; Mannava et al., 2008). Also, it is
already reported that how PRPS is regulated in somatic cells but not yet in
ESCs (Lane and Fan, 2015).
Recently, we revealed that core pluripotency factors directly regulate
glycolytic enzymes in ESCs to maintain pluripotency (Kim et al., 2015). So,
we postulated that PRPSs are regulated by similar way in ESCs. In addition, it
was revealed that PRPS2, not PRPS1, was regulated by c-Myc and finally
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drove cancer (Cunningham et al., 2014). Because cancer cells and ESCs are
similar in metabolism, in this study, we hypothesized that PRPS isoforms play
an important role and are regulated by pluripotency factors in ESCs.
First, we observed the expression patterns of Prps1 and Prps2 during
ESC differentiation by LIF withdrawal. Prps1 decreased gradually and Prps2
showed fluctuation at day 2 during ESC differentiation. Also, Prps1 and Prps2
were differentially expressed in ESCs. Next, to investigate how Prps1 and
Prps2 are regulated in ESCs, we performed ChIP assay and observed that
pluripotency factors like Oct4, Sox2, and Nanog (OSN) were mainly occupied
in Prps1 promoters. And, using ZHBTc4 cell which treatment of Dox can
deplete Oct4, we observed that Prps1 was more dependent to Oct4 level than
Prps2. Then, we observed the phenotypes when Prps1 and Prps2 was knocked
down using shRNAs. In Prps1 and Prps2-knockdown ESCs, we observed that
protein expression of Sox2 and Nanog decreased. Knockdown of Prps1 and
Prps2 showed different phenotypes in self-renewal assay. Among those
phenotypes, we observed that colonies were smaller in size and numbers and
cell proliferation was delayed when Prps1, not Prps2, was knocked down.
Also, we observed that differentiation markers more increased when Prps2,
not Prps1, was knocked down.
Through this study, we expect that it is a triggering point of research
about nucleotide metabolism in stem cells which little is understood so far.
According to these results, we revealed that Prps1 is a stronger target of Oct4,
Sox2, and Nanog and is more critical to stemness than Prps2 in ESCs. Also,
based on different knockdown phenotypes, Prps1 and Prps2 are expected to
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have functional differences in addition to common function making PRPP in
ESCs. Furthermore, it is needed to explain the relationship of each PRPS
isoforms to proliferation or differentiation in ESCs. Also, we need to examine
and confirm the mechanisms how Prps1 and Prps2 works in ESCs. Besides,
we are curious about increasing expression of Prps2 at day 2 during ESC
differentiation. If we can identify mechanism related to this pattern of Prps2,
it is enough worthwhile in understanding early differentiation in ESCs.
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Ⅵ. ABSTRACT IN KOREAN
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국문 초록
줄기세포는 분화된 체세포와 비교하여 대사 측면에서 다른
특징을 보이고 줄기세포에서 대사과정은 중요하다. 줄기세포는 매우
활발하게 분열하고 뉴클레오티드는 세포분열과정에서 필수적이기
때문에 뉴클레오티드와 관련된 대사는 체세포에서의 대사와는 다를
것이라고 기대된다. 따라서, 배아줄기세포에서 뉴클레오티드 대사는
줄기세포의 stemness 에 중요할 것이라 생각되고 어떠한
pluripotency factors 에 의해서 조절 받을 것이라 생각된다.
PRPS 는 뉴클레오티드 대사에서 Ribose-phosphate 로부터
PRPP 를 만들어내는 효소이다. PRPS 에 의해 만들어진 PRPP 는
퓨린과 피리미딘 합성 과정에서 모두 사용 되고 그래서 PRPS 는
뉴클레오티드 대사에서 중요하고 필수적이다. PRPS 에는 2 개의
isoform 인 PRPS1 과 PRPS2 가 있다. 각각의 PRPS 와 관련하여
PRPS1 과 PRPS2 사이에 차이점이 존재한다고 알려져 있지만
줄기세포에서는 많이 연구되어있지 않다. 이번 연구에서는
줄기세포에서 Prps1 과 Prps2 이 어떻게 조절되는지, 그리고
그들의 기능적 차이에 대해 조사하였다. 먼저, 배아줄기세포가
분화하는 동안에 Prps1 과 Prps2 의 발현은 다른 양상을 보였다.
그리고 pluripotency factor 인 Oct4, Sox2, 그리고 Nanog
(OSN)이 Prps2 promoter 보다 Prps1 promoter 에 주로
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occupy 하고 있음을 확인하였다. 다음으로, 각각의 Prps1 과
Prps2 를 knockdown 시킨 배아줄기세포에서 그들의 knockdown
phenotype 이 다르다는 것을 확인하였다. 결과적으로,
배아줄기세포에서 Prps2 보다 Prps1 이 더 강한 OSN 의 타겟이고
주요하게 조절 받는다고 할 수 있다. 그리고 각각의 knockdown
phenotype 이 다르다는 것에 의하면 배아줄기세포에서 Prps1 과
Prps2 는 PRPP 를 만드는 공통적인 기능 이외에도 기능적 차이가
존재할 것이라고 예상된다.
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