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Promotion of self-renewal of embryonic stem cells by
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Aim: To characterize the expression and function of midkine (MK) in an in vitro embryonic stem cell (ESC) culture system.

Methods: To investigate the potential roles of MK, the expression of MK in ESCs was evaluated by RT-PCR and immunocytochemistry.

The effects of MK on the self-renewal of ESCs were measured using alkaline phosphatase assays, immunocytochemistry, RT-PCR and
colony-forming assays. The mechanism of the growth-promoting effect of MK in mESCs was assessed by cell cycle analysis and West-
ern blot analysis.

Results: MK is expressed in mouse embryonic stem cells (MESCs), human embryonic stem cells (hESCs) and mouse embryonic fibro-

blasts (MEFs). MK promotes proliferation and self-renewal of mESCs both in feeder and feeder free culture systems. It also promotes

self-renewal and proliferation of hESCs. Further study showed that MK promotes the growth of mESCs by inhibiting apoptosis while
accelerating the progression toward the S phase, and enhances mESC self-renewal through PI3K/Akt signaling pathway.

Conclusion: MK plays profound roles in ESCs. MK/PTPC signaling pathway is a novel pathway in the signal network maintaining pluripo-
tency of ESCs. The results extend our knowledge on pluripotency control of ESCs and the relationship between ESCs and cancers.
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Introduction

Embryonic stem cells (ESCs) are pluripotent stem cells derived
from the inner cell mass of mammalian blastocysts. They have
the capacities of self-renewal and multilineage differentia-

tion*¥

. Special culture conditions are required to maintain
the pluripotency of ESCs. ESCs are typically maintained on a
feeder layer of mitotically inactivated mouse embryonic fibro-
blasts (MEFs) with the addition of proper growth factors. A
complicated signaling network involving Leukemia inhibitory
factor (LIF), fibroblast growth factor (FGF), Activin/Nodal
and Wnts serves to maintain the pluripotency of ESCs. Some
of these pathways have been demonstrated to function in the
self-renewal and proliferation of cancer stem cells. Therefore,
it is an important task to discover and dissect new signaling
pathways that maintain the pluripotency of ESCs and that
delineate their relationship with cancer.

Midkine (MK) is a heparin-binding signaling molecule that
regulates the proliferation and differentiation of cells through
binding to its receptor, PTPZ*. MK was first isolated as a
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retinoic acid-responsive gene from embryonic carcinoma
(EC) cells. It is highly expressed during midgestation and
down-regulated at birth®”. MK is expressed in multiple types
of tumors and functions to promote their proliferation and

metastasis®*.

As many cancer-related molecules play sig-
nificant roles in ESCs and EC cells are considered transformed
ESCs, we set out to characterize the expression and function
of MK in an in vitro ESC culture system. The hypothesis that
MK-PTPC works by activating PI3K/AKT has been proven in
several kinds of cells">™. Moreover, the activation of Akt sig-
naling has been shown to be sufficient for the pluripotency of

both mouse and primate ESCs™",

Thus, it is highly probable
that MK is a critical factor for ESC self-renewal.

In our study, we demonstrate that MK promotes self-
renewal and proliferation of both mouse ESCs (mESCs) and
human ESCs (hESCs). Further, we show that MK promotes
the growth of mESCs by inhibiting apoptosis while accelerat-
ing progression toward the S phase and enhances mESC self-

renewal through the PI3K/ Akt signaling pathway.

Materials and methods

Reagents

Recombinant human midkine was purchased from PeproTech
(http:/ /www.peprotech.com) and LY294002 was purchased
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from Sigma-Aldrich. MK was dissolved in distilled water to
a final concentration of 0.1-1.0 mg/mL, and this solution was
further diluted into other aqueous buffers and stored at 4 °C
for 1 week or -20 °C for future use.

Embryonic stem cell cultures

MEFs were prepared from 13.5 d post fertilization mouse
embryos and cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Gibco, Grand Island, NY) supplemented with 10%
fetal bovine serum (FBS, Hyclone, Rockville, MD) and pas-
saged every 3 days. The mESC lines D3 (ATCC, http://www.
atcc.org/) and 129]2" were cultured either feeder-free or on
mitomycin-C (Sigma-Aldrich, St Louis, MO) treated MEFs in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 15% FBS, 2 mmol/L L-glutamine (Gibco), 0.1 mmol/L
B-mercaptoethanol (Sigma), 1% non-essential amino acids
(NEAA, Gibco), and 1000 U/mL leukemia inhibitory factor
(LIF, Chemicon, Temecula, CA). MESC line D3 transfected
with enhanced green fluorescence protein (EGFP) under the
control of the murine Rex1 promoter (Rex1-EGFP D3)"! was
also used for the study. Confluent cultures of mESCs were
passaged with 0.25% trypsin-EDTA (Hyclone). HESC lines,
HUES3™ at passage 41 and ZJUES-1 at passage 29, were
cultured on mitomycin-C inactivated MEFs in Knockout
DMEM (Gibco) supplemented with 20% Knockout serum
replacement (SR, Gibco), 2 mmol/L L-glutamine, 0.1 mmol/L
-mercaptoethanol, 1% non-essential amino acids, and 10
ng/mL human basic fibroblast growth factor (bFGF, Invitro-
gen, Carlsbad, CA). For expansion, hESCs were subcultured
by mechanical dissociation of colonies every 5-7 days. Tissue
culture plates and dishes (Falcon, Becton-Dickinson) were
coated with 0.5% gelatin (Gibco). The cells were cultured at
37 °Cand 5% CO, with a daily change of medium.

Differentiation in vitro

Undifferentiated mESCs were trypsinized with 0.25% trypsin-
EDTA, and the trypsinization was stopped by adding medium
containing FBS. A previously described protocol was used to

Table 1. Oligonucleotide primers used in the RT-PCR.

separate the mESCs from MEFs"”. The mESCs were then col-
lected by centrifugation and resuspended in mESC medium
without LIF. For monolayer-adhesive cultures, mESCs were
cultivated at very low density in plates coated with 0.5% gela-
tin at 37 °C and 5% CO,. For embryoid body (EB) formation,
mESCs were diluted to 300-3000 cells/mL, dropped onto the
lid surface of tissue culture dishes (Falcon), and then incu-
bated for 24-48 h at 37 °C with 5% CO,. The EBs were then
harvested and cultivated for another 15 days.

Immunocytochemistry

Immunocytochemical analysis was performed using a goat
anti-mouse MK antibody at 1:500 dilution (Santa Cruz, Dela-
ware Avenue, CA) and a rabbit anti-human MK monoclonal
antibody at 1:50-1:500 dilution (Epitomics, California, http://
www.epitomics.com) to demonstrate the expression of MK
in both mESCs and hESCs. A rabbit anti-Nanog antibody at
1:2000 dilution (Chemicon, Temecula, CA) was used to evalu-
ate the expression of the ESC biomarker, Nanog. A FITC-con-
jugated rabbit anti-goat IgG antibody (Santa Cruz) and a goat
anti-rabbit IgG antibody (Epitomics) were used as secondary
antibodies, respectively. ESCs were prepared and washed
once with phosphate-buffered saline (PBS). Then the cells
were fixed with 4% paraformaldehyde (Sigma) for 1.5 h and
permeabilized with 3% Triton X-100 (Sigma) for 30 min. Non-
specific binding was blocked with 1% bovine serum albumin
(BSA, Sigma) for 30 min. The ESCs were incubated with pri-
mary antibodies at 37 °C for 1 h. After being washed, second-
ary antibodies were added at a 1:100-1:1000 dilution and incu-
bated at 37 °C for another 1 h in the dark. Finally, cell nuclei
were stained with 0.5 pg/mL Hoechst33258 (Sigma) for 5 min
and examined by fluorescence microscopy (Olympus IX-70).

Reverse transcription-PCR

Total RNA was isolated from ESCs using Trizol reagent (Invit-
rogen). M-MLV Reverse Transcriptase (Promega) and random
primers (Promega) were used for first strand cDNA synthesis
according to the manufacturer’s instructions. PCR was carried

Gene Forward primer (5'-3")

Reverse primer (5'-3") Product size (bp)

TGGAATCCTGTGGCATCCATGAAAC
AGGCTTCTTCCTTCTCGCCCTTCTT

Mouse B-actin
Mouse midkine

Mouse PTP{ TGGTGGTTATGATTCCAGATGGTC
Mouse Nanog CTTGCCAGGAAGCAGAAGAT
Mouse Oct4 GGCGTTCTCTTTGGAAAGGTGTTC
Mouse brachyury AACTTTCCTCCATGTGCTGAGAC
Mouse GATA4 CTCCTACTCCAGCCCCTACC
Mouse follistatin AGAGCAGCCGGAACTAGAAG
Human B-actin GACTTAGTTGCGTTACACCCTTTCTTG
Human midkine GCGGCGTGGGTTTCCGCG
Human PTP{ CCTCAGACAGTCAAACTGGTA
Human Oct4 CCTGTCTCCGTCACCACT
Human Nanog CTGGACACTGGCTGAATC

TAAAACGCAGCTCAGTAACAGTCCG 349
GGCTTTGGTCTTTGACTTGGTCTTG 388
AAGTTCCTGCTGTTACTCCCCCG 348
CGTAAGGCTGCAGAAAGTCC 502
CTCGAACCACATCCTTCTCT 312
TGACTTCCCAACACAAAAAGCT 533
GTGGCATTGCTGGAGTTACC 591
CTGGCGTATGTGGCATTGTC 423
GACTGCTGTCACCTTCACCGTTC 163
ATGTGACACCAGGGGCTCC 317
TTGGAATTGCTCCGACATCAT 630
ACTTCACCTTCCCTCCAA 221
AGACCATCCTGGCTAACA 408
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out with Tag DNA polymerase (Takara), and the target genes,
primer sequences, and product sizes are listed in Table 1. The
PCR products were visualized by electrophoresis with a 1.5%
agarose gel containing 0.5 pg/mL ethidium bromide.

Alkaline phosphatase assay and colony-forming assay

Staining for alkaline phosphatase (ALP) was achieved using a
kit from Sigma-Aldrich following the instructions of the man-
ufacturer. ALP activity was evaluated by color intensity, and
pictures were taken using a microscope (Olympus BX-60). For
the colony-forming assay, ESCs were diluted to 50 cells/mL
and 100 pL was transferred to each MEF-containing well in a
96-well plate. At approximately day 6, colonies were stained
for ALP. The total colonies and ALP-positive colonies were
counted to calculate the colony formation rate. Three repli-
cates of this assay were done.

Western blot analysis

Proteins were extracted by RIPA buffer (50 mmol/L Tris-
HCI, pH 7.4, 1% Triton X-100, 0.25% sodium deoxycholate,
150 mmol/L NaCl, 1 mmol/L EGTA, 0.1% SDS, and protease
inhibitor cocktail) and separated by SDS-PAGE. The resolved
proteins were transferred to PVDF membranes. Non-specific
reactivity was blocked by incubating the membrane in 10
mmol/L Tris-HCI (pH 7.5), 150 mmol/L NaCl, and 2% Tween
20, with 4% bovine serum albumin overnight at 4 °C. Diluted
primary antibodies (Epitomics) were then added, followed by
the addition of the secondary antibodies (Epitomics) diluted
1:5000. Detection was carried out using the ECL chemilumi-
nescence system.

Flow cytometric analysis

Rex1-EGFP D3 cells demonstrate kinetic changes in green fluo-
rescence during differentiation. Cells under different culture
conditions were measured by flow cytometry to track EGFP
expression, and from this information, a cell differentiation
ratio was inferred. Approximately 5x10° cells were collected
and resuspended in 500 pL. PBS. For all samples, 1x10* cells
were analyzed on a FACSCalibur flow cytometer (Becton-
Dickinson, Mountain View, CA), and the data were analyzed
using CellQuest 3.1 software (Becton-Dickinson).

Cell cycle analysis

Cell cycle analysis was performed using propidium iodide
(PI) staining for DNA quantitation®.
washed and centrifuged at 1000 r/min for 5 min. Subse-

Cells were harvested,

quently, fixation was carried out with 70% ethanol at 4 °C for
more than 1 h, followed by washing with PBS. Then, the cells
were resuspended in 400 pL PBS with 0.05% Triton X-100, 0.1
mg/mL DNase-free RNase A, and 25 pg/mL PI and incubated
for 20 min at 37 °C without light exposure. For all samples,
1x10* cells were analyzed using a FACSCalibur flow cytom-
eter with CellQuest 3.1 software. The cell cycle data were pro-
cessed using ModFit LT 3.2 (Verity software house).

Statistical analysis

Data were analyzed by SPSS12.0 and expressed as means+SD.
Statistical comparisons between two groups were made using
an unpaired Student ¢ test. Probability values (P)<0.05 and
<0.01 were considered significant.

Results

Expression of MK and PTP{ in an ESC culture system

To gain insight into the function of MK in mESCs, we first
examined the expression of MK in a mESC culture system.
Immunofluorescent microscopy revealed the presence of the
MK protein in MEFs and the D3 cell line (Figure 1A). The
expression of MK in the 129]2 cell line was also detectable by
immunocytochemistry (data not shown). Semi-quantitative
RT-PCR was performed to assay the expression levels of
MK. As shown in Figure 1B, 13.5-day embryos and primary
cultures of MEFs expressed the highest levels of MK, and
the expression decreased with passages. MEFs at passage 6
were used in subsequent experiments. mESCs were enriched
through purification (see Materials and methods), and total
RNA was isolated from these cells. RT-PCR analysis con-
firmed the expression of MK and MK receptor (PTPC) in mESC
lines, D3, and 129]2 (Figure 1C). A relatively high expression
of MK was shown during the first 10 days of differentiation;
however, the levels of MK decreased with the differentiation
of mESCs during both monolayer culture (Figure 1D) and EB
development (Figure 1E). The pluripotency markers, Oct4 and
Nanog, were examined to evaluate the differentiation state of
mESCs.

MK enhances mESC self-renewal

LIF and feeder cells are needed for maintaining the self-
renewal capacity of mESCs™!. To further test the effect of MK
on mESC self-renewal, mESCs (D3) were cultured on MEFs in
mESC medium without LIF but supplemented with increasing
concentrations of MK (0-40 ng/mL) and with a daily change
of the medium. The cells were passaged every 3 days. At pas-
sage 7, the stemness of mESCs was examined by morphologi-
cal characterization, ALP staining and expression of pluripo-
tency markers such as Nanog and Oct4. As shown in Figure
2A, mESC colonies in the absence of MK or in the presence of
a low concentration (10 ng/mL) of MK displayed a flattened
morphology and stained weakly for ALP and Nanog, indicat-
ing spontaneous differentiation. However, mESC colonies cul-
tured with a high concentration (20—-40 ng/mL) of MK showed
a typical morphology of mESC colonies, staining strongly for
ALP and Nanog expression. This indicates that an elevation of
MK concentration leads to an increased expression of ALP and
Nanog. Therefore, MK facilitates the self-renewal of mESCs
in a concentration-dependent manner. These results were fur-
ther confirmed by RT-PCR examination of the expression of
pluripotency markers, Oct4 and Nanog (Figure 2B). Even after
being cultured in 20 ng/mL of MK for 15 passages, the mESCs
sustained high levels of ALP, Nanog and Oct4 expression

Acta Pharmacologica Sinica
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(Figure 2C and Figure 2D). The same results were observed in
the 129]2 cell line (data not shown).

MK enhances feeder independent self-renewal of mESCs

To further validate the effect of MK on maintaining the pluri-
potency of mESCs, we carried out feeder-free mESC cultures.
The mESCs (D3) were cultured on dishes coated with 0.5%
gelatin in different media (mESC medium without LIF, with
1000 U/mL LIF or with 1000 U/mL LIF plus 20 ng/mL MK).
After 3 passages, mESCs grown in 1000 U/mL LIF plus 20
ng/mL MK were still in an undifferentiated state while mESCs
grown without LIF or in 1000 U/mL LIF differentiated sponta-
neously, as judged by morphology and the ALP assay (Figure
3A). The expression levels of the pluripotency markers were
significantly higher in the LIF and MK group (Figure 3B). For

o

Oct4
Nanog

B-actin

Oct4
Nanog

B-actin
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Figure 1. The presence of midkine (MK) and the MK receptor
(PTP?) in mESCs and MEFs. (A) Immunochemical staining of the

mESC line D3 and MEFs with MK antibody. (a) Immunochemical
staining. (b) Cell nuclei staining with Hoechst33258. (c)
Optical microscopy. (d) Isotype control, scale bars=50 pym. (B)

The expression levels of MK in embryos of 13.5 d (E13.5) and
MEFs at passage 0-6 (PO-P6). (C) Determination of MK and
MK receptor (PTP{) expression in D3 and 129J2 cell lines by
RT-PCR examination. (D) Changes of MK expression during
spontaneous differentiation of monolayer cultures. (E) Changes
of MK expression during differentiation of EB development.
Oct4 and Nanog were stemness markers used to evaluate the
differentiation state of MESCs. The housekeeping gene, B-actin,
was used as an internal control.

mESCs cultured in the feeder-free system supplemented with
1000 U/mL LIF and 20 ng/mL MK, mESCs maintained the
expression of ALP and pluripotency markers after 8 passages,
as shown in Figures 3C and 3D. The pluripotency of mESCs
in feeder-free cultures with the addition of MK was further
confirmed by EB formation (Figure 3E). As shown in Figure
3F, the EBs from passage 8 mESCs in the feeder-free system
expressed the molecular markers of the three germ layers,
indicating the pluripotency of the cells.

MK promotes growth and colony formation of mESCs
To understand the function of MK on mESC growth and self-
renewal, growth curves and colony formation rates were
examined.

After 2-day cultures, a dose-dependent increase in colony

10 20 40ng/mL

Figure 2. MK inhibits the differentiation of mMESCs in
long-term cultures. (A) ALP and Nanog ICC staining
of mESCs cultured with increasing concentrations
of MK (from left to right: O, 10, 20, and 40 ng/mL)
at passage 7, scale bars=20 ym. (B) Expression
of Oct4 and Nanog in mESCs at 0-40 ng/mL MK
at passage 7, with B-actin as an internal control.
(C) ALP and Nanog ICC staining of mESCs with 20
ng/mL MK at passage 1-15 (from left to right: P1,
P5, P10, and P15), scale bars=20 um, and (D) the
expression of pluripotency markers Oct4 and Nanog.
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Figure 3. MK induces feeder independent self-renewal of mESCs. (A) The ALP staining of mESCs cultured in mESC medium with different combination
of cell factors (NA: no factors, LIF: 1000 U/mL LIF, LIF+MK: 1000 U/mL LIF plus 20 ng/mL MK), scale bars=20 pum, and (B) the expression levels of
Oct4 and Nanog (B-actin as an internal standard). (C) ALP staining of mESCs cultured in mESC medium with 1000 U/mL LIF plus 20 ng/mL MK at
passage 2-8 (P2-P8), scale bars=20 pum, and (D) the expression of stemness markers (B-actin as an internal standard). (E) The EB formation of mESCs
(D3), scale bars=200 pm, cultured long-term in feeder-free mESC medium with 2000 U/mL LIF plus 20 ng/mL MK and (F) the expression of three germ

layer markers in these EBs.

diameter was observed in the presence of MK (Figure 4A).
The growth-enhancing effect of MK was further confirmed
by the growth curves under different concentrations of MK in
the absence of LIF (Figure 4B). A colony formation assay is a
basic assay to test the self-renewal capability of stem cells. As
shown in Figure 4C and 4D, MK established both the general
colony formation rate and the formation rate of ALP positive
colonies. These results indicate that MK can promote both the
proliferation and the self-renewal of mESCs.

MK promotes growth by preventing apoptosis and regulating
progression to the S phase

MK may promote the proliferation of mESCs by inhibit-
ing apoptosis. To further understand the mechanism of the
growth-promoting effect of MK in mESCs, cell cycle analysis
was performed using flow cytometry. As shown in Figure
5B, after 3 days, mESCs cultured in MK-containing medium
showed significantly low levels of apoptosis compared with
the controls. The number of S phase cells was about twice as
high in MK-containing medium as in the controls. Therefore,

it appears that MK promotes the growth of mESCs mainly by
inhibiting apoptosis and inducing the G;-S phase transition.

MK-PTP{ pathway

Previous studies revealed that MK binds to protein-tyrosine
phosphatase ¢ (PTPC) and activates the downstream signaling
system through the Src family kinases, PI3K and MAPK®. To
evaluate the possibility that MK enhances mESC self-renewal
via the PI3K/ AKT pathway, we first tested the levels of phos-
phorylated AKT by Western blotting. A stronger p-AKT
band was observed in the presence of MK compared with the
controls (Figure 5E). We then treated Rex1-EGFP D3 cells
with a specific inhibitor of PI3K (LY294002) in the presence of
MK. There was a significant inhibition of self-renewal after 2
days, as judged by fluorescence (Figure 5C). The results were
further confirmed by flow cytometric analysis of GFP posi-
tive cells after 3 days of culture (Figure 5D). Cytotoxic effects
of the inhibitor were not observed. These results indicate the
involvement of the PI3K/AKT pathway in MK-stimulated
self-renewal of mESCs.
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Figure 5. The possible mechanisms by which MK functions in mESCs. (A) The possible mechanism of action of MK via the PI3K/AKT pathway, with
PTPT as the MK receptor. (B) Cell cycle analysis of mESCs cultured in mESC medium without LIF and with 20 ng/mL MK. (C) Inhibition of MK-induced
self-renewal of mESCs by a specific PI3K inhibitor (MK: 20 ng/mL MK, LY: 2 ug/mL LY294002), scale bars=20 uym. (D) The percentage of GFP positive
cells in mESCs with different treatments. (E) Western blot showing the addition of MK, resulting in increased phosphorylation of AKT.
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Figure 6. MK enhances self-renewal of hESCs. (A) The presence of MK
protein in hESCs (HUES3): (a) Immunochemical staining. (b) Cell nuclei
staining with Hoechst33258. (c) Optical microscopy. (d) Overlap of (1)
and (2). (B) The expression of MK and MK receptor PTPZ in hESCs (B-actin
as an internal control). (C) Without additional bFGF in hESC medium,
40 ng/mL MK promoted self-renewal of hESCs on feeders (right), control
without MK (left). (D) the expression of pluripotency markers Oct4 and
Nanog (B-actin as an internal control). Scale bars=50 pm.

MK enhances self-renewal of hESCs

MK is a member of the pleiotrophin (PTN)/MK family. It is
50% homologous to PTN at the amino acid level and shares
the genomic organization and protein structure of PTN. PTN
has been shown to be expressed in hESCs and to use PTPC to
activate PI3K/AKT to enhance the long-term expansion of
hESCs™. To examine the effects of MK signaling on hESCs,
the expression of MK on hESCs, HUES3 and ZJUhES-1, was
tested. The presence of MK protein in hESCs (HUES3), as
shown in Figures 6A and 6B, reveals the expression of MK
and MK receptor PTPC in hESCs. We further demonstrated
that without additional bFGF, 40 ng/mL MK promotes self-
renewal of hESCs through 3 passages, as judged by morphol-
ogy and pluripotency marker expression (Figures 6C and 6D).

Discussion

Multiple signaling pathways are involved in the self-renewal
of ESCs, but the exact roles of various proteins are still poorly
understood. Leukemia inhibitory factor (LIF), an interleukin
6 class cytokine, sustains the self-renewal of mESCs through
activation of the Stat3 pathway®" *? by binding to a spe-
cific LIF receptor (LIFR), which forms a heterodimer with
GP130®. However, LIF is not sufficient to maintain the
pluripotency of hESCs™*". Previous research suggests that
fibroblast growth factor (FGF) signaling plays a role in sup-
porting the self-renewal of hESCs, but the mechanisms are
not clearly defined®?. The Wnt/p-catenin pathway is also
involved in the short-term maintenance of the undifferentiated

# Furthermore, bone

morphogenetic protein (BMP) has been reported to induce
Id proteins to maintain self-renewal of mESCs**. The BMP
pathway has been proven to promote differentiation into tro-
phoblasts in hESCs™. Oct3/4 (a member of POU family) and
the homeo-box genes nanog and sox2 (also known as SRY-box
2) are critical for the maintenance of pluripotency of ESCs®**"),
Nanog overexpression is sufficient for the self-renewal of
mESCs in the absence of LIF*Y. Sox2 synergizes with Oct3/4
to activate transcription of target genes such as Fgf4 and
Rex1P**! Extrinsic and intrinsic factors co-operate to form a
complex network that regulates the pluripotency of ESCs.

MK, a heparin-binding developmentally regulated growth
factor, has been reported to promote the survival, growth
and migration of many cell types, including neuronal cells,
endothelial cells and leukocytes® *. Some studies show
that MK functions by promoting S-phase progression and
inhibiting apoptosis*l.

status of both mouse and human ESCs!

We demonstrate that MK promotes
the growth of ESCs by preventing apoptosis and inducing
the G;-S phase transition. Additionally, MK has been shown
to use PTPC to activate the PI3K/Akt pathway in osteoblasts
and neurons™™. Our study demonstrates that MK enhances
the self-renewal of mESCs primarily through the PI3K/ Akt
pathway. In a recent study, the activation of the PI3K/ Akt
pathway has been shown to be sufficient for sustaining the
self-renewal of murine and primate ESCs™. PTN and MK are
50 percent homologous in amino acid sequence and share the
same receptors. In a recent study, PTN has been reported to
work as a self-renewal enhancer in hESCs™. In our study, we
found that MK has similar effects as PTN in the hESC culture
system. However, further research is needed to assess the
function and mechanism of midkine in the embryonic stem
cell culture system.

MK expression is up-regulated in the majority of human
tumors, including neuroblastomas', head and neck cancer,
esophageal cancer, lung cancer”, breast cancer!*”, bladder can-

cer®, Wilms’ tumor, gastrointestinal cancers!""™""
[9-10, 45, 47, 48]

and a variety
of tumor-derived cell lines However, the expres-
sion of MK is highly restricted in normal adult tissues, mak-
ing it a potential marker for cancers. Our finding that MK is
expressed and functional in mouse and human ESCs indicates
a new molecular link between stem cells and cancer. It will be
an important task to characterize the expression and function
of midkine in cancer stem cells.

In conclusion, MK plays a significant role in ESCs. Our
finding that MK is a proliferative agent for ESCs in vitro sheds
insight into the mechanisms by which ESCs maintain their
growth in vitro. In addition, this study demonstrates that the
MK/PTPT signaling pathway is a previously unknown path-
way in the signaling network that maintains the pluripotency
of ESCs. This finding extends our knowledge of pluripotency
control in ESCs and of the relationship between ESCs and can-
cers.
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