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Introduction

Leukemiainhibitory factor (LIF) iscapable of maintain-

Abstract

Aim: Leukemiainhibitory factor (LIF), a pleiotropic cytokine, has been used ex-
tensively in the maintenance of mouse embryonic stem cell pluripotency. In this
current work, we examined the effect of the LIF signaling pathway in embryonic
stem (ES) cdll differentiation to aneural fate. Methods: In the presence of LIF
(1000 U/mL ), the production of neuronal cellsderived from embryoid bodies (EB)
was tested under various culture conditions. Inhibition of the LIF pathway was
examined with specific inhibitors. The effects of cell apoptosis and proliferation
on neural differentiation were examined. ES cell differentiation into three-germ
layers was compared. Results: Under various culture conditions, neuronal differ-
entiation wasincreased in the presence of LIF. Blocking the LIF-activated STAT3
signaling pathway with specific inhibitors abolished the neuronal differentiation
of ES cells, whereasinhibition of the LIF-activated MEK signaling pathway im-
paired the differentiation of ES cells toward a glial fate. LIF suppressed cell
apoptosis and promoted cell proliferation during ES cdll differentiation. LIF inhib-
ited the differentiation of ES cells to both mesoderm and extraembryonic endo-
derm fates, but enhanced the determination of neural progenitors. Conclusion:
These results suggest that LIF plays a positive role during the differentiation of
EScelsinto neuronal cells.

ergigtically functions with other signaling pathways to in-
hibit the differentiation of neural stem cellsaong aglia lin-
eage™®™, However, LIF downstream factor STAT3, in com-

ing embryonic stem (ES) cellsin apluripotent state through
promoting self-renewal or suppressing stem cell differentia-
tion*®. It has become a standard protocol to use LIF to
maintain murine EScell pluripotency, whereaswithdrawal of
LIF allowsES cellsto undergo cell differentiation!*". Upon
withdrawal of both LIF and feeder cells, ES cellsare able to
differentiate spontaneously into various cell typesin three
primitivelayers®,

Asa pleiotropic factor, LIF has been proven to have a
wide array of actions during the process of neural progeni-
tor cell differentiation into neuronal and glial cells#¥, In
the central nervous system, the LIF signaling pathway syn-
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bination with other factors, sdectively promotes fetal neural
stem cdl| differentiation toward aglial fate**9. During neu-
ral crest cell differentiation, LIF enhances the survival of
sensory neurons and stimulatestheir formation from neural
crest progenitor cells* ™. When EScdlsarecultured in a
chemically defined serum-free medium designed for neuronal
cell culture, LIF alone is insufficient to sustain ES cell
renewal™. Furthermore, when cultivated in low-density and
serum-free conditions, ES cdlswith neural progenitor prop-
erties can be identified. It seemsthat LIF is critically
required under these conditions for ES cdllsto undergo neu-
ronal colony formation®, These observations form the
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basis for the hypothesisthat LIF might havearolein mediat-
ing the neural development of ES cdlls.

ES cdll transition from pluripotency towards a specific
cell typeinvolves the actions of multiple cytokines. Remov-
ing LIF from culture medium seemsto alow ES cellsto differ-
entiate into nearly all kinds of cell types, but it is unclear if
LIF playsaroleduring EScell differentiation towards a spe-
cific cell typd®™™, In previous studies, either in retinoic
acid (RA)-induced or non-induced ES cdll differentiation,
LIF was removed from culture medium. However, whether
LIF playsarolein inhibiting neural differentiation during
this process remains unknown?-2+2"28,

To better understand whether LIF potentially exerts a
role during the conversion of ES cells to a neuronal fate,
embryoid bodies (EB) were obtained from EScdlsand plated
for further culturein a serum-containing medium ether with
(LI1F+) or without LIF (LIF-), and then analyzed for cell
differentiation.

Materials and methods

EScell cultur eand embryoid body for mation Themouse
EScedl line D3 was obtained from the ATCC (American Type
Culture Collection) organization, and was maintained in an
undifferentiated state with feeder cdlsin the presenceof LIF
(ESGRO; Chemicon USA)™*®, Thestandard culture medium
used in thiswork for maintaining ES cells contained the fol -
lowing components: high glucose Dulbecco’ s modified
Eagle’ s medium (DMEM; Gibco, USA) supplemented with
15% fetal calf serum (Hyclone USA or Sijiging China), 0.1
mmol/L B-mercaptoethanol (Gibco USA), 1 mmol/L sodium
pyruvate (Gibco USA), 1% non-essentiad amino acids(Gibco,
USA), 2mmol/L glutamine (Gibco, USA), 0.1 mg/mL penicil-
lin-streptomycin (Gibco, USA). LIF was added into the cul-
ture medium at a final concentration of 1000 U/mL before
use. For cdl differentiation induction, ES cells were dis-
persed into a single cell suspension with 0.25% trypsin
(Gibco, USA). Hanging drops, each of which contained ap-
proximately 1000 cellsin a20 pL volume of culture medium,
weremaintained for 3 d on thelidsof dishesfilled with phos-
phate-buffered saine (PBS)?24. EB that formedinthehang-
ing drops were then plated and cultured on uncoated Petri
dishes or cover-dips (Fisher) for 3d. Prior to hanging drop
culture, the expression of pluripotent marker genes Oct3/4,
alkaline phosphatase (AP) and SSEA-1 was examined to en-
surethat the ES cellswereindeed in an undifferentiated state
(data not shown)!*2. The optimal procedure, shown in Fig-
ure 1A, includes suspension of EScdls for 3d toform an EB
(3dEB), followed by plating EB cdlsfor an additional 3d (6

d EB). To assess the potential role of LIF during EB
differentiation, the same concentration of LIF asthat usedin
ES cdl-maintaining medium was e ther included (LIF+, 1000
U/mL) or excluded (LIF-) in culture medium during the sus-
pension and plating processes.

EB treatment For RA induction, 6d EB weretreated with
10°-10°mol/L al-transRA (Sigma) for an additional 3d and
then transferred to fresh medium without LIF?24. To block
the LIF downstream signaling pathway, MEK 1/2 specific
inhibitor PD98059 (Calbiochem, USA) was dissolved into
100% EtOH and was added into culturemediumwith LIF at a
final concentration of 2 umoal/L during either EB formation or
EB plating; JAK/STAT 3 specific inhibitor cucurbitacin |
(Calbiochem, USA) was al o dissolved into 100% EtOH and
used to inhibit JAK/STAT3 function at a concentration of
300 nmol/L. The 6 d EB were fixed and analyzed with
immunostai ning.

Immunocytochemical assays SSEA-1wasobtained from
the Devel opmental Studies Hybridoma Bank (University of
lowa, lowa City, I1A, USA). Themonoclonal antibody Tuj1,
aneuron-specific marker, was obtained from Sigma (St Louis,
MO, USA), and the antibodies GFAP (Dako), aglial marker,
and the antibodies against GATA-4, an extraembryonic en-
doderm marker, and brachyury, amesoderm marker, werefrom
Santa Cruz (SantaCruz, CA, USA). For immunocytochemi-
cal assays, cellswerefixed with 4% paraformaldenyde (PFA)
inPBSfor 10 min, permeabilized with 0.1% Triton X-100/PBS
for 1 min, washed with PBS 3 times, and blocked with 5%
normal goat serumin PBSfor 1.5 h. Sampleswerethenincu-
bated with primary antibodies in 10% NGS (normal goat
serum)-PBS at 4°C for 12 h. After extensive washing with
PBS, samples were incubated with secondary antibodiesin
10% NGS-PBS for 1 h, washed again with PBS and then
mounted in mowiol (SigmaUSA). Specimenswereanalyzed
under a confocal microscope (ZeissL510 or Leica confocal
mi croscope).

Cell proliferation and apoptosis assays Bromode-
oxyuridine (BrdU; Sigma USA) was used tolabel proliferat-
ing cellsin 5d, 8d (RA treated for 2d) and 10d (RA treated
for 3 d and cultured for an additional 1 d) EB. BrdU was
added into the culture medium at a concentration of 10 nmol/L
for 12-16 h. Cdlswerewashed with PBSfor 10 min and fixed
with 4% PFA for 15-20 min, then washed with PBS again for
15 min. Sampleswerethen incubatedin 2N HCI for 5-0min,
followed by PBS washing for 15 min. EB were rinsed with
N&a,B,0O; (0.1 mol/L) for 5-10 min to neutralize the HCI.
Sampleswerethen immunostai ned with BrdU antibodiesand
analyzed with a confocal microscope. TUNEL (Promega,
USA) staining was performed according to the manufacturer’s
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instructions. Specimens were mounted by mowiol and ana-
lyzed with a confocal microscope.

Statigicsof apoptosisand pralifer ation EB werescanned
into stacks of images (5 pm/images) with a confocal laser
microscope. The middleimage for each EB was used, and
the number of TUNEL - or BrdU-labeled céllsin the image
was automatically counted by |PP (Image-Pro-Plus) software
using the same parameters. The area of EB on each image
was enclosed with the lasso or marquee tool of Photoshop
software. Weread out the pixel value of the enclosed areain
ahistogram. The number of BrdU- or TUNEL-labded cdls
divided by the pixel valueistherelative density of BrdU- or
TUNEL-labded celsperimage, respectively. Thirty EB were
counted in each case. Student’st-test was used on these
data.

Results

Production of neur onal cellsfrom EScellswasenhanced
by L1F under variousdifferentiation conditions EScellsin
hanging culture formed spheroid aggregates, known as EB,
that can differentiateinto alargevariety of cell typeg®9-2,
In previousreports, EB formation and differentiation occurred
under LIF-free conditions®1. However, studies regarding
neural progenitor cell differentiation and ES cell neuronal
fate commitment imply that LIF might play rolesin ES cell
neuronal transition. To assess this potential function we

cultured LIF under various conditions and investigated neu-
ronal differentiation thereafter.

Theexpression of neuronal specific marker Tuj1 wasana
lyzed by immunostaining primary 6 d EB cultured in either
LIF+ or LIF-medium. Asshown in Figure1, numerousTuj1-
positive cells were seen surrounding or within LIF+ 6 d EB
(Figure 1B), whereas Tuj1-positive cellswererarely observed
inLIF-6dEB (Figure 1C). Thepercentageof theprimary EB
that contained Tuj1-positive cellsin LIF+ medium (27/31)
was approximately two times greater than that for EB cul-
tured in LIF—medium (12/40) (Figure 1D). Moreover, the
average number of Tuj1-positive cellsper EBwasonly 2in
LIF—medium (Figure 1E), whereas LIF+ EB had an average
of 8.5 Tuj1-positive cdlsper EB, with up to 20 positive cdls
in some extreme cases (Figure 1E; these results werefrom 6
replicated experiments). Totest whether different batches of
serg, different numbers of cell passages, or different cell lines
could potentially influencethe result, we repeated the whole
experiment with different batches of sera, with ES cellswith
various numbers of passages (8, 12, 15, 20 passages), and
with thefeeder-free E14.1 ES cell line, and obtained similar
results (data not shown)°*4, LIF is thus strongly impli-
cated in promoating thedifferentiation of ES cellsto neuronal
cdls.

To verify whether LIF has dose-dependent or time-
window effects on ES cell differentiation to neuronal cdls,
we cultured EB in media containing different concentrations

LIF+

Es cells culturing

LIF-/EBs

LIF+/EBs

110 um

82

Embryoid bodies (EBs) formation

EBs plating

Tujl/DAPI

Percentage of Tujl positive EBs

LIF+ LIF-



Http://www.chinaphar.com He Z et al

E F e LIF 5000 U/mL
25 25 m LIF 10000 U/mL
= * LIF- - A LIF 500 U/mL
= A LIF 2 .
= K= * LIF 0 U/mL
g 20 e ] 20 . +# -
= - .
* E . .
3 " A @ 15
£ 15 A Ea < -
g Z ¢
= : . .
= 10 A = 10 * L A &
: Ak = *4 e
S FYYYVY ; . [ TTTT] Ak
- AAd s * | 1]
g _ AAda g [TT T A
= 5 A z SH——#%+—= Ahdi
g AdA P E LT AMAAAAA xx
2 Ak T 5 ++EN FYY VY E2 3
AA ass 7z *ER FYYVY b3 % 4
[ 1] XK
0 v T 0 gttt tata e et ebeiod bbbl ad s bbbl b B 10 1140
1 4 7 10 13 16 19 22 2528 31 34 37 40 1 6 11 16 21 26 31 36
EBs count EBs count

G LIF+  seees LIK-
e 100 - EBs fomation -] EBs plating
= 9 | Time/d 0 3 4 3 6
2 owl LIF 06 v v LA A |
Z 7 | 1 T
a
= 60 - LIF 0-3 -
£ S50t LIF 04
£
5 40t LIF 0-5
# ig - LIF 3—6 -
= A
S LIF 4-6
2, LIF 5-6

@ oy » L ™ ) o & X y LIF0 -3+4—6 -

S & & Q“F x"}a FEEEX e x%)o ﬁ"”b LIF0 —3+5-6
YIS VIV I SIS i
& & & LIF 3-5 e e - -
~ R
LIF 34 -
Time of LIF containing/d LIF0 —45-6

Figure 1. Neuronal differentiation is enhanced in EB cultured with LIF. (A) Schematic presentation of experimental protocol used for EB
differentiation (0 d, 3 d and 6 d indicates the duration of EB culture). (B, C) Tujl expression in the primary 6 d EB was detected through indirect
fluorescence immunostaining. Tuj1-positive cells were detected in the peripheral area of EB in the presence of LIF (B), but were rarely seen
in the absence of LIF (C). (D) The percentage of EB containing Tujl-positive cells increases under LIF+ conditions. EB were cultured with
either LIF+ or LIF—conditions and the number of 6 d EB containing Tujl-positive cells was counted. (E) The number of Tuj1-positive cells per
EB isincreased in the presence of LIF. Out of 31 primary 6 d EB counted in (E), 27 EB were positive for Tuj1 in the presence of LIF. The Tuj1-
positive cells within each EB are represented by triangles. In the absence of LIF, out of 40 primary EB counted in (E) only 12 EB were Tuj1
positive, and Tujl-positive cells in each EB are represented by stars. (F) LIF treatment produced a dose-dependent effect on neuronal
differentiation. EB were cultured in a LIF concentration gradient of 5000 U/mL, 1000 U/mL, 500 U/mL and 0 U/mL, respectively. The Tuj1-
positive cells per EB in cultures with higher concentrations of LIF outhnumber those in cultures with lower concentrations (5000 U/mL>1000
U/mL>500 U/mL>0 U/mL). (G) LIF has a positive role in neuronal differentiation of ES cells. LIF was added to the culture medium at different
time points as illustrated in the table G. In 6 d EB the number of Tuj1-positive cells per EB was counted. Compared with EB cultured in LIF+
medium, regardless of when LIF was added, the LIF- (LIFO) EB had the least capacity for neuronal conversion. EB cultured in L1F-containing
medium for 5 d (LIFO-5) had the highest capacity for neuronal conversion, similar to the EB in LIF-containing medium for 6 d (LIF0-6).

of LIF (5000 U/mL, 1000 U/mL, 500 U/mL or OU/mL). The  at which LIF exertsitsaction in the courseof EB plating, LIF
numbersof Tuj1-positivecellswithin each EB werecounted (1000 U/mL) wasincluded in the culture medium at different
(the experiment was repeated 3 times). The Tujl-positive  timepoints. We found that neuronal differentiation was ob-
cdlsper EB when treated with ahigher concentration of LIF  viously enhanced by the addition of LIF between d Oand d
outnumber those observed when treated with a lower 5 of culture, especially between d 3 and d 4 (Figure 1G).
concentra-tion, indicating that the enhancement of neuronal  Compared with EB cultured in LI1F+ medium, irrespective of
differentiation is indeed dose-dependent within thelimited  when LIF was added, the LIF- EB had the least neuronal
concentration threshold (Figure 1F). Toinvestigatethestep  conversion capacity (Figure 1G).
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To investigate whether cell-cell interactions could result
in thepromotion of neuronal conversion in LIF+ medium, we
cultured ES cells on cover slides at low density for 6 d to
form a monolayer either with or without LIF. After 6din
culture, some ES cellsin LIF+ medium differentiated into
Tuj1-positive cells, either in groups or individually (Figure
2A), athough theratiowas very low. In contrast, therewas
no Tuj1-positive cell observed in the culture with LIF-free
medium (Figure 2B). In classica RA-induced neuronal dif-
ferentiation experiments, ES cells are cultured under LI1F—
conditions, although there is no evidence indicating that
LIFinhibitsthe neuronal differentiation of ES cells®?*1. To
test the potential possibility that LIF also has a positive
effect on the RA-induced neuronal differentiation of EScdls,
we carried out RA induction assays. We found that LIF did
enhance neuronal differentiation in the presence of RA, as
evidenced by thefact that LIF+7 d EB (with RA induction for
1d) generated more Tuj1-positivecdls (Figure 2C) than did
LIF-7 d EB (Figure 2D). Our results strongly imply that the
LIF signaling pathway has a positive role during the neu-
ronal differentiation of EScells.

L IF sgnaling pathway isinvolved in thediffer entiation
of EScellstoaneural fate LIF playsvariousrolesin differ-
ent cell typesthrough gpl30-mediated JAK/STAT3 and ERK/
MEK signaling pathways®=", If LIF does have a positive
rolein thetransition of ES cellsto aneuronal fate, thiscan be
validated by inhibition of the LIF-activated signaling
pathway. The MEK and STAT 3 pathways can be inhibited
by different specific chemical inhibitors®*. When the JAK/
STAT3 pathway was blocked by the specific inhibitor
cucurbitacin 1 (300 nmol/L)™ during EB formation or EB
plating, neuronal differentiation waslargely abolished (Figure
3B). Furthermore, when ES cellsweretreated with MEK 1/2
specific inhibitor PD980591* (2 mmol/L) during either EB
formation or EB plating, Tuj1-positive cellsappeared within
or surrounding EB, but these Tuj1-positivecellshad around
shape without a long neurite (Figure 3A). Thus, blocking
ether LIF downstream signaling pathway interfered with LI
enhanced ES cell neuronal differentiation. However, glia
fibrillary acidic protein (GFAP)-positiveglial cdlsaredightly
reduced in the presence of LIF (Figure 3C,3D). Inhibition of
the STAT3 pathway increased the production of GFAP-posi-

Tujl/DAPI

LIF+/monolayer

Tuj1/DAPI

LIF+/7d EB LIF+/7d EB
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Figure 2. Neuronal conversion is en-
hanced in either ES cell monolayer cul-
ture or RA-induced neural differentiation
of ES cells. ES cells were cultured for 6 d
to form a monolayer in either LIF+ or
LIF— medium. Cells were fixed with 4%
PFA and subjected to Tuj1 immunostain-
ing. (A,B) In the presence of LIF, Tujl-
positive cells, although in small amounts,
were observed (A). In the absence of LIF,
Tujl-positive cells were seen only very
rarely (B). (C, D) Six-day EB were treated
with RA for 1 d under LIF+ (C) or LIF-
(D) conditions; 7 d EB (RA induction for
1 day, C,D) were fixed and immunostai ned
with anti-Tuj1 antibody. The production
of Tujl-positive cellsin (C) was dramati-
cally increased in comparison with that
in (D).
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tive cells (Figure 3B), whereas there was no GFAP-positive
cell observed when the MEK pathway wasinhibited (Figure
3A). Thisresult indicatesthat both LIF-activated signaling
pathways are involved in the regulation of glial differentia-
tion from EB.

L IF inhibitscell apoptossand enhancescell prolifera-
tion during EB differentiation Toexaminewhether apoptos's
and proliferation are also involved in the course of LIF-en-
hanced ES cdll neuronal differentiation, TUNEL and BrdU
incorporation assays™* wereperformedin 5 deither in LIF+
(Figure4A,4D) or in LIF-medium (Figure4B,4E), respectively.
In the presence of LIF, cell apoptosiswas inhibited (Figure
4A—4C) and cdll praliferation was enhanced (Figure 4D—-4F)
during both EB plating and RA treatment. However, LIF did
not selectively suppress neuroectodermal precursor apo-
ptosisand promote neuroectodermal precursor proliferation.
In BrdU and TUNEL assayswith nestin staining, we observ-
ed that nestin-positive cells exhibited signs of apoptosis
and proliferation (data not shown).

L IF selectively enhancesthecommitment of neur al pro-
genitor from EScells EScdlsare capableof differentiating

Tujl/GFAP/DAPI

PDY98059 Cucurbitacin I

47.62 um

GFAP/DAFI

GFAER/DAFI

into various types of cells, whereas the differentiation of
cardiomyocytes derived from EB can be hindered by LIF*.
It remains unclear whether LIF selectively promotesthe pro-
duction of neuroectodermal precursor cells, or if LIF also
hasarolein mesoderm or extraembryonic endoderm cdll lin-
eage commitment. Under LIF+ conditions, alargenumber of
nestin-positive cells appeared within or surrounding EB
(Figure 5A), whereas EB cultured without LIF had a small
number of nestin-positive cells (Figure 5B), indicating that
LIF promotes the production of neural progenitors from ES
cells. We also evaluated the expression level s of the meso-
dermmarker Bra(Brachyury) in 6 d EB cultured either with or
without LIF*?, The number of brachyury-positivecellsin 6
d EB with LIFwas significantly smaller than that for 6 d EB
without LIF (Figure5B,5C). In addition, it hasbeen reported
that ectopic GATA-4 expression is sufficient to induce ES
cell differentiation into extraembryonic endoderm™®!. We
found that in the absence of LIF the 6 d EB had a larger
number of GATA-4-expressing cells surrounding the EB,
whereas GATA-4 expression was dramatically reduced in 6 d
EB with LIF (Figure 5D,5E). Wetherefore suggest that LIF

Tujl/GFAP/DAPI

Figure 3. The LIF signaling path-
way promotes conversion of ES cells
to a neuronal fate. (A) Inhibition of
LIF-activated MEK pathway with
PD98059; Tujl+ cells appeared
within or surrounding EB, but there
were no GFAP+ cells. (B) When the
LIF-activated STAT3 pathway was
blocked with cucurbitacin I, neuronal
differentiation was largely abolished
but the production of GFAP+ cells
was not altered. (C) In LIF+ medium,
EB produced a small number of
GFAP-positive cells;, (D) in LIF-
medium, EB differentiated into a large
number of GFAP cells.
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Figure 4. LIF inhibits cell apoptosis and promotes cell proliferation. The presence of LIF in culture medium inhibited cell apoptosis (A-C)
and supported cell proliferation (D—F). (A—C) TUNEL assay demonstrated a suppression of apoptosis in the presence of LIF. (C) The density
of TUNEL-positive cellsin EB cultured without LIF was greater than that in EB with LIF (P<0.05). (D—F) A BrdU labeling assay indicated that
the presence of LIF in culture medium supported cell proliferation. (F) The density of BrdU-positive cellsin EB with LIF was greater than that
for EB without LIF. The method used to count cell density is the same as used in the TUNEL assay.

potentiates the differentiation of ES cellsto a neural fate,
and might suppress both the mesoderm and extraembryonic
endoderm fates.

Discussion

In this work, we observed that neuronal differentiation
of ES cellswas enhanced in the presence of LIF. Thisen-
hancement cauld be abolished when the JAK/STAT3 path-
way wasinhibited. Furthermore, inhibition of the MEK sig-
naling pathway impaired the differentiation of ES cells to-
ward aglia lineage. During this process, LIF inhibited cell
apoptosis and promoted cell proliferation, and EB differen-
tiation to form both mesodermal and extraembryonic endo-
dermal cellswsinhibited, whereas the production of neural
progenitor cellswas increased. Thus our observations im-
ply that the LIF signaling pathway isinvolved in ES cell
differentiation into a neuronal cdl fate, and provide cuesfor
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further investigations of this pathway.

During early vertebrate embryonic devel opment, neural
induction has been thought to be a default process. In the
default model, the inhibition of the BMP (bone morphoge-
netic proteins) signaling pathway is necessary for neural
cell fate determination during early embryonic devel op-
ment*>*!, However, it remains unknown whether neural
induction requiresthe participation of other signaling path-
ways other than smply BMP depletion. The clue that LIF
might be involved in ES cell neura differentiation comes
from the fact that in low-density and serum-free culture
conditions, ES cellswith neural progenitor propertieswere
identified®. Under these culture conditions, LIF was re-
quired for ES cellsto undergo neuronal colony formation. In
the present report we provided evidence that LIF could en-
hancethe production of neural progenitor cellsfrom EScdls,
and support the neuronal differentiation of EB in a dose-
dependent manner (Figurel). Furthermore, inthe presence
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Nestin/DAPI Nestin/DAPI

Figure 5. The expression of both mesodermal and extra-embryonic endodermal genes was suppressed and neural progenitors were enhanced
in the presence of LIF. Six-day EB cultured either with or without LIF were fixed and immunostained with antibody against neural progenitor
marker nestin (A,B), mesoderm marker brachyury (C,D), or extraembryonic endoderm marker GATA-4 (E,F). (A) In the presence of LIF, EB
produced a large number of nestin-positive cells within EB; (B) a small number of nestin cells appeared within LIF— EB. Compared with EB
cultured in the absence of LIF (D,F), EB cultured with LIF (C,E) had a reduced number of cells expressing both mesoderm and extraembryonic
endoderm markers.
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of LIF, thecommitment of ES cellsto both mesodermal and
extraembryonic endodermal fates was suppressed (Figure
5). The LIF pathway also regulates neural differentiation
into neuronal and glial fates. Our results not only indicate
that LIF signaling is indeed involved in ES cell neural
commitment, but also strongly suggest that the LIF pathway
has multiple functions in different stages of ES cell
differentiation.

A recent study has shown that LIF/Stat3 cooperated with
BMP/Smad signalingto maintain ES cellsin an undifferenti-
ated state”. It seems that the balance between LIF/Stat3
and BMP/Smad signaling is critical for the choice between
sustaining pluripotency or lineage commitment of ES cdlls.
Thus the activation of the LIF signaling pathway reported
here may account for promoting more ES cellsto adapt to a
neural cel fate, whereas LIF withdrawal leads to an elevated
BMP signaling activity, which further stimulatesEScellsto
differentiateinto mesodermal and endodermal cdlls. 1t would
be of great interest to further investigate how BMP and LIF
signaling pathways cross-talk during ES cell neural
commitment.

Multiplelines of evidence indicate that LIF plays vari-
ousrolesin different types of neural stem cdll differentia-
tion™¥_ In the central neuronal system, the LIF signaling
pathway synergistically cooperates with other signaling
pathways to inhibit neural sem cell differentiationtoaglial
fatd™>™¥, However, LIF downstream factor STAT3, together
with BMP downstream effector SMAD1, selectively promotes
the glial differentiation of fetal neural stem cells9,
Furthermore, during neural crest cdl differentiation, LIF pro-
motes sensory neuron differentiation and survivall*9, The
LIF pathway requires cooperation with different factorsto
achieve its function as a pleiotropic cytokine. In our
experiments, inhibition of the L1 F-activated STAT3 pathway
did not interfere with the production of GFAP+ cells, but
abolished the differentiation of Tuj1+ cellsfrom EScells.
Thisresult isconsistent with the finding that Ngn1 inhibits
gliogenesi sthrough inhibiting the activation of STAT tran-
scription factors during neural differentiation™. Further-
more, blocking the LIF-activated MEK pathway abolished
theglial differentiation of EScells. Our results suggest that
LIF signaling might interact with other pathways to exert
various effects in the differentiation of different neural cell
types. Inaddition, wefound that LIF unsd ectively inhibited
cdl apoptosied and supports cdl proliferation during ES cdll
neural differentiation. However, we consider that it would
be worthwhile to further investigate the possibility that LIF
affects the survival and proliferation of neuronal cells by
using more specific cell markers.

88

LIFisnot the only factor that has dual rolesin ES cell
culture. A recent report indicates that Oct3/4 also has dual
rolesin murine ES cell culture: sustaining ES cell self-
renewal and taking part in ES cell fate determination. The
precise level of Oct4 in ES cells controls the commitment of
ES cellsto undergo 3 different cell fates”). Ectopic expres-
sion or overexpression of Oct3/4 also appears to enhance
neuronal differentiation in SDIA (stromal cell-derived induc-
ing activity)-induced ES cdll differentiation®“. However,
it isunclear whether LIF signaling interacts with the Oct3/4
signaling pathway in ES cell neuronal differentiation, but
this certainly warrants further investigation in the future.
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