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In addi tion to a well known effect on angi o gen e sis, recent data 

have dem on strated that low oxy gen ten sion favours neu ro gen e sis. 

Indeed, hypoxia enhances pro lif er a tion, sur vival, and dopa mi ner-

gic dif fer en ti a tion of neu ro nal pre cur sors in vitro [1]. In addi tion, 

mild tran sient hypoxia in the new born rat was shown to trig ger 

substantial neu ro gen e sis [2].

Oxy gen depri va tion ini ti ates a wide range of adap ta tive 

responses and this pro cess is largely con trolled by the tran scrip-

tional fac tor hypoxia-induc ible fac tor-1 (HIF-1), which con sists 

of two sub units HIF-1a and HIF-1b. Whereas HIF-1b does not 

respond to changes in oxy gen ten sion, HIF-1a is rap idly degraded 

in nor moxia. Indeed, in the pres ence of O2, Fe2+ and 2-oxo glu tar ate, 

HIF-1a is hydrox yl ated on pro lines by pro lyl-4-hydrox y lases (PHs) 

which allows the bind ing of von Hip pel–Lin dau pro tein (pVHL) and 

the subsequent HIF-1a deg ra da tion through the ubiq ui tin–pro tea-

some path way. An aspa rag i nyl-hydrox y lase FIH-1 (Fac tor inhib-

it ing HIF-1), requires also oxy gen, iron and the co-fac tor 2-oxo-

glu tar ate to hydrox yl ate an aspar a gine on HIF-1a pro tein. This 

hydrox yl ation, under norm ox ic con di tions, pre vents the tran scrip-

tional acti va tion of HIF-1 tar get genes. There fore, hypoxia by inac ti-

vat ing PHs and FIH-1 sta bi lizes HIF-1a and allows the acti va tion of 

hypoxia respon sive ele ments (HREs) in HIF-1 tar get genes. As PHs 

and FIH require iron to be active, HIF-1 sta bil iza tion and acti va tion 

can also be obtained with iron che la tors (such as  des fer rox amine, 

DFX) and heavy metal ions (such as cobalt) [3]. More recently, it 

has been shown that HIF-1 acti va tion can be induced also in vitro 

with PH inhib i tors such as 2-oxo glu tar ate mi met ics [4].

HIF-1a may be an essen tial medi a tor in the hypoxia-induced 

neu ro genic effect since HIF-1a has been shown to be essen tial for 

nor mal brain devel op ment [5] and for the pro duc tion of dopa mi-

ner gic neu rons [6]. In addi tion, EPO (eryth ro poi e tin) and VEGF 

(vas cu lar endo the lial growth fac tor), two well known HIF-1 tar-

gets, enhance neu ro gen e sis both in vitro and in vivo [7].

In this con text, we hypoth e sized that phar ma co log i cal acti-

va tion of HIF-1 could pro mote neu ro nal dif fer en ti a tion. To test 

this hypoth e sis, we pre vi ously stud ied the effect of two HIF-1-

acti va tion mim ick ing agents, cobalt chlo ride (CoCl2) and DFX, on 

neu ro nal dif fer en ti a tion of bone-mar row-derived mes en chy mal 

stem cells (MSC) [8,9]. Our results indi cated that HIF-1 acti va tion, 

pro voked by CoCl2 or DFX, induced mor pho log i cal and expres-

sion changes of MSC in accor dance with neu ro nal dif fer en ti a tion 

[8,9]. Inter est ingly, both treat ments were poten ti ated by Y-27632, 

an inhib i tor of ROCK which is known to play a role in neu ro nal  

devel op ment [10]. Our hypoth e sis was fur ther val i dated by our 

data show ing that CoCl2/Y-27632 co-treat ment pro moted also 

neu ro nal dif fer en ti a tion of neur o spheres and PC12 cells [9].

Here, we used a PH inhib i tor, FG-0041, which is a small  

mol e cule that has some struc tural fea tures with 2-oxo glu tar-
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ate. This 2-oxo glu tar ate mimetic induces HIF-1a sta bi li sa tion by 

 inter act ing with the active site of PHs and by inhib it ing their enzy-

matic actions [4,11]. The pres ent study shows that PHs and ROCK 

inhi bi tions rep re sent a potential strat egy to ini ti ate dif fer en ti a tion 

of MSC and other cell types such as PC12 cells towards the neu ro-

nal line age.

Mate ri als and meth ods

MSC puri fi ca tion and treat ments: Mouse MSC were puri fied and 

char ac ter ized as pre vi ously described [8] and cul tured in aMEM 

sup ple mented with 20% FCS and 2 mM glu ta mine. FG-0041 was 

kindly pro vided by Lund beck A/S (Copen ha gen, Den mark). Sub-

con flu ent MSC were treated with 50 lM FG-0041 ±30 lM Y-27632. 

Since FG-0041 and Y-27632 were resus pended in DMSO, con trol 

cells were also treated with 0.25% DMSO or 0.3% DMSO, respec-

tively.

PC12 cells stud ies: Rat pheo chro mo cy toma PC12 cells were 

main tained in Ham’s F-12 medium sup ple mented with 15% HS 

and 2.5% FCS on col la gen-coated 24-well plates. Cells were treated 

for 3 d with 10 or 25 lM FG-0041 and/or 30 lM Y-27632. There af-

ter, cells were incu bated with Hoe chst 33342 (10 lg/ml) for 15 min. 

Neu rite length and num ber were mea sured using ImageJ soft ware 

and were then divided by the total num ber of cells.

Quan ti ta tive real-time RT-PCR: Total RNAs were extracted with 

Nu cle o spin® RNA II kit accord ing to the man u fac turer’s pro to col. One 

micro gram of total RNAs from each sam ple were reverse-tran scribed 

using Promega’s RT sys tem (RT: 42 °C for 1 h). Two or three micro li ters 

of RT prod uct were then used for PCR ampli fi ca tion in a total vol ume 

of 25 ll. For ward (F) and reverse (R) prim ers were designed using Bea-

con Designer soft ware and are sum ma rized in Table 1. Assays were run 

in dupli cate on the iCy cler iQ™ real-time PCR detec tion  sys tem. The 

ampli fi ca tion pro file was as fol lows: Hot Gold star enzyme acti va tion, 

95 °C for 3 min; PCR 50 cycles at 95 °C, 15 s and 60 °C, 1 min. The PCR 

was done accord ing to the man u fac turer’s pro to col using the qPCR™ 

Core Kit Sybr™ Green I—No Rox. The amount of tar get was given by 

the for mula 2-(Ct gene of inter est - Ct house keep ing gene) £ 1000 where Ct is the 

thresh old cycle value. Results are expressed rel a tive to the house-

keep ing gene: HPRT1 (hypo xan thine  phos pho ri bo syl trans fer ase 1) 

for MSC.

HIF-1a immu no cy to chem is try: Cells were fixed with 4% para for-

mal de hyde for 10 min and washed in PBS. Cells were then per me-

abi li zed with 0.5% Tri ton X-100-PBS and treated with 10% FCS-PBS 

for 30 min. There af ter they were incu bated over night at 4 °C with 

the primary anti body (anti-HIF-1a, 0.4 lg/ml, 100-105 Ab cam 

Novus-Bio log i cals) in 1% BSA–PBS. After wash ing in PBS, cells were 

then incu bated 1.5 h with FITC-con ju gated goat anti-mouse. Obser-

va tions were per formed on the stage of a Ni kon Eclipse (TE2000-E) 

inverted con fo cal C1 micro scope.

Western blot ting: After extrac tion with TNT buffer (50 mM 

Tris–HCl, 150 mM NaCl, 0.5% Tri ton X-100, pH 7.4 Sigma), pro-

teins were sep a rated on 4–12% gra di ent gels using the XCell 

Sure lock Mini-Cell and the Nu PAGE® MES SDS Run ning Buffer 

(Invit ro gen Life tech nol o gies). Pro teins were then trans ferred to 

poly vi nyl i dene difluo ride (PDVF) mem branes using the XCell II 

Blot Mod ule and the Nu PAGE® Trans fer Buffer (Invit ro gen Life 

tech nol o gies). Mem branes were blocked for 1 h in 5% non fat 

milk in Tris-buf fered saline (TBS) con tain ing 0.05% Tween 20 

(T-TBS) and incu bated with the primary anti body anti-tyro sine 

hydrox y lase (TH; 0.08 lg/ml, Chem icon) over night at 4 °C. After 

wash ing in T-TBS, mem branes were incu bated for 1 h at room 

tem per a ture with per ox i dase-labelled sec ond ary anti body. The 

immu no re ac tive bands were visu al ized by enhanced chemi lu mi-

nes cence.

Lucif er ase assay: HRE-pGL3SV40-lucif er ase con struct was 

kindly pro vided by Pr. Soub ri er (from IN SERM U525, Paris, France) 

[12]. Using Amaxa nu cle o fec tion tech nol ogy™, cells were trans fec-

ted with 2 lg of lucif er ase con struct (HRE-pGL3SV40-lucif er ase or 

pGL3SV40-lucif er ase) and pRL-TK plas mid. After 16 h of cul ture, 

cells were treated with 50 lM FG-0041 ±30 lM Y-27632. Cells were 

then lysed with pas sive lysis buffer. Fire fly lucif er ase (FLS) and 

  Re nil la lucif er ase (RLS) sig nals were mea sured sequen tially by using 

a Dual-Lucif er ase Reporter assay sys tem and a lumi no meter.

Results

FG-0041 induces HIF-1 acti va tion and the expres sion of its tar get 

genes in MSC

First, we ver i fied the abil ity of FG-0041 to induce HIF-1a 

expres sion in MSC. By immu no cy to chem is try, we evi denced 

that 50 lM FG-0041 induced HIF-1a nuclear accu mu la tion and 

increased its expres sion in MSC as early as 3 h of treat ment (Fig. 

1A). We stud ied the effect of dif fer ent con cen tra tions of FG-0041 

(25, 50 and 100 lM) on MSC. Since 100 lM FG-0041 was toxic for 

MSC (data not shown), we chose the 50 lM con cen tra tion for the 

fol low ing stud ies on MSC. As HIF-1 binds to HREs in the enhanc-

ers of its tar get genes, we used a HRE-pGL3SV40 con struct for a 

lucif er ase reporter assay to study whether 50 lM FG-0041 was 

also able to induce HIF-1 acti va tion. As shown on Fig. 1B, treat-

ment of MSC with FG-0041 resulted in HIF-1 acti va tion after 

36 h of treat ment. In accor dance with this HIF-1 acti va tion, we 

observed an increase of mRNA expres sion for sev eral HIF-1 tar get 

genes includ ing EPO, VEGF and p21, 24 h after FG-0041 treat ment 

(Fig. 1C).

Taken together, these data con firmed that FG-0041 was able to 

induce chem i cal acti va tion of HIF-1 and the expres sion of its tar get 

genes in MSC.

FG-0041 and Y-27632 alone have no sig nifi  cant effect on MSC 

neu ro nal dif fer en ti a tion but FG-0041/Y-27632 co-treat ment ini ti ates 

this pro cess

Seven days after treat ment with FG-0041, MSC were elon gated 

whereas they dis played a large flat mor phol ogy in con trol con-

di tions (Fig. 2A). How ever, these mor pho log i cal changes of MSC 

were less dras tic than those observed in our pre vi ous stud ies with 

CoCl2 or DFX [8,9]. Indeed, these mod i fi ca tions of MSC mor phol-

ogy only appeared after 7 d of FG-0041 treat ment whereas 3 d of 

CoCl2 or DFX treat ments were suf  cient to induce changes [8,9]. In 

addi tion, in accor dance with these slow and slight mor pho log i cal 

changes, we did not detect any mod i fi ca tion of neu ral stem cell 

and neu ro nal marker mRNA expres sions (nes tin, Tuj1) after 24 h 

of FG-0041 treat ment (Fig. 2B). How ever, when the ROCK  inhib i tor 

Table 1

Prim ers used for real-time RT-PCR.

Gene Sequence Prod uct length (bp)

BTG2 F 59-CCGTCATCATCGTTCTA AT A CAGC-39 118

R 59-CCTCAGGAGACTGGAGAGGAAA-39
EPO F 59-AG CTCAGAAGGAATTGATGTCGC-39 108

R 59-AG GAAGTTGGCGTAGACCCG-39
HPRT1 F 59-ATT GACACTGGTAAAACAATGCAAA-39 141

R 59-AATTTCAAATCCAACAAAGTCTGGC-39
Nes tin F 59-GA GA AGACAGTGAGGCAGATGAGTTA-39 113

R 59-GCCTCTGTTCTCCAGCTTGCT-39
p21 F 59-CGAGAACGGTGGAACTTTG ACTT-39 96

R 59-GTAGACCTTGGGCAGCCC TAG-39
Tuj1 F 59-GGCGCCTTTGGACACCT ATT-39 91

R 59-CCTCCGTATAGTGCCCTTTGG-39
VEGF-A F 59-AAATCACTGTGAGCCTTGTT CAG-39 130

R 59-GCTGCCTCGCCTTGCA-39
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