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Abstract

The Snail1 transcriptional repressor plays a key role in triggering epithelial to mesenchymal 

transition. Although Snail1 is widely expressed in early development, in adult animals it is limited 

to a subset of mesenchymal cells where it has a largely unknown function. Using a mouse model 

with inducible depletion of Snail1, here we demonstrate that Snail1 is required to maintain 

mesenchymal stem cells (MSCs). This effect is associated to the responsiveness to TGF-β1 which 

shows a strong Snail1 dependence. Snail1-depletion in conditional knock-out adult animals causes 

a significant decrease in the number of bone marrow-derived MSCs. In culture, Snail1-deficient 

MSCs prematurely differentiate to osteoblasts or adipocytes and, in contrast to controls, are 

resistant to the TGF-β1-induced differentiation block. These results demonstrate a new role for 

Snail1 in TGF-β response and MSC maintenance.
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INTRODUCTION

Snail1 is a transcriptional factor that initiates the epithelial to mesenchymal transition 

(EMT) and enables epithelial cells to acquire migratory properties (1, 2). Accordingly, 

Snail1 ectopic transfection represses the expression of epithelial genes such as E-cadherin 

(3, 4), a key element for maintaining the epithelial phenotype. Snail1 also participates in the 

expression of mesenchymal genes, both indirectly, releasing the inhibition caused on 

transcriptional activators by E-cadherin, and also directly through the binding to 

mesenchymal promoters (5, 6). Besides the effects on EMT, Snail1 provides additional 

functions since it bestows epithelial cells with a higher resistance to apoptosis and cancer 

stem cell characteristics (1, 2). Probably reflecting these pleiotropic functions, Snail1 is 

subjected to a tight control, affecting both the transcription of the gene and the stability of 

the protein (2).

Although Snail1 is expressed at different stages during embryo development and is required 

for specific processes, such as gastrulation or generation of left-right asymmetry (7, 8), the 

expression of this protein is very restricted in adult mice (9). For instance, Snail1 is not 

expressed by tissue-resident fibroblasts and is only detected in these cells when activated; 

thus, during the process of wound-healing or in the stroma of several types of epithelial 

tumors (9). Even in these neoplasias, Snail1 is only detected in the tumor-stroma interface in 

areas of invasion, or in cells next to areas of inflammation (9-11). These results indicate that 

Snail1, although required for triggering EMT, is not necessary for maintain the 

mesenchymal phenotype. Accordingly, in cultured primary fibroblasts Snail1 expression is 

not constitutive and is dependent on serum (8, 12).

Therefore, the specific properties that Snail1 confers to mesenchymal cells are still a matter 

of research. Genetic Snail1 depletion in murine embryo fibroblasts has revealed a role for 

this gene in the control of genes essential for invasion, such as membrane type-1 matrix 

metalloprotease (12). However, other functions of Snail1 in these cells have not been 

characterized and evidence that Snail1 controls stem cell-like properties has not been 

reported yet. Here we have analyzed the role of Snail1 in mesenchymal stem cells (MSCs) 

using a mouse model with inducible depletion of Snail1. Our results indicate that Snail1 

expression is required to maintain MSCs in adult animals and for the complete response to 

TGF-β in these cells.

RESULTS

Snail1 induced the expression of activation markers in fibroblasts

We analyzed the expression of Snail1 protein in a panel of fibroblastic lines in culture. The 

basal levels of Snail1 in these cells differ, with the highest expression observed in NIH-3T3 

(Fig 1A). Moreover, as reported in epithelial cells (13), Snail1 protein increased following 

treatment with TGF-β1 in all the cell lines examined (Fig 1A). A kinetic analysis performed 

in L1 cells indicated that Snail1 was up-regulated after 30 minutes of incubation with TGF-

β1, much faster than S100A4, a marker of active fibroblasts (Fig 1B).
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To check if Snail1 over-expression mimics the effects of TGF-β1, Snail1 was ectopically 

expressed in 3T3-L1 and C2C12 and the selected populations were analyzed by western 

blot. Snail1 transfectants showed elevated expression of S100A4 as well as TGFB1 and 

TGFB2 genes and TGF-β1 and -β2 precursor proteins (Figs 1C and D). Therefore Snail1 is 

not only activated by TGF-β1 but also induces the expression of this cytokine.

Snail1 is relevant for TGF-β1-induced stimulation in the expression of TGFB1 gene (Fig 

1E). Preventing Snail1 up-regulation with a specific shRNA impaired the increased TGFB1 

expression caused by TGF-β1 (Fig 1E), indicating that Snail1 is required for perpetuating 

this cycle. Moreover, Snail1 shRNA also blocked the TGF-β1-induced up-regulation in 

S100A4 mRNA (Fig 1E).

Snail1 prevents the differentiation of mesenchymal cells

Under appropriate conditions, 3T3-L1 cells rapidly differentiate to an adipocytic phenotype, 

a conversion blocked by incubation with TGF-β1 (14). Ectopic expression of Snail1 to levels 

comparable to those obtained by treatment with the cytokine prevented the morphological 

differentiation of these cells, as assessed by Oil Red-O staining (Fig 2A). Similar to TGF-β1, 

ectopic Snail1 blocked the induction of adipocytic markers, such as Glut4 or C/EBP2, 

although did not modify the levels of other proteins, such as the glucocorticoid receptor or 

pyruvate kinase (PyrK) (Fig 2B). A transcriptionally inactive Snail1 mutant with a proline to 

alanine substitution in position 2 (P2A), unable to repress E-cadherin and other target genes 

(3), did not block differentiation. Although not as much as the L1 cells transfected with the 

control plasmid, L1 cells expressing Snail1-P2A mutant were stained with Oil Red-O and 

showed Glut 4 expression (Figs 2A and C).

Similar assays were performed with the C2C12 cell line that differentiates to myotubes after 

reaching confluence and serum starved. The Snail1 protein levels inversely correlated with 

differentiation: four days after reaching confluence the levels of the protein were down-

regulated with respect to day 0, in contrast to those of the myotube marker myogenin, which 

was up-regulated (Fig S1B). Ectopic expression of Snail1 also blocked the differentiation of 

these cells, since it prevented the formation of myotubes (Fig S1A) and the increase in two 

characteristic markers, myogenin and Myf-6 (Fig S1C).

A similar inhibition was also observed in the differentiation of cultured murine MSC 

obtained from mouse bone marrow. TGF–β1 induced a rapid increase in Snail1 expression 

in these cells (Fig S2A) and blocked its conversion to osteoblasts or adipocytes (see below). 

MSCs differentiation into these two phenotypes was accompanied with a down-regulation in 

Snail1 protein (Fig 3A). When ectopically expressed, in non-differentiated MSCs Snail1 

induced an up-regulation of markers of activated fibroblasts, such S100A4, and of MSCs, 

such as CD29, CD44 or CD105 (15) (Fig 3B, top panel, and Fig 3H). TGFB1 and TGFB2 

RNA levels were also slightly increased (Fig 3B, bottom panel) as well as active TGF-β1 in 

the cell medium (97 ± 9 versus 70 ± 15 pg/ml, as calculated by ELISA). Even although 

differences in active TGF-β1 were low, MSC-Snail1 cells showed increased endogenous 

activation of TGF-β receptor with respect to controls, determined analyzing Smad2 

phosphorylation (Fig 3C). This result was due to a greater sensitivity to TGF-β1 in MSC-

Snail1 cells than in control MSCs (Fig S2B). The relevance of endogenous TGF-β signaling 
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for Snail1 expression was also examined using two TGF-β receptor inhibitors, SB505124 

(SB) (16) and LY-2157299 (LY2) (17), These compounds did not modify the Snail1 protein 

levels in preconfluent C2C12 and only did it very slightly in L1 or MSCs cells (Fig S3A), 

Their effect on markers of activated fibroblasts, such as S100A4 or CD29, was also low. As 

a control, both inhibitors prevent the up-regulation in phosphoSmad2, Snail1 or CD29 

caused by TGF-β (Fig S3B). Therefore, these results indicate that autocrine TGF-β did not 

significantly contribute to Snail1 expression in these cells.

Overexpression of Snail1 completely prevented MSCs from differentiating to osteoblasts, as 

determined by staining with the specific dye Alizarin Red (Fig 3D), measuring the activity 

of the osteoblast marker alkaline phosphatase (AP) (Fig 3E) or analyzing the expression of 

Osterix (Osx) transcriptional factor (Fig 3E, side). Similar results were obtained when these 

cells were challenged to differentiate to adipocytes: Snail1-expressing MSCs did not show 

evidence of differentiation, as assessed by Oil Red-O staining and Glut 4 levels (Fig 3F and 

G).

Up-regulated expression of TGF-β1 was retained in Snail1-transfected MSCs when induced 

to differentiate to osteoblasts (Fig 3E). Since TGF-β1 prevented MSCs osteogenic 

differentiation (Fig S4A), we asked whether the ability of Snail1 to block this process was 

due to the expression of this cytokine. Supplementation of the differentiation medium with 

the TGF-β receptor inhibitors SB or LY2 did not prevent the block caused by Snail1 over-

expression on MSC differentiation to osteoblasts, as shown by Alizarin Red staining (Fig 

S4A) or measuring AP activity (Fig S4B). As expected, these inhibitors counteract the TGF-

β block of osteoblast conversion (Figs S4A and B). SB did not affect the up-regulation in 

CD44 or S100A4 promoted by Snail1 although it prevented that caused by TGF–β (Fig 

S4C). As shown above, both inhibitors also avoided TGF-β-dependent up-regulation in 

Snail1 or CD29 or the increase in Smad2 phosphorylation (Fig S3B).These results indicate 

that Snail1 block of osteoblastic differentiation is not due to TGF-β1 secretion.

Next we examined the relevance of other signaling elements in Snail1-induced block of 

differentiation. Activation of PI3Kinase/Akt pathway is required for TGF-β1 expression in 

MSCs (18). As in epithelial cells (19), Snail1 over-expression down-regulated PTEN levels 

and stimulated Akt activity, determined measuring the extent of the phosphorylation at the 

key residue Ser473 (Fig 4A). The widely used PI3 Kinase (PI3K) inhibitor LY-294002 (LY) 

blocked the Snail1-dependent activation of Akt and also the induction of CD44 and S100A4 

but not that of CD29 or CD105 (Fig 4A). PI3K and Akt inhibition significantly reversed the 

effects of Snail1 on osteogenic differentiation; upon incubation with LY Snail1-transfected 

MSCs were stained with Alizarin Red and showed up-regulated AP activity with respect to 

untreated Snail1-MSCs (Figs 4B and C). Two other inhibitors of PI3K/Akt pathway, 

wortmannin and the Akt-inhibitor MK2066 (MK) also avoided the Snail1 action (Figs 4B 

and C). Conversely, ectopic expression of an activated form of Akt prevented osteoblast 

differentiation (Figs 4C and D) although it did not stimulate Snail1 expression (Fig 4E), 

further indicating that Akt works downstream Snail1 in the prevention of MSCs 

differentiation.
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The ability of MSCs to differentiate to chondrocytes was also analyzed. Ectopic expression 

of Snail1 in the MSCs did not affect the number of chondrocytes generated from them, as 

determined by staining with the specific dye Alcian Blue (Fig S5A). Expression of Snail1 

was not decreased but rather up-regulated during differentiation into chondrocytes, 

concomitantly to Col II, a marker of this process (Fig S5B). The detection of Snail1 in 

embryonic or adult chondrocytes (Fig S5C and D) also supports the conclusion that, in 

contrast to the observed inhibitory effects on MSC conversion into adipocytes or osteoblasts, 

Snail1 does not prevent the process of differentiation to chondrocytes. Snail1 was also 

expressed by primary chondrocytes in culture and declined when the cells became senescent 

(Fig S5E).

Snail1 depletion affects the number of bone marrow MSCs in vivo

We next analyzed MSCs obtained from murine bone marrow of mice deficient for Snail 

expression. For this, we engineered a mouse bearing Snail1 null and Snail1 floxed alleles, 

combined with a tamoxifen inducible Cre recombinase under the control of the ubiquitously 

active β-Actin promoter (β-act/Cre-ER). To avoid embryonic lethality (7), Snail1 was 

depleted by injecting tamoxifen in two month-old Snail1Flox/−, β-Act-Cre-ER mice (adult 

animals); Snail1Flox/+, β-Act-Cre-ER were used as controls. After one week, MSCs were 

harvested from femur marrow. FACS analysis revealed that the number of cells negative for 

the hematopoietic marker CD45 and positive for CD105 or CD90, two markers of MSCs 

(15, 20), was much lower in Snail1-KO mice than in controls (Fig 5A). Snail1-depleted 

animals presented lower number of bone marrow cells capable to attach to the plate, a 

characteristic of MSCs (only 33 % ± 11 of the number obtained in control animals). As 

expected, Snail1 protein was not detected in cells obtained from Snail1-null animals (Fig 

5B); two other MSC markers, CD29 and CD44, were also absent from these cells. A similar 

down-regulation was also detected in S1004A protein (Fig 5B) and in the expression of 

TGFB1 and TGFB2 genes (Fig 5C).

To check whether the effect of Snail1 was cell autonomous, similar analyses were 

performed in MSCs isolated from Snail1Flox/− mice prior to injection of tamoxifen and 

treated with hidroxi-tamoxifen (TAM-OH) in culture. Three days after addition of this drug, 

Snail1 protein was totally down-regulated as well as CD29, CD44 and S100A4 (Fig 5D). 

TGFB1 and TGFB2 RNAs were also markedly decreased in Snail1-KO cells (Fig 5E). 

Snail1-depleted cells also showed a slower proliferation with a higher number of cells in G1 

than control cells (76 compared with 52%), without signs of apoptosis.

Snail1-KO cells (Snail1Flox/− treated with TAM-OH) differentiated faster than controls 

(Snail1Flox/+). Snail1 KO MSCs were stained with the osteoblast specific dye Alizarin Red 

(Fig 6A) and showed increased levels of AP activity (Fig 6B) three days after addition of the 

differentiation medium. After ten days of incubation the differences were lower, since 

control cells had also undergone differentiation (see Fig 3D and E). Similar effects were 

obtained when these cells were challenged to differentiate into adipocytes. At day four, 

when no accumulation of fat was detected in control cells, Snail1-KO cells were strongly 

stained with Oil Red-O (Fig 6C), and showed up-regulated expression of Glut4 with respect 

to control cells (Fig 6D).
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Snail1-depleted MSCs showed signs of spontaneous differentiation even when cultured in 

DME medium. Fifteen days after reaching confluency these cultures presented areas with fat 

droplets (Fig S6A) and had an up-regulated expression of the adipocytic protein Glut4 (Fig 

S6B). In contrast, these cells did not differentiate to chondrocytes, even when cultured in the 

optimal conditions, as visualized staining with the specific dye Alcian Blue (Fig S6C).

Snail1 depletion prevents TGF-β1-block of MSCs differentiation

As mentioned above (Fig S2A), Snail1 was quickly up-regulated by TGF-β1 in MSCs, much 

faster than S100A4. We examined the relevance of Snail1 for the TGF-β1 response in these 

cells. Addition of TGF-β1 (one day before challenging the MSCs with the differentiation 

medium) prevented the conversion of MSCs into osteoblasts. On the contrary, MSCs 

deficient for Snail1 were resistant to TGF-β1 block and showed elevated AP (Fig 6B) and 

Alizarin Red stainning (Fig 6E). We observed similar results when MSCs were induced to 

differentiate to adipocytes: in contrast to control cells, MSCs deficient for Snail1 

differentiated even in the presence of TGF-β (Fig S7).

TGF-β1 responses were examined in undifferentiated MSCs. Although initial effects of 

TGF-β1, such as Smad2 phosphorylation, were detected, Snail1-depleted cells showed no or 

severely impaired up-regulation of different TGF-β1 targets, such as CD44, CD29, CD105, 

S100A4, PAI-1, TGFB1 or TGFB2, as determined by RT-PCR (Fig 6F) or Western Blot 

(Fig 6G). However, unresponsiveness to TGF-β1 was not general, since Smad7 expression 

was stimulated by TGF-β1 in Snail1-KO MSCs. Snail1-depleted MSCs did not show 

increased Akt activity or PTEN down-regulation upon TGF-β1 stimulation, in contrasts to 

control MSCs (Fig 6H, upper panel). This PTEN down-regulation by TGF-β1 was 

associated to lower mRNA levels (Fig 6H, lower) and Snail1 binding to PTEN promoter 

(Fig 6I); as expected, these two TGF-β1 effects were not observed in Snail1-depleted cells.

Addition of PI3K/Akt inhibitors blocked the TGF-β1-induced up-regulation of a subset 

(CD44, S100A4, PAI-1) of Snail1-dependent genes (Fig 7A). More importantly, both LY 

and MK precluded the inhibition of osteoblast differentiation caused by TGF-β1 (Fig 7B and 

C), suggesting that Akt activation was also required for the TGF-β induced block of this 

conversion. We noticed that TGF-β only stopped differentiation when added before starting 

this process since, when supplemented one day after the differentiation medium, cells 

matured normally (Fig 7B and C). Therefore, in these experiments, and in those previously 

described for Snail1 transfectants (see Figure 4), PI3K/Akt inhibitors were supplemented to 

the medium only during the first days of the differentiation (from D-1 to D+2). When added 

at later times (D+4), they did not prevent the TGF-β block; on the contrary, LY down-

regulated the accumulation of differentiation markers in control cells (Fig 7C and D), 

suggesting an additional role for Akt in the late steps of differentiation. In accordance with 

its lack on effect on differentiation, at D+1 TGF-β1 did not up-regulate Akt activity (Fig 

7E). The initial responses to this cytokine, such as Smad2 phosphorylation were identical at 

both times.
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DISCUSSION

In this article we have analyzed the relevance of Snail1 expression in fibroblastic cells. Our 

results show that besides increasing markers of activated fibroblasts, Snail1 controls the 

differentiation of mesenchymal cell lines. Snail1 declines during the process of 

differentiation; a modest Snail1 ectopic up-regulation, similar to that obtained upon 

incubation with TGF-β, was sufficient to block differentiation of 3T3-L1 or C2C12 to 

adipocytes or myotubes, respectively. Similar and more relevant results were obtained in 

murine MSCs. In these cells, Snail1 ectopic expression prevented their conversion into 

osteoblasts or adipocytes, whereas Snail1 depletion accelerated them. In contrast, Snail1 

ectopic expression did not block the differentiation of MSCs to chondrocytes whereas this 

process did not happen in Snail1-depleted MSCs. These results are compatible with those 

published by Nieto and co-workers showing that a forced expression of Snail1 modulates 

bone growth by controlling chondrocyte proliferation and inhibiting osteoblast 

differentiation (21, 22). Actually, MSCs conversion into osteoblast or chondrocytes, besides 

being inversely controlled by Snail1, is also differently sensitive to TGF- β; whereas 

osteoblastic differentiation was inhibited by TGF-β, chondrocytic conversion required the 

addition of TGF-β to the differentiation medium. Accordingly, and contrary to what happens 

in the other cases, Snail1 expression is up-regulated in chondrocytes with respect to MSCs, 

and is required for chondrocytic differentiation (Fig S6C). Therefore, our results indicate 

that, as discussed below, Snail1 is necessary for a full TGF-β response in MSCs and for the 

control of MSC differentiation by this cytokine.

Genetic depletion of Snail1 expression in adult mice confirmed these results. Upon 

tamoxifen injection and Snail1 obliteration, the number of bone marrow MSCs was 

markedly decreased. The effect of Snail1 on bone marrow MSCs is cell autonomous, since 

depletion of Snail1 in vitro also affected the expression of MSCs makers in this population 

and accelerated their differentiation to osteoblasts or adipocytes when challenged with the 

appropriate stimulus. These results strongly indicate that Snail1 is required for the 

maintenance of MSCs. Curiously, another member of the Snail1 family, Slug (Snail2), has 

been implicated in adipogenesis since Snail2 knock out animals show decreased adipose 

tissue and Snail2 over-expression enhances adipogenesis (23). These results suggest a 

different action of both Snail proteins in this process: whereas Snail1 would be required for 

the maintenance of the undifferentiated phenotype by MSCs, Snail2 would be necessary for 

the specific induction of the adipogenic program. It is possible that this Snail2 effect would 

be dependent on the repression of Snail1 expression, since Snail1 promoter contains a 

functional E-box, putative binding site for Snail2 (24). In any case, these results point to an 

important role of Snail proteins in the control of adipogenesis.

Snail1 expression is required for a full TGF-β response. In our assays,1) Snail1 was rapidly 

up-regulated by this cytokine and stimulated TGF- β synthesis and sensitivity; 2) it was 

required for the activation of many TGF- β targets in MSCs; and 3) it was necessary for the 

control by this cytokine of MSCs differentiation. However, although Snail1 plays a role in 

TGF- β-induced gene activation, this does not imply that Snail1-depleted cells are totally 

resistant to this cytokine. Snail1-KO cells showed initial responses, as indicated by the 

Smad2 phosphorylation and Smad7 up-regulation in response to the cytokine.
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Our results show that Snail1 and TGF-β1 participate in a self-stimulatory loop amplifying 

the expression of both proteins, since TGF-β1 stimulates its own synthesis and Snail1 

enhances the expression of its inducer, TGF-β1. TGF-β1 is a potent inhibitor of adipogenesis 

and osteoblastogenesis; however, the effect of Snail1 on MSCs differentiation was not 

dependent on the expression of this cytokine. Although the increase in active TGF-β1 in the 

supernatant in MSCs upon Snail1 transfection was relevant since it stimulated Smad2 

phosphorylation, inhibition of TGF-β receptor did not prevent Snail1 block of osteoblastic 

differentiation.

The lack of response to TGF-β1 in gene induction and differentiation is associated to the 

inability to down-regulate PTEN and activate Akt. As previously reported in other cell 

systems (25-27), TGF-β1 stimulated Akt activity in MSCs, as well as it decreased the levels 

of PTEN, a direct Snail1 transcriptional target (13). Snail1-dependent PTEN depletion 

contributes to Akt up-regulation in other cells systems (13, 28), although a transcriptional-

independent activation of Akt has also been reported (29) and is probably necessary for the 

complete stimulation of this protein kinase. In Snail1-depleted MSCs TGF-β was unable to 

stimulate Akt. Pharmacological inhibition of PI3K/Akt pathway prevented Snail1 or TGF-β 

activation of several target genes and, more importantly, impeded the Snail1 or TGF-β1 

block of osteogenic differentiation. It is noteworthy that TGF-β effects on differentiation are 

temporally controlled, and when cells had initiated the conversion, they became insensitive 

to TGF-β block. Concomitantly, TGF-β did not stimulate Akt activity at these later times.

The specific role of Akt in MSCs differentiation is still controversial and has been suggested 

to regulate it both positively and negatively (30, 31). Our results suggest a dual action of this 

protein kinase since, besides being relevant for the maintenance of MSCs, it is also required 

for completion of the differentiation (see Fig 7). It is possible that, as shown for another 

Snail1-governed cellular conversion, EMT, different Akt isoforms play a contrary role in the 

control of this process (32). Recent results indicating an opposite action of Akt1 and Akt2 

on osteoblastic differentiation (33) support this hypothesis. . Alternatively, the same Akt 

isoform might play both roles, cooperating with Snail1 in the nucleus (29) in the 

maintenance of the undifferentiated phenotype, and acting in the cytosol, independently of 

Snail1 to complete the process. More research should be performed to characterize the 

specific function of Akt isoforms in the maintenance and differentiation of MSCs, as well as 

to characterize the TGF-β- and Snail1-sensitive genes controlling MSC conversion in the 

different phenotypes. In any case, our results indicate a crucial role for Snail1 in MSCs, 

integrating TGF-β and PI3K/Akt signaling pathways and maintaining these cells in the 

multipotent state.

MATERIALS AND METHODS

Mice

The targeted null allele of Snail1 gene (7) and the Snail1flox conditional allele (34) have 

been described. A murine line carrying a Cre recombinase-Estrogen Receptor fusion gene 

under the control of β-Actin promoter (β-Actin CreER) was obtained from the Jackson 

Laboratory. Male mice containing the β-Actin-CreER and a Snail1 null allele were crossed 

with Snail1 flox/flox females. Newborn animals were genotyped by PCR, and animals β-
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Actin-CreER, Snail1 null (Snail1−), Snail1 flox were further analyzed. Animals bearing one 

copy of the wild-type Snail1 gene were used as controls. Activation of Cre recombinase was 

induced in 2 months-old animal by four peritoneal injections of tamoxifen (0.1 mg per g of 

mouse weight, dissolved in corn oil) at alternative days. All mice involved in this study were 

maintained in a rodent barrier facility in order to guarantee the specific pathogen free health 

status of the animals. All animal experiments were previously approved by the Animal 

Research Ethical Committee from the PRBB.

MSCs Culture and Differentiation

Murine Mesenchymal Stem Cells (MSCs) were obtained as indicated (35) and cultured in 

DMEM plus 10% fetal bovine serum (FBS). When indicated, cell medium was 

supplemented with TGF-β1 (5 ng/ml) (Peprotech), SB-505124 (5 μM), LY-294002 (25 μM), 

Wortmannin (1 μM) (all from Sigma), MK-2206 (10 μM) (Selleck), or LY-2157299 (2 μM) 

(a kind gift of Dr. E. Batlle, IRB, Barcelona). Osteogenic differentiation of MSCs was 

performed adding 100 nM dexamethasone, 10 mM β–glycerophosphate, 50 μM L-ascorbic 

acid-2- phosphate to a confluent culture for three days. Cells were cultured in DMEM plus 

10% FBS for ten additional days and either stained with by Alizarin Red or used to prepare 

cell extracts in 0.1 M Tris buffer, pH 7.2, containing 0.1% Triton X-100 to assay Alkaline 

Phosphatase activity. Enzymatic activity was determined using p-nitrophenylphosphate as 

substrate in 50 mM 2-amino-2- methylpropanol and 2 mM MgCl2 at pH 10.5.The amount of 

p-nitrophenyl released was estimated measuring the absorbance at 410 nm.

For adipogenic differentiation, cell were incubated with 1 μM dexamethasone, 0.2 mM 

indomethacin, 0.1 mg/ml insulin, 1 mM 3-isobutyl-1-methylxanthine in DME medium plus 

10% FBS. Stimulation was started when cells reached full confluency; cells were grown for 

three days in induction medium, for five days in maintenance medium (DMEM plus FBS 

and insulin) and switched again to the induction medium for three additional days. After 14 

days, adipocytic differentiation was assessed staining with by Oil Red-O or determining 

Glut4 expression by western blot.

MSCs were differentiated to chondrocytes using the micromass culture technique. 2.5 × 105 

cells were pelleted under low-speed centrifugation, and the mass of cells was formed at the 

bottom of the conical centrifuge tube was maintained in the chondrogenic medium for 2 

weeks. The chondrogenic medium consists in DMEM (high glucose) supplemented with 10 

ng/ml TGF-β3 (Peprotech), 1.25 mg/ml BSA, 0.2 mM ascorbic acid, 0.1 μM dexamethasone 

and 5 μg/ml Insulin. Regular DMEM was used as control. After 14 days, the specimens were 

fixed, dehydrated with ethanol, and embedded in paraffin. Alcian blue staining was used to 

assess the formation of extracellular matrix, which is the mark of chondrogenic 

differentiation. Cells were counterstained with Nuclear Red (Sigma). Alternatively, cell 

extracts were prepared and analysed by western blot with the indicated antibodies.

Other methods are detailed in Supplementary Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Batlle et al. Page 9

Oncogene. Author manuscript; available in PMC 2014 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgements

We thank M. Massoumi for help in the preparation of MSCs, T. d’Altri for assistance in the FACS analysis, N. 
García-Giralt, and L. Larue for reagents, L. diCroce for comments, and E. Batlle for support and advice. This study 
was funded by a grant awarded by la Fundación Científica de la Asociación Española contra el Cáncer to AGH, JIC 
and FB. Support from the Ministerio de Ciencia y Tecnología (SAF2006-00339 and SAF2010-16089) and 
Fundació La Marató de TV3 to A.G.H, and NIH R01HD034883 to TG is also appreciated. We also acknowledge 
support from ISCIII/FEDER (RD06/0020/0109, RD06/0020/0040, RD06/0020/0020), Generalitat de Catalunya 
(2009SGR867). RB and LA-C were recipients from FPI predoctoral fellowships.

References

1. Peinado H, Olmeda D, Cano A. Snail, ZEB and bHLH factors in tumour progression: and alliance 
against the epithelial phenotype? Nat. Rev. Cancer. 2007; 7:415–428. [PubMed: 17508028] 

2. Garcia de Herreros A, Peiro S, Nassour M, Savagner P. Snail family regulation and epithelial-
mesenchymal transitions in breast cancer progression. J. Mammary Gland Biol Neoplasia. 2010; 
15:135–147. [PubMed: 20455012] 

3. Batlle E, Sancho E, Francí C, Domínguez D, Monfar M, Baulida J, et al. The transcription factor 
snail is a repressor of E-cadherin gene expression in epithelial tumour cells. Nat. Cell Biol. 2000; 
2:84–89. [PubMed: 10655587] 

4. Cano A, Pérez-Moreno MA, Rodrigo I, Locascio A, Blanco MJ, del Barrio MG, et al. The 
transcription factor snail controls epithelial-mesenchymal transitions by repressing E-cadherin 
expression. Nat. Cell Biol. 2000; 2:76–83. [PubMed: 10655586] 

5. Solanas G, Porta-de-la-Riva M, Agustí C, Casagolda D, Sánchez-Aguilera F, Larriba MJ, et al. E-
cadherin controls beta-catenin and NF-kappaB transcriptional activity in mesenchymal gene 
expression. J. Cell Sci. 2008; 121:2224–2234. [PubMed: 18565826] 

6. Stanisavljevic J, Porta-de-la-Riva M, Batlle R, García de Herreros A, Baulida J. The p65 subunit of 
NF-kB and PARP1 assist Snail1 in activating Fibronectin transcription. J. Cell Sci. 2011; 
124:4161–4171. [PubMed: 22223884] 

7. Carver EA, Jiang R, Lan Y, Oram KF, Gridley T. The mouse snail gene encodes a key regulator of 
the epithelial-mesenchymal transition. Mol. Cell. Biol. 2001; 21:8184–8188. [PubMed: 11689706] 

8. Murray SA, Gridley T. Snail family genes are required for left-right asymmetry determination, but 
not neural crest formation, in mice. Proc. Natl. Acad. Sci. USA. 2006; 103:10300–10304. [PubMed: 
16801545] 

9. Francí C, Takkunen M, Dave N, Alameda F, Gómez S, Rodríguez R, et al. Expression of Snail 
protein in tumor-stroma interface. Oncogene. 2006; 25:5134–5144. [PubMed: 16568079] 

10. Francí C, Gallén M, Alameda F, Baró T, Iglesias M, Virtanen I, et al. Snail1 protein in the stroma 
as a new putative prognosis marker for colon tumours. PLoS One. 2009; 4:e5595. [PubMed: 
19440385] 

11. Vincent T, Neve EP, Johnson JR, Kukalev A, Rojo F, Albanell J, et al. A SNAIL1-SMAD3/4 
transcriptional repressor complex promotes TGF-β mediated epithelial-mesenchymal transition. 
Nat. Cell Biol. 2009; 11:943–950. [PubMed: 19597490] 

12. Rowe RG, Li XY, Hu Y, Saunders TL, Virtanen I, Garcia de Herreros A, et al. Mesenchymal cells 
reactivate Snail1 expression to drive three-dimensional invasion programs. J. Cell Biol. 2009; 
184:399–408. [PubMed: 19188491] 

13. Peinado H, Quintanilla M, Cano A. Transforming growth factor TGF-b1 induces Snail 
transcription factor in epithelial cell lines. J. Biol. Chem. 2003; 278:21113–21123. [PubMed: 
12665527] 

14. Ignotz RA, Massague J. Type beta transforming growth factor controls the adipogenic 
differentiation of 3T3 fibroblasts. Proc. Natl. Acad. Sci. USA. 1985; 82:8530–8534. [PubMed: 
3001708] 

15. Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD, et al. Multilineage 
potential of adult human mesenchymal stem cells. Science. 1999; 284:143–147. [PubMed: 
10102814] 

Batlle et al. Page 10

Oncogene. Author manuscript; available in PMC 2014 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. DaCosta Byfeled S, Major C, Laping NJ, Roberts AB. SB-505124 is a selective inhibitor of 
transforming growth factor-beta I type I receptors ALK4, ALK5 and ALK7. Mol Pharmacol. 
2004; 65:744–752. [PubMed: 14978253] 

17. Sawyer JS, Anderson BD, Beight DW, Campbell RM, Jones ML, Herron DK, et al. Synthesis and 
activity of new aryl- and heteroaryl-substituted pyrazole inhibitors of the transforming growth 
factor-beta type I receptor kinase domain. J Med Chem. 2003; 46:3953–3956. [PubMed: 
12954047] 

18. Ryu JM, Lee MY, Yun SP, Han HJ. High glucose regulates cyclin D1/E of human mesenhcymal 
stem cells through TGF-β1 expression via Ca2+/PKC/MAPKs and PI3K/Akt/mTOR signal 
pathways. J Cell Physiol. 2010; 224:59–70. [PubMed: 20232305] 

19. Escrivà M, Peiró S, Herranz N, Villagrasa P, Dave N, Montserrat-Sentís B, et al. Repression of 
PTEN phosphatase by Snail1 transcriptional factor during gamma radiation-induced apoptosis. 
Mol Cell Biol. 2008; 28:1528–1540. [PubMed: 18172008] 

20. Dezawa M, Ishikawa H, Itokazu Y, Yoshihara T, Hoshino M, Takeda S, et al. Bone marrow 
stromal cells generate muscle cells and repair muscle degeneration. Science. 2005; 309:314–317. 
[PubMed: 16002622] 

21. de Frutos CA, Vega S, Manzanares M, Flores JM, Huertas H, Martínez-Frías ML, et al. Snail1 is a 
transcriptional effector of FGF3 signaling during chondrogenesis and achondroplasias. Dev. Cell. 
2007; 13:872–883. [PubMed: 18061568] 

22. de Frutos CA, Dacquin R, Vega S, Jurdic P, Machuca-Gayet I, Nieto MA. Snail1 controls bone 
mass by regulating Runx2 and VDR expression during osteoblast differentiation. EMBO J. 2009; 
28:686–696. [PubMed: 19197242] 

23. Pérez-Mancera PA, Bermejo-Rodríguez C, González-Herrero I, Herranz M, Flores T, Jiménez R, 
et al. Adipose tissue mass is modulated by SLUG (SNAI2). Hum. Mol. Genet. 2007; 16:2972–
2986. [PubMed: 17905753] 

24. Peiró S, Escrivà M, Puig I, Barberà MJ, Dave N, Herranz N, et al. Snail1 transcriptional repressor 
binds its own promoter and controls its expression. Nucl Acids Res. 2006; 34:2077–2084. 
[PubMed: 16617148] 

25. Runyan CE, Schnaper HW, Poncelet AC. The phosphatidylinositol 3-kinase/Akt pathway enhances 
Smad3-stimulated mesangial cell collagen I expression in response to transforming growth factor-
b1. J. Biol. Chem. 2004; 279:2632–2639. [PubMed: 14610066] 

26. Ghosh Choudhury G, Abboud HE. Tyrosine phosphorylation-dependent PI3 Kinase/Akt signal 
transduction regulates TGF-β-induced fibronectin expression in mesangial cells. Cell Signal. 2004; 
16:31–41. [PubMed: 14607273] 

27. Yi JY, Shin I, Arteaga CL. Type I transforming growth factor b receptor binds to and activates 
phosphatidylinositol 3-kinase. J. Biol. Chem. 2005; 280:10870–10876. [PubMed: 15657037] 

28. Hill R, Wu H. PTEN, stem cells and cancer stem cells. J. Biol. Chem. 2009; 284:11755–11759. 
[PubMed: 19117948] 

29. Vega S, Morales AV, Ocaña OH, Valdés F, Fabregat I, Nieto MA. Snail blocks the cell cycle and 
confers resistance to cell death. Genes Dev. 2004; 18:1131–1143. [PubMed: 15155580] 

30. Villagrasa P, Díaz VM, Viñas-Castells R, Peiró S, Del Valle-Pérez B, Dave N, et al. Akt2 interacts 
with Snail1 in the E-cadherin promoter. Oncogene. 2012 e-pub ahead of print , Doi 10.1038/
onc2011.562. 

31. Wu X, Chen S, Orlando SA, Yuan J, Kim ET, Munugalavadla V, et al. p85α regulates osteoblast 
differentiation by cross-talking with the MAPK pathway. J. Biol. Chem. 2011; 286:13512–13521. 
[PubMed: 21324896] 

32. Irie HY, Pearline RV, Grueneberg D, Hsia M, Ravichandran P, Kothari N, et al. Distinct roles of 
Akt1 and Akt2 in regulating cell migration and epithelial-mesenchymal transition. J. Cell. Biol. 
2005; 171:1023–1034. [PubMed: 16365168] 

33. Mukherjee A, Rotwein P. Selective signalingby Akt1 controls osteoblast differentiation and 
osteoblast-mediated osteoclast development. Mol. Cell. Biol. 2012; 32:490–500. [PubMed: 
22064480] 

34. Murray SA, Carver EA, Gridley T. Generation of a Snail1 (Snai1) conditional null allele. Genesis. 
2006; 44:7–11. [PubMed: 16397867] 

Batlle et al. Page 11

Oncogene. Author manuscript; available in PMC 2014 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Soleimani M, Nadri S. A protocol for isolation and culture of mesenchymal stem cells from mouse 
bone marrow. Nat. Protoc. 2009; 4:102–106. [PubMed: 19131962] 

36. Bellacosa A, Chan TO, Ahmed NN, Datta K, Malstrom S, Stokoe D, et al. Akt activation by 
growth factors is a multi-step process: the role of the PH domain. Oncogene. 1998; 17:313–325. 
[PubMed: 9690513] 

Batlle et al. Page 12

Oncogene. Author manuscript; available in PMC 2014 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig 1. Snail1 induces the expression of markers of activated fibroblasts
Cell populations were transfected with either pcDNA3-Snail1-HA or pcDNA3 control, or 

with shRNAs specific for Snail1 or a scrambled control. Where mentioned, cell lines were 

treated with TGF-β1 (5 ng/ml) for 24 hours or for the time indicated. Protein (A, B, D and E, 

lower panel) or RNA (C, and E upper panel) levels were determined by western blot o semi-

quantitative RT-PCR, respectively. Pyruvate Kinase (PyrK) was used as loading control in 

the western blots; HPRT, in the RT-PCR analysis. The results are representative of three 

experiments.
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Fig 2. Snail1 prevents the differentiation of 3T3-L1 pre-adipocytes
Control cells or 3T3-L1 transfected with control plasmid, Snail1 wild-type or P2A mutant 

were cultured in regular DME medium or in differentiation medium for two days after the 

cells arrived to confluence. Culture medium was replaced by DME medium plus 10% FBS 

(see Methods) and after two more days cells were either stained with Oil Red (panel A) or 

homogenized in order to get protein cell extracts (panels B and C). Protein expression was 

determined using antibodies against Snail1, C/EBPα, Glut4, Glucocorticoid receptor (GR) 

or PyrK as loading control. When indicated, TGF- β1 (5 ng/ml) was supplemented to the 

medium at the same moment that the cells arrived to confluence and two days later. The 

figure shows representative results of at least three experiments performed.
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Fig 3. Snail1 blocks MSCs differentiation to osteoblasts or adipocytes
Murine MSCs were transfected with pcDNA3-Snail1-HA or the empty plasmid as control. 

Protein expression was determined by western blot with the indicated antibodies from 

extracts prepared from MSCs differentiated to osteoblasts (for 10 days) or adipocytes (14 

days) as indicated in Methods (A), or not-differentiated (B top, and C). As control for 

differentiated cells in panel A (not differentiated), cells were incubated with DMEM plus 

FBS rather than differentiation medium. RNA was also extracted from MSCs transfected or 

not with Snail1-HA before being challenged to differentiate and analyzed by RT-PCR for 

TGFB1 and TGFB2 expression (B, bottom). In panel C, TGF-β1 (5 ng/ml) was added to the 

cell medium 24 hours before preparing the extracts. (D-G); cells were differentiated to 

osteoblasts (D and E) or adipocytes (F and G); to determine osteoblast differentiation, cells 

were stained with Alizarin Red (D); alternatively, cell extracts were prepared and AP 

activity was determined (E, left) or Osx RNA analyzed (E, right). Adipocytes were stained 

with Oil Red-O (F); the presence of the differentiation marker Glut4 was determined by 

western blot (G).
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Fig 4. Akt is activated by Snail1 ectopic expression in MSCs
(A); the expression of the indicated proteins was determined in undifferentiated MSCs 

treated with LY (25 μM) for 24 hours before preparing the extracts. As in Figs 3A and B, 

cells were pretreated for 15 hours in DMEM medium plus 2% FBS. (B and C); Snail1-

transfected MSCs were incubated in osteoblasts differentiation medium for 10 days in the 

presence of LY, MK, or Wortmannin from one day before adding the medium until two days 

later (see also Fig 7). Differentiation was determined staining with Alizarin Red (B) or 

measuring AP activity (C). Results are representative, or show the average ± range of three 

experiments. (D, E); a constitutively active form of Akt (CA-Akt), tagged with an HA-

epitope, was transfected to MSCs. Cells were selected, challenged to differentiate for ten 

days and stained with Alizarin Red (D). The expression of CA-Akt was checked by western 

blot (E); since Thr308 and Ser473 are mutated in this form (36), CA-Akt activity was 

determined analyzing S6 phosphorylation.
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Fig 5. Snail1 controls the number of bone marrow MSCs in vivo
Femur marrow cells were isolated from Snail1Flox/+ or Snail1Flox/− animals one week after 

injection of tamoxifen. (A); cells were analyzed by FACS analysis with antibodies against 

CD45 and CD105 or CD45 and CD90 antibodies. The percentage of CD45-/CD105+ or 

CD44-/CD90+ cells is presented for both types of animals. The results show the average ± 

SD of three experiments performed (B and C) Cells were attached to the cell culture plates 

and grown for other seven days. Protein extracts (panel B) or total RNA (panel C) was 

prepared and analyzed. In parallel experiments, bone marrow MSCs were obtained from 

FloxSnail1/del animals prior to treatment with tamoxifen (TAM); cells were then incubated 

with hidroxi-tamoxifen (TAM-OH) (1 μM) for two days. Twenty four hours later, the 

indicated proteins (D) or RNAs (E) were analyzed as above.
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Fig 6. Snail1 depletion promotes the premature differentiation of MSCs and inhibits the 
response to TGF-β1
MSCs were obtained from Snail1Flox/− animals prior to treatment with tamoxifen, grown to 

confluency and incubated with TAM-OH for two days. TAM-OH was removed and, after 24 

hours, cells were supplemented with the osteoblasts differentiation medium (A, B and E). 

The extent of differentiation was determined staining with Alizarin Red (A, E) or measuring 

AP (B). When indicated cells were treated with TGF-β1 (5 ng/ml) one day before adding 

TAM-OH as indicated in Methods. (C, D); similar experiments were carried out but 

differentiating cells to adipocytes as described in Fig 3. Differentiation was determined by 

Oil Red-O staining (C) four days after initiating the process (note that the result presented in 

Fig 3 was obtained after 14 days) or analyzing Glut4 expression. (F-H); two days after 

removal of TAM-OH cells were treated with TGF-β1 for 24 hours; the levels of the 

indicated RNAs (F and H, lower panel) or proteins (G and H, upper panel) were determined 

as previously described. (I); chromatin immunoprecipitation (ChIP) assays were performed 

in control or Snail1-depleted MSCs treated or not with TGF-β as indicated in Methods, to 

determine Snail1 binding to PTEN promoter. The results show the average ± SD of three 

experiments performed.
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Fig 7. PI3K/Akt inhibitors prevent TGF-β effects on MSC markers and osteogenic 
differentiation
Panel A; control MSCs were pretreated with DMEM plus 2% FBS for 15 hours and 

incubated with TGF-β1 (5 ng/ml) or TGF-β plus LY-294002 (25 μM) for 20 hours. Cells 

extracts were prepared and analyzed by western blot. Panels B, C and D; MSCs were 

induced to differentiate to osteoblasts; one day before adding the differentiation medium 

(D-1) TGF-β1 was supplemented with LY or MK when indicated and maintained until D+2. 

Differentiation was assessed by Alizarin Red Staining (B, D) or measuring AP activity (C) 

at D+10. Alternatively, TGF-β1 was added at D+1 and maintained until D+8, or LY added 

at D+4. Panel E; MSCs, one day before reaching confluence and adding the differentiation 

medium (D-1) or one day after (D+1), were incubated with TGF-β for 20 hours. Cell 

extracts were prepared an analysed by western blot.

Batlle et al. Page 19

Oncogene. Author manuscript; available in PMC 2014 January 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


