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Slug gene expression supports human osteoblast maturation
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Abstract This study aims to define the function of Slug

transcription factor in human normal osteoblasts (hOBs).

To date, Slug is considered exclusively a marker of

malignancy in bone tissue. Here, we identified, for the first

time, a role for Slug in hOBs using a knockdown approach.

We demonstrated that Slug is positively correlated with

osteoblast markers, including Runx2, osteopontin, osteo-

calcin, Collagen type 1, Wnt/b-catenin signaling mediators,

and mineral deposition. At the same time, Slug silencing

potentiates the expression of Sox-9, a factor indispensable

for chondrogenic development. These data, with the find-

ing that Slug is in vivo recruited by the promoters of Runx2

and Sox-9 genes, suggest that, in hOBs, Slug may act both

as positive and negative transcriptional regulator of Runx2

and Sox-9 genes, respectively. In summary, our results

support the hypothesis that Slug functions as a novel reg-

ulator of osteoblast activity and may be considered a new

factor required for osteoblast maturation.

Keywords Human osteoblasts � Slug � Wnt signaling �
Runx2 � Sox-9

Introduction

Osteoblasts, bone producing cells, originate from multi-

potent mesenchymal stem cells and are responsible for the

secretion of the organic extracellular matrix of bone, both

during development and later during the remodeling of

mature bone [1]. Osteoblast differentiation and activity are

regulated by multiple signaling pathways and specific

factors that, by influencing gene expression, cell prolifer-

ation, and migration, control bone mass homeostasis.

Among these factors, Wingless-type proteins (Wnts) and

bone morphogenetic proteins (BMP) drive early events,

while the helix-loop-helix proteins Twist and Id maintain

proliferation [2–5]. Subsequently, transcriptional regula-

tion of osteoblast differentiation, maturation, and activity is

mainly due to key regulators including Runx2, Msx1 and 2,

Osterix, NFAT2, c-fos, c-jun, ATF4, fra-2, jun D, Dlx3 and

5 [5–12]. In recent years, the knowledge of the molecular

mechanisms that drive the function of these factors in the

regulation of bone cell biology has greatly improved;

nevertheless, many aspects have not yet been investigated.

In particular, the intricate cross-talk among the different

pathways is only partially known. In addition, the expres-

sion and function of the previously mentioned factors in

osteoblasts have been extensively analyzed in experimental

animal models, tumor cells, or cellular lines, whereas data

about these molecules in human primary osteoblasts cul-

tures are very scarce.

Accumulated evidence has shown that lymphocyte

enhancer binding factor 1/T cell factor (LEF1/TCF) tran-

scription factors, the nuclear effectors of the Wnt/b-catenin
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signaling pathway, influence osteoblast proliferation,

function, and regeneration, enhancing expression of

Runx2, the master transcription regulator of osteoblasts

[13]. Nevertheless, most downstream bone-specific target

genes of this pathway are only partially known. Among

these, Slug has been recently implicated in osteosarcoma

progression as a Wnt-responsive molecule strongly corre-

lated with a loss of tumor suppressors such as E-cadherin

[14, 15]. We recently demonstrated that Slug gene is also

expressed in normal human osteoblasts, and Lef/Tcf cis

elements present on its promoter act in regulating its

transcription through a direct binding of Lef-1, TCF-1, and

TCF-4 in vivo (submitted manuscript).

Human Slug, also named Snail 2, belongs to the Snail

family of genes encoding zinc-finger transcription factors

[14]. It is expressed at different stages of development in

different tissues, and mediates epithelial–mesenchymal

transition [14–16]. Moreover, Slug is involved in a broad

spectrum of biological functions, such as cell differentia-

tion, cell motility, cell-cycle regulation, and apoptosis [17].

Slug is also expressed in most normal adult human tissues,

but little is known about its potential functions.

In order to identify new potential osteoblast-specific

proteins, in the current study we investigated the role of

Slug in relation to the expression of Wnt/b-catenin sig-

naling mediators and bone-related genes in human mature

osteoblasts (hOBs). For this purpose, we evaluated the

effects of Slug gene knockdown on osteoblast maturation

by using siRNA strategy. In addition, in order to correlate

the expression level of Slug and its activity in regulating

the transcription of genes that are crucial for osteoblast

differentiation, we investigated Slug in vivo occupancy of

the E boxes regulatory sites present in the Runx2 and Sox-9

gene promoters.

Our findings describe an unknown regulatory function of

Slug and provide clear evidence for a pivotal role of Slug in

regulating osteoblast maturation in human.

Materials and methods

Isolation and culture of osteoblasts and chondrocytes

Bone tissues were harvested from different patients

undergoing total knee replacement for osteoarthritis

(mean ± SD age 65 ± 10 years). The study was approved

by the Istituto Ortopedico Rizzoli (Bologna, Italy) ethical

committee and informed consent was obtained from each

patient. Trabecular bone was obtained from the inner

portion of the tibial plateau. Bone chips were removed

from the tibial plateau, collected in a V-glass tube con-

taining 1.5 ml of 1:1 mixture of DMEM/Ham’s F12 K no

calcium (Gibco, Invitrogen, Paisley, Scotland, UK) and

supplemented with antibiotics (100 U/ml penicillin and

100 lg/ml streptomycin), 25 lg/ml ascorbic acid, 4 mM

glutamine (Sigma–Aldrich, St. Louis, MO, USA) and

2 mM calcium chloride (referred to as enzyme medium) as

previously reported [18] and according to the methods

described by Robey and Termine [19].

Primary chondrocytes were obtained from patients with

osteoarthritis undergoing knee arthroplasty. The chondro-

cytes were isolated from minced tissue by sequential

enzymatic digestion as previously described [20].

Immunocytochemistry

A sample of 104 human osteoblasts (at passage 2) were

seeded in 8-well chamber slide and allowed to adhere for

96 h. Human osteoblasts were fixed in 4% PFA for 20 min at

room temperature and then hydrated with TBS 1% BSA for

5 min at room temperature. The slides were incubated with

monoclonal antibodies anti-human -CD45 (Dako Cytoma-

tion, Glostrup, Denmark), -CD146 (Nocastra, Newcastle,

UK), -CD105 (produced from the hybridoma cell line, clone

SH2; ATCC, Rockville, MD), -Runx-2, -osteocalcin, (all

purchased from R&D Systems, Minneapolis, MN), -alkaline

phosphatase, -collagen type 1 (both obtained from DSHB,

Department of Biological Sciences, Iowa city, IA), -bone

sialoprotein, (Fisher Scientific,Pittsburg, PA, USA), -estro-

gen receptor alpha (Upstate Biotechnology, Lake Placid,

NY), and -collagen type 2 (Millipore, 900 Middlesex Tpk

Billerica, USA) for 1 h at room temperature. The slides were

washed three times with TBS 1% BSA and then sequentially

incubated with multilinker biotinilated secondary antibody

and alkaline phosphatase-conjugated streptavidin (Kit Bi-

oGenex, San Ramon, CA, USA) at room temperature for

20 min. The slides were developed using fast red as sub-

strate, counterstained with haematoxylin, mounted with

glycerol jelly, and evaluated in a brightfield microscope.

Negative and isotype matched controls were performed.

Positive cells were manually counted by two evaluators

blinded to marker evaluated. For each well, we randomly

selected 20 fields at high magnification (940). Results were

expressed as the percentage of positive cells on the total

number of cells counted.

Analysis of osteoblast activity

For alkaline phosphatase staining, the Alkaline phospha-

tase (ALP) Leukocyte kit (Sigma) was used. To perform

the test, prefixed mono-layered cells were incubated at

room temperature in a solution containing naphthol AS-BI

phosphate and freshly prepared fast blue BB salt buffered

at pH 9.5 with 2-amino-2-methyl-1,3-propanediol

(AMPD). The presence of sites of ALP activity appeared as

blue cytoplasmatic staining.
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ALP activity was evaluated in hOBs by the hydrolysis of

p-nitrophenylphosphate (PNPP). The enzyme activity,

expressed as lmol/min/lg of protein, was evaluated 6 days

after siRNA/Slug2 treatment. One unit was defined as the

amount of enzyme which hydrolyzed 1 nmol/PNPP per

minute.

The extent of mineralized matrix in the plates was

determined by Alizarin Red S staining (Sigma) in the

cells cultured for up to 21 days in osteogenic medium

consisting in DMEM, high-glucose, supplemented with

10% FBS, 10 mM b-glycerophosphate, 0.1 mM dexa-

methasone, and 50 mM ascorbate. In the committed

cells, the osteogenic medium was changed every 3 days

as well as RNA interference treatment where indicated.

The cells were then fixed in 70% ethanol for 1 h at room

temperature, washed with PBS, stained with 40 mM AR-

S (pH 4.2) for 10 min at room temperature, washed five

times with deionized water, and incubated in PBS for

15 min to eliminate non-specific staining. The stained

matrix was observed at different magnifications using a

Leitz microscope. Matrix mineralization was quantified

by measuring the number and surface of mineralized

nodules using a digital image analyzer (‘‘Quantity one’’

software, Biorad). The surface and the number of all

mineralized nodules were quantified in 2 wells per

condition at day 14 and 21 of culture.

Small interfering RNA (siRNA) transfection

Three sets of Stealth RNAi duplexes and corresponding

Stealth control were synthesized by Invitrogen Life Tech-

nologies (Carlsbad, CA, USA). Stealth RNAi compounds

are 25 mer dsRNA containing proprietary chemical modi-

fications that enhance nuclease stability and reduce off-

target effects.

The following Stealth RNAi sequences were used:

siRNA/Slug1 sense: 50-CCGUAUCUCUAUGAGAGUUA

CUCCA-30, antisense: 50-UGGAGUAACUCUCAUAGA-

GAUACGG-30; siRNA/Slug2 sense: 50-CCCUGGUUGCU

UCAAGGACACAUUA-30, antisense: 50-UAAUGUGUCC

UUGAAGCAACCAGGG-30; siRNA/Slug3 sense: 50-GG

CUCAUCUGCAGACCCAUUCUGAU-30, antisense: 50-A
UCAGAAUGGGUCUGCAGAUGAGCC-30.

The most effective fragments used for targeting human

Slug were siRNA/Slug2.

Twenty-four hours before siRNA transfection, hOBs

were seeded in triplicate at density of 16 9 103/cm2 in

DMEM with 10% FBS. Cells were transfected with 30 nM

siRNA using Lipofectamine RNAiMAX (Invitrogen Life

Technologies) according to the manufacturer’s instruc-

tions. Transfected cells were incubated for 6 days at 37�C

before gene silencing analysis. As a negative control for

the siRNA treatment, Medium GC Stealth RNAi Negative

Control Duplex (Invitrogen) was used. Knockdown of Slug

expression was verified by Real-Time RT-PCR.

Real-time quantitative RT-PCR

Cells from three wells were harvested and total RNA was

extracted using an RNeasy Mini Kit (Qiagen, Hilden,

Germany) according to the manufacturer’s instruction and

as previously described [21]. Real-time PCR was carried

out using the ABI PRISM 7700 Sequence Detection Sys-

tem (Applied Biosystems, Foster City, CA, USA). TaqMan

technology, the Assays-On-Demand kit for human Slug,

Lef-1, b-catenin, Runx2, Sox-9, OPN, OC, Col1a1,

RANKL, and c-myc, were used. The mRNA levels of

target genes were corrected for GAPDH mRNA levels

(endogenous control). All PCR reactions were performed

in triplicate for each sample and were repeated three times.

All experimental data were expressed as the mean ± SEM.

Western blotting

For western blot analysis, the cells were washed twice

with ice-cold PBS and cell lysates were prepared as

previously reported [22]. Then, 10 lg of each sample was

electrophoresed on a 12% SDS-polyacrylamide gel. The

proteins were then transferred onto an Immobilon-P

PVDF membrane (Millipore, Billerica, USA). After

blocking with PBS-0.05% Tween 20 and 5% dried milk,

the membrane was probed with the following antibodies:

Slug (L40C6) from Cells Signaling Technology (Danvers,

CA, USA), Runx2 (sc-10758) and Sox-9 (sc-20095), from

Santa Cruz Biotechnology (Santa Cruz, CA, USA), Lef-1

(L7901) from Sigma Aldrich, IP3 K (06-195), and Active-

b-Catenin (05-665) from Upstate Biotechnology (Lake

Placid, NY).

After washing with PBS-Tween, the membranes were

incubated with peroxidase-conjugated anti-rabbit antibody

(1:50000) or anti-mouse (1:2000) (Dako, Glostrup, Den-

mark) in 5% non-fat milk. Immunocomplexes were

detected using Supersignal West Femto Substrate (Pierce,

Rockford, IL, USA). Anti-IP(3)K was used to confirm

equal protein loading.

Osteocalcin assay

Osteocalcin secretion was measured in cell culture super-

natants collected from osteoblasts plated in 24-well dishes

and cultured with D-MEM, 10% FCS in presence or in

absence of 30 nM siRNA/Slug2 for 6 days. Prior to mea-

surements, the media were collected, centrifuged at 1,300g

for 5 min, and tested by using a human osteocalcin enzyme-

linked immunosorbent assay (ELISA) kit, according to

manufacturer’s instructions (DRG Diagnostics, Germany).

Slug in human osteoblasts 3643



Osteocalcin levels were corrected with total protein content

and expressed as nanograms per micrograms of cell protein

and each treatment was performed in duplicate.

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was carried out as previously described

[21] using the standard protocol supplied by Upstate Bio-

technology with their ChIP assay reagents.

The cells were cross-linked with 1% formaldehyde for

10 min at 37�C, washed in ice-cold PBS, and suspended in

SDS lysis buffer for 10 min on ice. Samples were soni-

cated, diluted 10-fold in dilution buffer supplemented with

protease inhibitors, and precleared with 80 ll of DNA-

coated protein A-agarose; the supernatant was used directly

for immunoprecipitation with 5 lg of anti- Slug, (sc-

10436) (Santa Cruz Biotechnology), overnight at 4�C.

Immunocomplexes were mixed with 80 ll of DNA-coated

protein A-agarose followed by incubation for 1 h at 4�C.

Beads were collected and sequentially washed 5 times with

1 ml each of the following buffers: low salt wash buffer

(0.1% SDS,1% Triton X-100, 2 mM EDTA, 20 mM Tris–

HCl pH 8.1, 150 mM NaCl), high salt wash buffer (0.1%

SDS,1% Triton X-100, 2 mM EDTA, 20 mM Tris–HCl

pH-8.1, 500 mM NaCl), LiCl wash buffer (0.25 mM LiCl,

1% IGEPAL-CA630, 1% deoxycholic acid, 1 mM EDTA,

10 mM Tris-pH 8.1), and TE buffer. The immunocom-

plexes were eluted two times by adding a 250-ll aliquot of

a freshly prepared solution of 1% SDS, 0.1 M NaHCO3

and the cross-linking reactions were reversed by incubation

at 65�C for 4 h. Further, the samples were digested with

proteinase K (10 mg/ml) at 42�C for 1 h, DNA was

recovered by phenol/chloroform extractions, ethanol pre-

cipitated using 1 ll of 20 mg/ml glycogen as the carrier,

and suspended in sterile water. For PCR analysis, aliquots

of chromatin before immunoprecipitation were saved

(input). PCR was performed to analyze the presence of

DNA precipitated by Slug-specific antibody, and by using

specific primers (Table 1) to amplify fragments of the

Runx2 and Sox-9 gene promoters.

Each PCR reaction was performed with 5 ll of the

bound DNA fraction or 2 ll of the input. The PCR was

performed as follows: preincubation at 95�C for 5 min, 30

cycles of 1 min denaturation at 95�C, 1 min annealing at

62�C, and 1 min at 72�C, with one final incubation at 72�C

for 5 min. No-antibody control was included in each

experiment.

Statistical analysis

Data are presented as the mean ± SEM from at least three

independent experiments. Statistical analysis was per-

formed by one-way analysis of variance and the Student’s t

test. A P value \0.05 was considered statistically

significant.

Results

Phenotypical characterization and osteogenic potential

of human osteoblasts

Human primary osteoblast cultures (hOBs) were generated

from bone chips removed from the tibial plateau as pre-

viously described [18] and as reported in ‘‘Materials and

methods’’. We first analyzed a panel of nine phenotypic

markers in cells at the second passage in culture. All

osteoblasts were highly positive for the typical osteogenic

markers, including Runx2, collagen type 1 (Col1a1), bone

sialoprotein (BSP), and osteocalcin (OC), and weakly

positive to ALP. In addition, the cells were positive for

estrogen receptor alpha (ERa), a protein that is known to be

associated to osteoblast differentiation. The samples were

negative for a typical hematopoietic marker (CD45), only

partially positive for a mesenchymal marker such as

CD146, and positive for CD105. After this analysis, the

cells that we used may be considered mature osteoblasts

because they express low levels of CD146 and ALP, and

high levels of CD105, as previously reported [18]. The

percentage of positive cells for the markers analyzed by

immunocytochemistry in five hOB samples is shown in

Table 1, and the immunocytochemical staining of a rep-

resentative sample is reported in Fig. 1a. These

immunocytochemical data have also been confirmed by

FACS analysis (data not shown). Next, the cells were

characterized for their osteogenic capacity. All hOBs

exhibited an evident extracellular matrix mineralization

after 21 days of culture under osteogenic conditions (a

representative sample is shown in Fig. 1b).

Table 1 Immunocytochemical analysis of human primary osteo-

blasts (hOBs)

Markers Percentage of positive cells

hOB1 hOB2 hOB3 hOB4 hOB5

CD45 Negative Negative Negative Negative Negative

ALP 5 15 15 12 15

CD146 2 2 4 2 4

CD105 100 100 100 100 100

Col1a1 50 60 60 60 60

Runx2 80 80 80 80 80

BSP 100 100 100 100 100

OC 60 80 90 100 80

ER-a 100 100 100 100 100
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Slug knockdown and Wnt signaling

We firstly confirmed by western blot analysis on whole cell

extracts (Fig. 2a) that all hOB samples express Slug protein

at comparable levels, approximately the same that were

found in Slug-positive MDA-MB-231 breast cancer cells

[23]. Then, to test whether Slug expression may be corre-

lated with osteoblast phenotype, we used a Slug

Fig. 1 Phenotypical characterization of hOBs. Five hOB samples

were subjected to immunocytochemical analysis for ALP, CD146,

BSP, OC, CD105, Col1a1, Runx2, and ER-a phenotypical markers. a
The staining showed the local expression of the markers analyzed in a

representative sample (920 magnification). b The formation of

extracellular matrix by cells treated with b-glycerophosphate, ascor-

bic acid, and dexamethasone. Mineral formation was examined by

Alizarin Red S staining. The deposition of calcium salts was observed

in osteogenic cultures at day 21

Slug in human osteoblasts 3645



knockdown approach using siRNA. For this purpose, three

siRNAs against Slug were designed, siRNA/Slug1, siRNA/

Slug2, and siRNA/Slug3, in order to down-regulate Slug

expression. Transfection of hOBs and osteosarcoma SaOS2

cell line with these siRNAs resulted in the down-regulation

of Slug transcript by 30% (siRNA/Slug1 and siRNA/Slug3)

or 80% (siRNA/Slug2) (electronic supplementary material,

Fig. 1). Therefore, we blocked Slug endogenous produc-

tion treating the cells for 6 days with siRNA/Slug2 30 nM

and obtaining a strong inhibition of Slug mRNA and pro-

tein, as revealed by quantitative RT-PCR and western blot,

respectively (Fig. 2b).

In order to establish a role of Slug in osteoblasts, we

analyzed the effects of Slug silencing on the expression of

mediators of a central pathway in bone metabolism, such as

Wnt signaling.

As shown in Fig. 3a, Slug knockdown significantly

reduced the protein levels of two important Wnt mediators,

Lef-1 and b-catenin, in all the analyzed samples. Attempts

to detect a corresponding reduction of mRNA expression

level of Lef-1 and b-catenin met with variable success, and

we found approximately the same Lef-1 and b-catenin

mRNA levels both in siRNA-transfected cells and in con-

trol cells (data not shown). This suggests that, for what

concerns these two genes, the regulation mediated by Slug

silencing is mainly at the protein level that is independent

of mRNA. Therefore, we hypothesized that the levels of

Slug may interfere with Wnt signaling modulating the

levels of Lef-1 and b-catenin, and that Slug may conse-

quently act by controlling the expression of specific genes

in osteoblasts.

In order to strengthen this hypothesis, the expression of

downstream target genes of canonical Wnt signaling such

as Runx2, Sox-9, osteocalcin, RANKL, and c-myc were

examined in Slug silenced cells. As shown in Fig. 3b, the

expression of Runx2, the master transcription regulator of

osteoblasts previously identified as a Lef-1/b-catenin target

gene [13], was markedly decreased in Slug silenced cells

compared to untreated osteoblasts. On the contrary, Slug

knockdown induced expression of Sox-9, a factor indis-

pensable for chondrogenic development [24], in four out

five samples. In this case, the effects of Slug silencing were

Fig. 2 Silencing of Slug gene

expression by siRNA/Slug2 in

hOBs. a Western blot analysis

of endogenous Slug expression

in hOBs. 10 lg of whole cell

lysates from five hOBs samples

were assayed on a 12% SDS-

polyacrylamide gel. The

proteins were visualized using

Supersignal Femto Substrate

(Pierce). Size markers are

reported (KDa). IP3 K was used

as a loading control. Positive

and negative controls for Slug

band (Slug-positive MDA-MB-

231 breast cancer cells, and

Slug-negative MCF7 breast

cancer cells, respectively) are

shown. b hOBs were transfected

with siRNA/Slug2 or a non-

relevant siRNA (scr). Slug

expression was determined both

at mRNA and protein level, and

revealed by quantitative RT-

PCR and western blot analysis,

respectively. RT-PCR results,

after correction to GAPDH

content, are expressed as

siRNA/Slug2 over control ratio.

Results represent

means ± SEM of five hOBs

samples (**P \ 0.01). At the

bottom, representative western

blot of siRNA/Slug2 treated

cells shows a specific decrease

of endogenous Slug protein

level
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both at mRNA and protein level. Accordingly, in four out

five samples, the amount of secreted osteocalcin, which is a

marker of late osteoblast differentiation positively modu-

lated by Wnt signaling [25], was significantly reduced by

Slug knockdown (Fig. 3c), as well as the expression of c-

myc which is induced in response of activation of Wnt

signaling [26] (Fig. 3d). On the contrary, mRNA levels of

the receptor activator of NFkB ligand (RANKL), the

expression of which is repressed by Wnt signaling [27],

was significantly increased in the siRNA/Slug2 hOBs-

treated samples (Fig. 3e). As a whole, these results suggest

that Slug knockdown affects Wnt signaling and conse-

quently its downstream target genes in human osteoblasts.

Slug interacts in vivo with the promoters of Runx2

and Sox-9

Investigations were then performed to address whether

Slug may be directly involved in the control of specific

gene transcription in hOBs. For this purpose, the promoters

of Runx2 and Sox-9 were chosen for chromatin immuno-

precipitation (ChIP) analysis. At first, we searched putative

Slug binding sites, named E boxes [28], in the promoter

regions of human Runx2 and Sox-9 genes by using a

program for predicting transcription factor binding sites

(TFSEARCH, www.cbrc.jp/research/db/TFSEARCH.html

). As shown in Fig. 4, many E boxes were found in the

promoter of both genes; their functionality was then

investigated, analyzing the in vivo association between

Slug and the promoter sequences by ChIP binding assays

(Fig. 4). To this aim, human primary osteoblasts were

exposed to formaldehyde to cross-link proteins and DNA,

and sonicated to fragment the chromatin. Specific antibody

against Slug was used to immunoprecipitate the protein–

DNA complexes. The presence of the promoter-specific

DNA region before immunoprecipitation was confirmed by

PCR (input). After immunoprecipitation, DNA was

extracted from the beads and used as a template to generate

Fig. 3 Effect of Slug interference on Wnt signaling target genes in

hOBs. After siRNA/Slug2 treatment the expression of bone-related

Wnt target genes was analyzed in five hOB samples. a Western blot

analysis of Lef-1 and active b-catenin protein levels. Size markers are

reported (KDa). IP3 K was used as a loading control. b Runx2 and

Sox-9 expression analysis in siRNA/Slug2 treated cells. mRNA and

protein levels were determined by quantitative RT-PCR and western

blot analysis, respectively. c Osteocalcin, c-myc, and RANKL

expression analysis in siRNA/Slug2 treated cells. Osteocalcin protein

was measured in cell culture supernatants by ELISA. The level of c-

myc and RANKL expression was determined by quantitative RT-

PCR. In all quantitative RT-PCR experiments the results, after

correction to GAPDH content, are expressed as siRNA/Slug2 over

control ratio. Results represent means ± SEM of triplicate determi-

nations (*P \ 0.05, **P \ 0.01)
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specific PCR products spanning the putative Slug binding

sites from -3,000 bp to ?1 bp in the promoter of both

genes. Slug recruitment was assessed at the different pro-

moter regions, as indicated in Fig. 4, by using specific sets

of primers (Table 2). Slug occupancy was detected at the

region 2 and 3 of Runx2 gene (Fig. 4a) and at the region 2

of Sox-9 gene (Fig. 4b).

These ChIP experiments were repeated four times with

identical results and demonstrate that both Runx2 and Sox-

9 are Slug target genes in human osteoblasts.

Slug knockdown inhibits maturation of osteoblasts

and supports differentiation of chondrocytes

Afterwards, the effect of Slug silencing on osteoblast mat-

uration was examined analyzing ALP activity and the

formation of mineralized matrix. As shown in Fig. 5a, there

was a significative decrease of ALP activity after 6 days of

siRNA/Slug2 treatment. Accordingly, Slug silenced cells

showed a reduced mineralization ability; in fact, 14 days

after the initiation of osteoblast induction in osteogenic

Fig. 3 continued
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medium, a reduction up to 86% of mineral deposition was

observed in Slug silenced cells in comparison with non-

silenced cells (Fig. 5b). This decrease in osteoblast matu-

ration was accompanied by a significative decrease of other

correlated markers including Col1a1 and classical Runx2

targets such as osteopontin and osteocalcin (Fig. 5c).

Since we have here demonstrated that Slug knockdown-

induced expression of Sox-9 in hOBs, investigations were

Fig. 4 In vivo recruitment of Slug on Runx2 and Sox-9 gene

promoters. Protein–DNA complexes were formaldehyde-cross-linked

in hOBs in vivo. Chromatin fragments from these cells were subjected

to immunoprecipitation with antibody against Slug. After cross-link

reversal, the coimmunoprecipitated DNA was amplified by PCR

using the primers reported in Table 2, and specific for the indicated

promoter regions. PCR fragments were resolved in 1.5% agarose gels.

Aliquots of chromatin taken before immunoprecipitation were used as

Input positive controls whereas chromatin eluted from

immunoprecipitations lacking antibody were used as no antibody

(NoAb) controls. a The immunoprecipitates were subjected to PCR

analysis using primer pairs spanning the reported regions of Runx2

promoter. b The immunoprecipitates were subjected to PCR analysis

using primer pairs spanning the reported regions of Sox-9 promoter.

The specific molecular weights of PCR fragments are shown in

parentheses. The relative positions of Slug putative binding sites

(striped boxes) are indicated. *Sites showing 100% homology with

consensus-binding site (CAGGTG)

Table 2 PCR primers used for

chromatin immunoprecipitation

assay (ChIP)

Gene Primer sequences Product size (bp)

Runx2 Forward F1:50-ATATCCTTCTGGATGCCAGG-30 167

Reverse R1:50-AAGCACTATTACTGGAGAGGC-30

Forward F2:50-GTTTCAGTGAATGCTAATGTAG-30 290

Reverse R2:50-AAGCGTTCATTTAACATGCAG-30

Forward F3:50-CAAGAGCTTTATTTGCATTGAC-30 282

Reverse R3:50-TTGTCCTCTGTGAGGCCTAT-30

Sox9 Forward F1:50-GATAGTGTCCTCACTTCGCA-30 467

Reverse R1:50-TCCACTCTGGCGGAGTCATG-30

Forward F2:50-CAGCCACCACCATCCAAGTT-30 470

Reverse R2:50-GAAGGGCATTGTGTGTACAG-30
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then performed to evaluate the potential pro-chondrogenic

effect of Slug knockdown in human undifferentiated

chondrocytes at passage 6–8. In these conditions, the cells

express very low level of Collagen type 2 [29]. Slug

mRNA expression was blocked in these cells with the same

approach and effectiveness as in hOBs (Fig. 6a). Runx2

and Sox-9 expression was then tested. As shown in Fig. 6b,

a significative upregulation of both these genes, required

for chondrocyte maturation [30], was found in all analyzed

samples after Slug silencing. This effect was accompanied

by a significant increase of Collagen type 2 evaluated by

immunocytochemistry (Fig. 6c).

These preliminary findings demonstrate that when

endogenous Slug levels are suppressed chondrocytes are

inclined to differentiate, supporting the idea that Slug may

play a critical role as pro-chondrogenic factor.

Discussion

To our knowledge, this is the first study to examine the role

of Slug on normal human primary osteoblasts. Much is

known about the role of Slug during development and its

action in malignant progression [14–17, 31]; nevertheless,

its expression and function in normal adult tissues has not

been elucidated. To date, for what concerns bone tissue,

Slug is considered exclusively a marker of malignancy and,

consequently, an attractive potential target for therapeutic

Fig. 5 Effect of Slug interference on

osteoblast maturation. After siRNA/

Slug2 treatment the cells were

analyzed for the presence of alkaline

phosphatase activity (ALP),

formation of mineralized matrix and

expression of osteoblast maturation

markers. a Alkaline phosphatase

activity was evaluated by PNPP

hydrolysis and ALP Leukocyte kit.

The presence of sites of ALP activity

appeared as blue cytoplasmic

staining as shown in the reported

representative sample (920

magnification). b Mineral formation

was examined by Alizarin Red S

staining in the cells cultured with b-

glycerophosphate, ascorbic acid, and

dexamethasone (osteogenic

medium). The deposition of calcium

salts was observed in osteogenic

cultures at day 14, but not in control

cells (not cultured in osteogenic

medium), and was quantified by

measuring the number and surface of

mineralized nodules using a digital

image analyzer (‘‘Quantity one’’

software, Biorad). The ratio of the

surface to the number of nodules in a

representative hOB sample is

reported. c The expression of

Col1a1, osteopontin (OPN) and

osteocalcin (OC) was determined by

quantitative RT-PCR in the cells

cultured in osteogenic medium. The

results, after correction to GAPDH

content, are expressed as siRNA/

Slug2 over control ratio. Results

represent means ± SEM of triplicate

determinations (*P \ 0.05,

**P \ 0.01)
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modulation of bone metastasis and osteosarcoma inva-

siveness [31], blocking its expression and potentially

repressing any detrimental downstream effects.

However, there are no data about Slug expression and

regulation in human normal osteoblasts. Here, we identified

a role for Slug in normal human osteoblast maturation. Gene

expression analysis showed that Slug is positively correlated

with osteoblast markers, such as Runx2, and Wnt/b-catenin

signaling. A requirement for Slug in osteoblast maturation is

supported by Slug knockdown data. In fact, the suppression

of Slug mediated by siRNA weakens Wnt/b-catenin signal-

ing, decreases ALP activity, as well as osteoblast

mineralization, osteopontin, osteocalcin, and Col1a1, dem-

onstrating that Slug may be considered a novel osteogenic

factor. At the same time, Slug silencing does not reflect a

global suppression of gene expression. In fact, the expression

of RANKL which is suppressed by Wnt signaling in osteo-

blasts [27] was enhanced in response to Slug knockdown.

Furthermore, we observed that Slug silencing potentiates the

expression of Sox-9 both in hOBs and in undifferentiated

chondrocytes. This is particularly interesting in the context

of maturation and differentiation of these cells because Sox-

9 is an indispensable factor for chondrogenic development

[24, 30] activating cartilage-specific genes, but also acts as a

transcriptional repressor for osteoblast differentiation [32]

interacting with Runx2 and repressing its function. There-

fore, our findings suggest that Slug is required for supporting

osteogenic maturation, and its suppression also has a

potential pro-chondrogenic effect. Thus, Slug could affect

phenotypical changes in response to alteration of its

expression levels favoring the dominance of Runx2 function

over Sox-9 or vice versa. This is in agreement with several

observations demonstrating that, in order to achieve differ-

entiation towards a desired lineage, it is important to direct

the stem cell differentiation with correct levels of tran-

scription factors [2, 33]. Additional investigations will be

required to understand if Slug plays a role in cell fate

determination between chondrocytes and osteoblasts that are

derived from common mesenchymal progenitors [34].

Our observation that the Slug gene silencing may decrease

Runx2 and increase Sox-9 expression in hOBs was further

validated by the in vivo occupancy of the E boxes regulatory

sites present in the Runx2 and Sox-9 gene promoters. This

suggests that Slug may act, at the same time, both as positive

and negative transcriptional regulator of Runx2 and Sox-9

genes, respectively, in human osteoblasts. This supports a

role for Slug in maintaining high levels of Runx2 and low

levels of Sox-9 to promote osteoblast maturation. Never-

theless, further studies will be needed to characterize the

action of Slug on the promoter sequences of these genes, and

to establish whether Slug interacts with other transcription

factors both in osteoblasts and their precursors.

Several observations indicate that Sox-9 and Runx2 are

targets of one of the most crucial signaling for normal

skeletogenesis, Wnt/b-catenin pathway [13, 24, 35–38].

Interestingly, we demonstrated that the levels of b-catenin

and Lef-1 proteins, two important mediators of Wnt/b-

catenin signaling, correlate with Slug expression levels and

significantly decrease in Slug silenced cells. Consistent

with these findings, we have recently shown that Slug gene

expression is positively regulated by Lef-1 which directly

binds to Lef/Tcf cis elements present on its promoter

(submitted manuscript).

Fig. 6 Silencing of Slug gene expression by siRNA/Slug2 in

undifferentiated chondrocytes. a Undifferentiated chondrocytes were

transfected with siRNA/Slug2 or a non-relevant siRNA (scr). Slug

expression was determined at mRNA, and revealed by quantitative

RT-PCR. RT-PCR results, after correction to GAPDH content, are

expressed as siRNA/Slug2 over control ratio. Results represent

means ± SEM of three chondrocytes samples (*P \ 0.05). b Runx2

and Sox-9 expression analysis in siRNA/Slug2 treated cells. mRNA

levels were determined by quantitative RT-PCR analysis. c Collagen

type 2 expression analysis in siRNA/Slug2 treated cells. The presence

of protein was determined by immunocytochemistry and appeared as

violet cytoplasmic staining, as shown in the reported representative

sample (920 magnification)
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Previous studies have established that Wnt/b-catenin sig-

naling events are mediated by the existence of a large

signalosome in which inputs from Wnt signaling, steroid

receptors, BMPs, and kinases converge to induce differenti-

ation of osteoblast precursors [39, 40]. However, there are still

many unresolved issues about osteoblast regulation through

these different pathways. In this scenario, Slug might repre-

sent a new regulation factor required for human osteoblast

differentiation and maturation. Recent data indicate that, in

addition to Slug, another member of the zinc-finger Snail

family, Snail1, is involved in bone cell differentiation, but

with opposite effect [41]. In fact, in this study, the authors

demonstrated that Snail1 controls bone mass by repressing the

transcription of Runx2 and vitamin D receptor genes in murine

osteoblasts. This suggests that Snail proteins may be involved

in the complex dinamics of osteoblast differentiation and

maturation processes through different mechanisms. Alter-

natively, it is plausible that the effects of a transcription factor

on the regulation of bone specific genes are different in murine

and human cells, and depend on different moments of osteo-

blastic maturation. This concept may explain the different

results from another group demonstrating that Snail enhances

expression of osteoblast markers in the MC3T3-E1 cell line

[42]. In this study, in addition to Snail, the authors investigated

the contribution of many helix-loop-helix (HLH) transcription

factors such as Twist proteins that compete with all the Snail

factors for the same E-box motifs on the target genes. In

agreement with several lines of evidence, the authors indicate

that Twist proteins inhibit osteoblast differentiation by inter-

fering with Runx2 function. The evidence that we here

obtained on Slug in human osteoblasts supports the conclu-

sions of this study, revealing that the integrated activities of

negative and positive E-box-related regulatory factors may

control osteoblast differentiation. Therefore, even if the gene

regulatory networks are highly intricate, it is possible that

further characterization of the role of Snail together with HLH

transcriptional regulators in human bone differentiation may

provide new insights into the discovery of new molecular

targets to use in bone repair and engineering [43].
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