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Original Article

Reproductive Stem Cell Differentiation:
Extracellular Matrix, Tissue
Microenvironment, and Growth
Factors Direct the Mesenchymal
Stem Cell Lineage Commitment

Atanásio S. Vidane, MSc1, Helena D. Zomer, MVM1,
Bruna M. M. Oliveira, MSc2, Carina F. Guimarães, MSc2,
Cláudia B. Fernandes, PhD2, Felipe Perecin, PhD3, Luciano A. Silva, PhD3,
Maria A. Miglino, PhD1, Flávio V. Meirelles, PhD3, and
Carlos E. Ambrósio, PhD1,3

Abstract
The mesenchymal stem cells (MSCs) have awakened interest in regenerative medicine due to its high capability to proliferate and
differentiate in multiple specialized lineages under defined conditions. The reproductive system is considered a valuable source of
MSCs, which needs further investigations. Many factors have been reported as critical for these cell lineage specification and
determination. In this review, we discuss the main effects of extracellular matrix or tissue environment and growth factors in the
cell lineage commitment, including the reproductive stem cells. The MSCs responses to culture medium stimuli or to soluble
factors probably occur through several intracellular activation pathways. However, the molecular mechanisms in which the cells
respond to these mechanical or chemical perturbations remain elusive. Recent findings suggest a synergic effect of micro-
environment and soluble cell culture factors affecting cell differentiation. For future applications in cell therapy, protocols of
reproductive MSCs differentiation must be established.
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Introduction

A considerable increase in chronic degenerative diseases has

been recorded in the last decades, accounting for more than

50% of deaths worldwide.1 Several studies on stem cells and

their potential for tissue regeneration have presented good

results encouraging the development of therapies to save lives.

Reproductive diseases are inserted in this context as a target of

many recent researches.2–10 Several studies investigate the role

of mesenchymal stem cells (MSCs) in endometriosis.2–4,7 Bone

marrow-derived MSCs contribute to endometrial growth and

regeneration and play a role in endometriosis progression.4 Par-

ticipation of stem cells in infertility,5,6 cancer7 and other uter-

ine disorders and the possibility of it use for future therapies are

also focused by some researches.4,10

Stem cells are commonly defined by their capability for

extensive self-renewal and to differentiate into one or more spe-

cialized cell types.11–16 Based on the tissue of origin and poten-

tial to differentiate into one or more specific types of mature

cells, two major groups are distinguished: (1) embryonic stem

cells: pluripotent stem cells that can be isolated from the inner

cell mass of preimplantation embryos,14,17,18 and (2) adult stem

cells: derived from fetal or adult tissues from specific organs.

The MSCs are pluripotent adult somatic stem cells derived

from bone marrow11,19 and also from wide variety of

organs,14,18,20,21 including in the reproductive system, like

endometrium,3,4,5,22,23 ovarians6 and also placenta.13

1 Sector of Animal Anatomy, Department of Surgery, Faculty of Veterinary

Medicine and Animal Sciences, University of São Paulo, São Paulo, Brazil
2 Department of Reproduction, Faculty of Veterinary Medicine and Animal

Sciences, University of São Paulo, São Paulo, Brazil
3 Department of Veterinary Medicine, Faculty of Animal Sciences and Food

Engineering, University of São Paulo, Pirassununga, São Paulo, Brazil

Corresponding Author:

Carlos E. Ambrósio, Duque de Caxias Norte, 225, Department of Veterinary

Medicine, FZEA, Faculty of Animal Science and Food Engineering, University of

São Paulo Pirassununga, São Paulo, Brazil – 13635-900.

Email: ceambrosio@usp.br

Reproductive Sciences
00(0) 1-7
ª The Author(s) 2013
Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1933719113477484
rs.sagepub.com

 at CIDADE UNIVERSITARIA on August 30, 2013rsx.sagepub.comDownloaded from 

http://www.sagepub.com/journalsPermissions.nav
http://rs.sagepub.com
http://rsx.sagepub.com/


Unlike what was thought for many years, recent studies

reported that MSCs can differentiate into various specific

lineages, including adipocytes, chondrocytes, osteocytes,

myocytes, astrocytes, neurons,24–28 vascular endothelial

cells,19,29–31 hepatocytic lineage,32,33 lung, gut, skin epithe-

lia,14,34,35 and endometrial cells.3,36

The ability of MSCs to propagate and to differentiate in spe-

cific cell-matured phenotypes under defined culture conditions

is termed ‘‘plasticity.’’19,37 Several studies describing MSCs

differentiation in vitro and in vivo have been published and

in most of them these cells were isolated from bone marrow

aspirates, expanded in culture with high efficiency, and

induced to differentiate to multiple lineages under controlled

protocols.19,21,31–33,35,38–40

As advantage of these cells, the MSCs can be used in the same

patient (autograft), reducing the possibility of immune rejection.

Moreover, differently from embryonic pluripotent stem cells,

these cells can be used with minor ethical implications.

Satisfactory results have been achieved in some clinical trials

using rodent and nonrodent mammal MSCs.26 Mcbeath and cow-

orkers41 studied the differentiation potential of MSCs to specific

connective tissue cells, specifically bone and adipose tissue,

whereas Grassel and Ahmed42 had worked with condrogenesis.

Morelli et al34 showed the differentiation in vitro of MSCs derived

from human endometrium in smooth muscle cells, adipocytes,

osteoblasts,36 and chondrocytes.34,36 These findings suggests that

the uterus is an alternative source of mesenchymal stem cells.4

The isolation of MSCs in the reproductive system clarifies the

mechanism of reproductive diseases like endometriosis.3

Both, in vivo and in vitro plasticity of MSCs greatly depends

on the microenvironment.39–42 Moreover, it is also known that,

in the absence of the native soluble and cell-contact signaling

network like the bone marrow environment, reduced MSCs plas-

ticity and proliferation capacity are observed on in vitro cultures.

Such findings indicate that soluble growth factors, paracrine,

autocrine or humoral signaling, and extracellular matrix micro-

environment interact synergistically to regulate cell proliferation

and lineage specification and also to maintain the differentiation

state of MSCs.20,39 However, the molecular mechanisms under-

lying the commitment of MSCs to a specific lineage demands

more studies. Here we discuss the main factors that are supposed

to be critical for stem cells differentiation process, including the

reproductive cells, specifically the effects of matrix or tissue

microenvironment and soluble growth factors.

The ECM or Tissue Microenvironment Directs
MSCs Lineage Specification

It has already been shown that MSCs are frequently recruited to

the sites of tissue injury or inflammation and differentiate into

multiple specific lineages,27,35,43 but the mechanisms underly-

ing this process are not clear. The ECM elasticity or stiffness

seems to be vital for cell lineage specification.

According to the matrix elasticity, tissues can be classified

into 3 distinct groups: (1) softer tissues as the brain, (2) stiff tis-

sues as the muscles, and (3) rigid tissues as the bones.44–46 It is

believed that the great variation in tissue or ECM microenvir-

onment provides specific conditions that guide cell differentia-

tion. In this context, the molecular mechanism underlying the

MSCs interaction with the tissue or matrix and how it will

transduce those stimuli in cell morphological modification are

not yet well understood.45

Studies have been carried out mostly evaluating the contribu-

tion of ECM microenvironment in chondrogenesis, osteogen-

esis, and adipogenesis,41,45–48 and in cancer development.49

In addition, Masuda et al2 studied the effects of local environ-

ment in the endometrial regeneration by stem cells.

It has been hypothesized that during cell–matrix interaction,

specific stimuli are produced and are transduced in chemical

signaling events for distinct phenotype expression.45,50–52 In

their niche or within tissue, cells are exposed to mechanical

forces. When cells are submitted to these forces, a variety of

physiological modifications occur such as cell motility, prolif-

eration, and differentiation.53 The mechanisms by which the

cells recognize these mechanical perturbations and transduce

them in specific chemical signaling remain obscure.50,52 It is

known that the matrix stiffness or elasticity plays a key role

in cell lineage commitment32,47,48 and influences focal-

adhesion structure and the cytoskeleton.45

The development of extracellular matrix models with variable

degrees of elasticity based on inert polyacrylamide gels mimick-

ing the consistency of the different tissues is necessary in order to

evaluate the differentiation of MSCs.45 They observed that in soft

matrices, that mimics brain tissue, the MSCs showed a neuronal

phenotype, in intermediate stiffness matrices that mimics striated

muscle, the same cells differentiated into myoblast, and in rigid

matrices resembling cartilage or bone, the cells became osteo-

blasts. This study provided great evidence that the matrix compo-

sition can drive cell differentiation.45

Two key events are present in the described processes, the

ability of the MSCs to recognize the extracellular matrix forces

and, second, the mechanic stimuli transduction to generate

specific signals that will drive the differentiation.45 Multiple

signaling pathways are activated in response to mechanical

force stimulation. McBeath et al41 observed that both matrix

stiffness and soluble factors modulate MSC-specific lineage

commitment via RhoA signaling and Rho-kinase (ROCK)

activity, which regulates the actin–myosin contractility. It has

been shown that inhibition of cytoplasmic myosin II using

blebbistatin disrupts the influence of matrix elasticity in cell

differentiation.45,46 These findings suggested that during force

transduction, specific signaling pathways are activated includ-

ing Rho guanosine triphosphatase, mitogen-activated protein

kinase, tyrosine kinases/phosphatases,49,52,54 which can alter

gene expression and promote cell differentiation.41,45,46,55,56

Comparative studies of microenvironment and growth fac-

tors’ influence in MSCs differentiation were performed.

Davis56 investigating the influence of both bone morphoge-

netic protein 2 and three-dimension (3D) osteoconductive sub-

strates in osteogenesis, observed enhanced effect in osteogenic

response of MSCs due to multiple pathway activation mediated

on both substrate and growth factor.
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The ECM microenvironment seems to be more selective

than other factors and can alter the phenotype in precommitted

cells.45 Although satisfactory in vitro results has been achieved

in vitro, many molecular issues underlying the cell commit-

ment must be clarified for future application in vivo.

Another key point in cell investigation is related to cell

medium for culture. Many conclusions on ECMs culture influ-

encing cell lineage commitment derive from studies on culture

of cells in two dimension (2D) surfaces. A different behavior

have been described when the cell culture is done on 3D

approaches.46,53,57,58 Notwithstanding, it was shown that cell

types derived from in vivo settings quickly lose their differen-

tiated phenotype when are plated onto 2D medium.58 Besides,

in vitro differentiation studies relies on biological intervention,

like special media but scaffolds are important to avoid possible

host reactions in vivo.59

Recently, Jurgens 60 induced chondrogenesis in a collagen

type II hydrogels mimicking the joint 3D microenvironment,

Schneider et al44 induced tenogenic differentiation in 3D

high-density microenvironment, and Mohr et al13 produced

an osteogenic graft in a chorion-derived scaffold from MSC

derived from human placenta. Together, these results demon-

strated that the ECM stiffness or elasticity play a key role in

cell differentiation.46,47,49

The Effect of Soluble Growth Factors
in Cell Differentiation

As was reported in several studies in vitro, the cell differentia-

tion involves numerous extra and intracellular signaling path-

ways modulated by either cell–cell or cell–matrix contact as

well as soluble growth factors.2 The growth factors are peptides

that can be produced by the target cell (autocrine) or released

through the plasma membrane of adjacent cells (paracrine),

modulating cellular activity.61

The effects of several different growth factors in MSC line-

age specification was extensively studied in vitro in chondro-

genesis,62–64 osteogenesis,64–68 and adipogenesis.69–71 Many

growth factors promoting MSCs proliferation and differentia-

tion have been described, but the exact molecular mechanisms

by which they act is still unclear. To better understand these

mechanisms, it is first necessary to identify the factors that pro-

mote proliferation, differentiation, or retain the differentiation

state of MSCs.24

The influence of growth factor in cell differentiation varies

not only in stem cell type but also in the strain that is sought.

Many factors have been described as MSC differentiation indu-

cers including platelet-derived growth factor (PDGF), basic

fibroblast growth factor (bFGF), transforming growth factor

(TGF) b, epidermal growth factor (EGF), and insulin-like

growth factor (IGF).27,72–74 These factors were previously

described by Kuznetsov et al75 as essential for bone marrow

stromal fibroblast colony formation in vitro. Beyond the cell

differentiation, they also modulate the angiogenesis, ECM

composition, chemotaxis of osteoprogenitor cells, and granula-

tion or scar tissue deposition.65,74 Recent studies showed the

importance of stromal-epithelial cell interactions in the endo-

metrial epithelial stem cell niche. They identified several

growth factors, such as EGF or TGF-a or PDGF-BB , and fibro-

blast feeder, layers to establish clonal growth.76,77

Subsequent studies62–65,68–71 have found wide variation in

MSCs response to growth factors in different cell lineage spe-

cification. Although the endometrial differentiation has been

already described,3,78 the factors involved in this process need

to be further studied. Different factors can be required for cell

specification depending on the stimuli (Table 1).

The exact effect of each growth factor in cell differentiation

is not clear because the mechanism underlying this process is

complex. For example, it was observed in vitro that depending

on the culture medium where the cells are inserted, a certain

growth factor can induce chondrogenic, osteogenic, or adipo-

genic differentiation. It has been shown that FGFs are crucial

for chondrogenesis,63,79 adypogenesis,70,71 and osteogenesis.16

On the other hand, chondrogenic differentiation was observed

to be inducible by bone morphogenetic protein (BMP)62,64 or

TGF and dexametazone.80 It was believed that BMPs was only

fundamental for upregulation of cartilage and bone phenotype

expression. However, it have been demonstrated that BMP are

also implicated in several cell type grow and specification. Spe-

cific lineages were obtained in several conditioned medium

with BMPs including, bone, cartilage, fat, and nervous cells.62

Interactions between one or more factors result in enhanced

effect in MSCs differentiation. Hanada et al65 and Deans and

Moseley 24 reported that bFGF and BMP-2 synergistically

enhanced the osteogenic differentiation of MSCs in vivo.

Basically, the growth factors interact with distinct cell

receptors activating different intracellular signaling pathways

which turn on transcriptional factors for specific gene expres-

sion depending on the stimuli.

Chen et al81 reported that selective activation of BMP recep-

tor type 1B (BMPR-1B) result in differentiation of MSC to

osteoblastic lineage, whereas activating the BMBR-1A these

cells differentiate into adipocyte lineage. This latter informa-

tion was suggestive that the overexpression or loss of the recep-

tors may be important in determining the response of MSCs to

growth factor stimulation.24 Most recently, Lin and Hankenson
16 studied the interactions of BMP, Wnt, Notch, hedgehog, and

FGF signaling pathways in osteoblastogenesis. In all signaling

pathways, the transcriptional factor Runx2 is activated and

seems to play a key role in osteogenic differentiation. How-

ever, the more precise molecular understanding of these com-

plex interactions is recommended.

Conclusions

Several studies have been carried out aiming to determine the

exact mechanism by which the cell lineage specification

occurs. However, few studies have been carried out regarding

reproductive system stem cells, and no conclusive data were

achieved. Recent studies refer the synergic effects of ECM

compliance and soluble cell culture factors in cell differentia-

tion. Comparative studies of microenvironment and growth
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factors influence in MSCs differentiation were performed.

The MSCs’ differentiation depends on the environment where

they are inserted and growth factor’s interaction as well as on

the intensity and duration of produced stimulation (Figure 1).

The molecular mechanism underlying ECM and growth

factor’s interactions and cell specification must be well

investigated.
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Table 1. Wide Variation of Growth Factors Involved in MSCs Differentiation. Growth Factors Involved in MSCs Differentiation.a

MSCs differentiation Growth factors References

Chondrogenic differentiation BMP2 þ TGFb Schmitt, et al 200362

bFGF Davidson, et al 200563

Cuevas, et al 198879

TGF-b3 Mackay, et al 199880

Osteogenic differentiation BMP Chen, et al (1998)81

Davis et al 201156

Yonezawa et al 201182

BMP1-3 Grgurevic et al 201183

BMP2 þ bFGF Hanada, et al 199765

bFGF Hanada, et al 199765

TGF- b1 Macdonald et al 200773

bFGF þ PDGF-B Fierro et al 201167

BMP þ TGF- b Gorter et al 201168

HGF Wen et al 201184

Adipogenic differentiation bFGF Neubauer et al 200470

FGF-2 Kakudo et al 200771

Tenocytes-Like differentiation IGF-1 þ TGF- b1 Schneider et al 201144

Cardiomyogenic differentiantion NPY Wang et al 201085

Neuron-Like differentiation EGF þ HGF þ VEGF Bae et al 201128

EGF þ bFGF Delcroix et al 201086

Hepatogenic differentiation HGF Pulavendran et al 201187

Endometrial differentiation E2 Kulak et al 201278

Abbreviation: BMP, bone morphogenetic protein; TGF, transforming growth factor; FGF, fibroblast growth factor; IGF, insulin-like growth factor; NPY, neu-
ropeptide Y; HGF, hepatocyte growth factor; EGF, epidermal growth factor; VEGF, vascular endothelial growth factor; PDGF, Platelet-derived growth factor;
MSCs, mesenchymal cells.
a The exact influence of each grow factor in MSCs differentiation is not clear due the complexity mechanism and interactions among these factors. Depending on
the culture medium where the cells are inserted, a certain growth factor can induce multiple lineages differentiation.

Figure 1. Schematic representation of the general mechanism of mesenchymal stem cell (MSC) differentiation mediated by matrix microenvir-
onment and growth factors. These factors interact synergistically to regulate cell proliferation and cell differentiation, although the effects of
extracellular matrix (ECM) seems to be crucial where the cells are inserted and more selective than others.
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25. Vããnãnen HK. Mesenchymal stem cells. Ann Med. 2005;37(7):

469-479.

26. Bittencourt RAC, Pereira HR, Felisbino SL, Murador P, Oliveira

APE, Deffune E. Isolation of bone marrow mesenchymal stem

cells. Acta Ortop Bras. 2011;14(1):22-24.

27. Kanitkar M, Tailor HD, Khan WS. The use of growth factors and

mesenchymal stem cells in orthopaedics. Open Orthop J. 2011;

5(2):271-275.

28. Bae KS, Park JB, Kim HS, Kim DS, Park DJ, Kang SJ. Neuron-

like Differentiation of bone marrow-derived mesenchymal stem

cells. Yonsei Med J. 2011;52(3):401-412.

29. Orlic D, Kajstura J, Chimenti S, et al. Mobilized bone marrow

cells repair the infracted heart, improving function and survival.

Proc Natl Acad Sci U S A. 2001;98(18):10344-10349.

30. Reyes M, Dudek A, Jahagirdar B, Koodie L, Marker PH, Verfail-

lie CM. Origin of endothelial progenitors in human postnatal bone

marrow. J Clin Invest. 2002;109(3):337-346.

31. Hayashi Y, Tsuji S, Tsujii M, et al. Topical Implantation of

Mesenchymal Stem Cells Has Beneficial Effects on Healing of

Experimental Colitis in Rats. J Pharmacol Exp Ther. 2008;

326(2):523-531.

32. Lange C, Bassler P, Lioznov MV, et al. Liver-specific gene

expression in mesenchymal stem cells is induced by liver cells.

World J Gastroenterol. 2005;11(29):4497-4504.

33. Sato Y, Araki H, Kato J, et al. Human mesenchymal stem cells

xenografted directly to rat liver are differentiated into human

hepatocytes without fusion. Blood. 2005;106(2):756-763.

34. Morelli SS, Yi P, Goldsmith LT. Endometrial stem cells and

reproduction[published online January 12, 2012]. Obstet Gynecol

Int. 2012.

35. Sanchez-Ramos J, Song S, Cardozo-Pelaez, et al. Adult bone

marrow stromal cells differentiate into neural cells in vitro. Exp

Neurol. 2000;164(2):247-256.

36. Jiang Y, Jahagirdar BN, Reinhardt RL, et al. Pluripotency of

mesenchymal stem cells derived from adult marrow. Nature.

2002;418(6893):41-49.

37. Bianco P, Riminucci M, Gronthos S, Robey PG. Bone marrow

stromal stem cells: nature, biology, and potential applications.

Stem Cells. 2001;19(3):180-192.

38. Woodbury D, Schwarz EJ, Prockop DJ, Black IB. Adult rat and

human bone marrow stromal cells differentiate into neurons.

J Neurosci Res. 2000;61(4):364-370.

Vidane et al 5

 at CIDADE UNIVERSITARIA on August 30, 2013rsx.sagepub.comDownloaded from 

http://rsx.sagepub.com/


39. Houghton J, Stoicov C, Nomura S, et al. Gastric cancer originat-

ing from bone marrow-derived cells. Science. 2004;306(5701):

1568-1571.

40. Barry FP, Murphy JM. Mesenchymal stem cells: clinical applica-

tions and biological characterization. Int J Biochem Cell B. 2004;

36(4):568-584.

41. McBeath R, Pirone DM, Nelson CM, Bhadriraju K, Chen CS. Cell

shape, cytoskeletal tension, and RhoA regulate stem cell lineage

commitment. Dev Cell. 2004;6(4):483-495.

42. Grassel S, Ahmed N. Influence of cellular microenvironment and

paracrine signals on chondrogenic differentiation. Front Biosci.

2007;12:4946-4956. doi: 10.2741/2440.

43. Bianco P, Robey PG. Stem cells in tissue engineering. Nature.

2001;414(6859):118-121.

44. Schneider PRA, Buhrmann C, Mobasheri A, Matis U, Shakibaei

M. Three-dimensional high-density co-culture with primary teno-

cytes induces tenogenic differentiation in mesenchymal stem

cells. J Orthopaed Res. 2011;29(9):1351-1360.

45. Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity

directs stem cell lineage specification. Cell. 2006;126(4):677-689.

46. Even-Ram S, Artym V, Yamada KM. Matrix control of stem cell

fate. Cell. 2006;126(4):645-647.

47. Hwang NS, Varghese S, Li H, Elisseeff J. Regulation of osteo-

genic and chondrogenic differentiation of mesenchymal stem

cells in PEG-ECM hydrogels. Cell Tissue Res. 2011;344(3):

499-509.

48. Ravindran S, Gao Q, Kotecha M, Magin RL, Karol S, Bedran-

Russo A, George A. Biomimetic ECM Incorporated Scaffold

Induces Osteogenic Gene Expression in Human Marrow Stromal

Cells. Tissue Eng.Part A. 2012;18(3-4):295-309.doi: 10.1089/ten.

TEA.0136, 1-40.

49. Huang S, Ingber DE. Cell tension, matrix mechanics, and câncer

development. Cancer cell. Previews. 2005;8(3):175-176.

50. Bershadsky AD, Balaban NQ, Geiger B. Adhesion-dependent cell

mechanosensitivity. Annu Rev Cell Dev Biol. 2003;19:677-695.

doi: 10.1146/annurev.cellbio.19.111301.153011.

51. Discher DE, Janmey P, Wang Y. Tissue cells feel and respond

to the stiffness of their substrate. Science. 2005;310(5751):

1139-1143.

52. Sawada Y, Tamada M, Thaler BJD, et al. Force sensing by

mechanical extension of the src family kinase substrate p130Cas.

Cell. 2006;127(5):1015-1026.

53. Griffith LG, Swartz MA. Capturing complex 3D tissue physiol-

ogy in vitro. Nat Rev Mol Cell Biol. 2006;7(3):211-224.

54. Giannone G, Sheetz MP. Substrate rigidity and force define form

through tyrosine phosphatase and kinase pathways. Trends Cell

Biol. 2006;16(4):213-223.

55. Ingber DE. Cellular mechanotransduction: putting all the pieces

together again. FASEB J. 2006;20(7):811-827.

56. Davis HE, Case EM, Miller SL, Genetos DC, Leach JK. Osteo-

genic response to BMP-2 of hMSCs grown on apatite-coated scaf-

folds. Biotechnol Bioeng. 2011;108(11):2727-2735.

57. Vogel V, Sheetz M. Local force and geometry sensing regulate

cell functions. Nat Rev Mol Cell Biol. 2006;7(4):265-275.

58. Raghavan S, Shen CJ, Desai RA, Sniadecki NJ, Nelson CM, Chen

CS. Decoupling diffusional from dimensional control of signaling

in 3D culture reveals a role for myosin in tubulogenesis. J Cell

Sci. 2010;123(17):2877-2883.

59. Curran JM, Chen R, Hunt JA. The guidance of human mesench-

ymal stem cell differentiation in vitro by controlled modifications

to the cell substrate. Biomaterials. 2006;27(27):4783-4793.

60. Jurgens WJFM, Lu Z, Zandieh-Doulabi B, Kuik DJ, Ritt MJPF,

Helder MN. Hyperosmolarity and hypoxia induce chondrogenesis

of adipose-derived stem cells in a collagen type 2 hydrogel.

J Tissue Eng Regen Med. 2011;6(7):570-578.

61. Takahashi K, Tanabe K, Ohnuki M, et al. Induction of pluripotent

stem cells from adult human fibroblasts by defined factors. Cell.

2007;131(5):861-872.

62. Schmitt B, Ringe J, Haupl T, et al. BMP2 initiates chondrogenic

lineage development of adult human mesenchymal stem cells in

high-density culture. Differentiation. 2003;71:567-577.

63. Davidson D, Blanc A, Filion D, et al. Fibroblast growth factor

(FGF) 18 signals through FGF receptor 3 to promote chondrogen-

esis. J Biol Chem. 2005;280(21):20509-20515.

64. Hwang NS, Varghese S, Puleo C, Zhang Z, Elisseeff J. Morpho-

genetic signals from chondrocytes promote chondrogenic and

osteogenic differentiation of mesenchymal stem cells. J Cell

Physiol. 2007;212(2):281-284.

65. Hanada K, Dennis JE, Caplan AJ. Stimulatory effects of basic

fibroblast growth factor and bone morphogenetic protein-2 on

osteogenic differentiation of rat bone marrow derived mesenchy-

mal stem cells. J Bone Miner Res. 1997;12(10):1606-1614.

66. Zhou S, Turgeman G, Harris SE, et al. Estrogens activate bone

morphogenetic protein-2 gene transcription in mouse mesenchy-

mal stem cells. Mol Endocrinol. 2003;17(1):56-66.

67. Fierro FA, Kalomoiris S, Sondergaard CS, Nolta JA. Effects on

proliferation and differentiation of multipotent bone marrow stro-

mal cells engineered to express growth factors for combined cell

and gene therapy. Stem Cells. 2011;29(11):1727-1737.

68. Gorter DJJ, van Dinther M, Korchynskyi O, ten Dijke P. Biphasic

effects of transforming growth factor b on bone morphogenetic

protein–induced osteoblast differentiation. J Bone Miner Res.

2011;26(6):1178-1187.

69. Janderova L, McNeil M, Murrell AN, Mynatt RL, Smith SR.

Human mesenchymal stem cells as an in vitro model for human

adipogenesis. Obes Res. 2003;11(1):65-74.

70. Neubauer M, Fischbach C, Bauer-Kreisel P, et al. Basic fibroblast

growth factor enhances PPARg ligand-induced adipogenesis of

mesenchymal stem cells. FEBS Lett. 2004;577(1-2):277-283.

71. Kakudo N, Shimotsuma A, Kusumoto K. Fibroblast growth

factor-2 stimulates adipogenic differentiation of human

adipose-derived stem cells. Biochem Bioph Res Co. 2011;

359(2):239-244.

72. van den Bos C, Mosca J, Winkles J, Kerrigan L, Burgess WH,

Marshak DR. Human mesenchymal stem cells respond to fibro-

blast growth factors. Human Cell. 1997;10(1):45-50.

73. MacDonald KK, Cheung CY, Anseth KS. Cellular delivery of

TGFb1 promotes osteoinductive signalling for bone regeneration.

J Tissue Eng Regen Med. 2007;1(4):314-317.

74. Del Carlo RJ, Monteiro BS, Argôlo Neto NM. Células-tronco e
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