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Abstract
Chondrosarcoma is a type of highly malignant tumor with a strong capacity for local invasion as well as distant metastasis. Surgical resection remains the primary mode of therapy for chondrosarcoma. Chondrosarcoma shows a predilection for metastasis to the lungs. This review highlights numerous molecular mechanisms mediating cell motility that have been described in cases of chondrosarcoma patients. Numerous experiments have demonstrated that up-regulation of integrin, matrix metalloproteinases (MMPs), and intercellular adhesion molecule-1 (ICAM)-1 expression lead to increased tumor cell migration and invasion. Data from these experiments suggest that targeting these pathways and molecules may improve the control of chondrosarcoma and decrease the metastasis ratio.
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1. Introduction
Chondrosarcoma is the second most common primary malignant bone tumor after osteosarcoma and is most common in patients aged greater than 20 years 
 ADDIN EN.CITE 
(1)
. It is a malignant bone tumor of chondrogenic origin, typically occurring during the fourth and fifth decades of life 2()
. Chondrosarcomas can be subdivided into the following 4 primary subtypes on the basis of histopathologic findings: conventional, dedifferentiated, clear cell, and mesenchymal 3()
. Local invasiveness and metastatic potential primarily depend on tumor grade and are the primary predictor of clinical outcome 4()
. Most diagnosed tumors (>90%) are of the conventional subtype, with approximately 90% of these tumors showing low-to-intermediate grade (grades 1 and 2) pathology.
Chondrosarcomas primarily develop in the skull base in cartilaginous rests within the synchondroses of the basilar skull bones 5


( ADDIN EN.CITE )
. These tumors are most commonly observed in the petrous portion of the temporal bone as well as in areas of the petro-occipital, spheno-occipital, and spheno-petrosal synchondroses. The location of these tumors highlights the differences in bone development between the cranial vault and skull base. Bones of the cranial vault primarily develop by intermembranous ossification, whereas the skull base develops by endochondral ossification and contains the remaining chondrocytes, even in the mature skull 6


( ADDIN EN.CITE )
. Chondrosarcomas account for 6% of skull base tumors but for only 0.15% of all intracranial tumors. In most cases, chondrosarcomas are characterized by low- and intermediate-grade conventional-type lesions with indolent growth and low metastatic potential. Only 12% of all skull base chondrosarcomas show mesenchymal type histopathology, which is associated with a higher grade and worse clinical prognosis 7()
. Compared to chondrosarcomas with conventional histopathological characteristics, those with mesenchymal characteristics are associated with a nearly 10-fold increase in 5-year mortality.

Chondrosarcoma is relatively resistant to radiotherapy and chemotherapeutic regimens 
 ADDIN EN.CITE 
(8, 9)
. Surgical resection, therefore, is the primary treatment, with the average 5-year survival rate being 50% 
 ADDIN EN.CITE 
(8, 10)
. Since chondrosarcoma is a type of highly malignant tumor with a strong capacity of local invasion and distant metastasis 
 ADDIN EN.CITE 
(11, 12)
, an approach in which the ability of the tumor to invade and metastasize is decreased may facilitate the development of effective adjuvant therapy. Numerous studies have investigated the signaling pathways involved in chondrosarcoma growth and invasion. In this paper, we summarize the molecular mechanisms involved in chondrosarcoma metastasis. 
2. Metastasis of chondrosarcoma
Carcinomas metastasize following the completion of a complex succession of cell-biological events, collectively termed the invasion–metastasis cascade, whereby epithelial cells in primary tumors (I) invade locally through the surrounding extracellular matrix (ECM) and stromal cell layers, (II) intravasate into the lumina of blood vessels, (III) survive transport through the vasculature, (IV) arrest at distant organ sites, (V) extravasate into the parenchyma of distant tissues, (VI) initially survive in these foreign microenvironments for micrometastases, and (VII) reinitiate their proliferative programs at these metastatic sites 13()
. Many of these complex cell-biological events are orchestrated by molecular pathways operating within carcinoma cells. Importantly, nonautonomous cell interactions between carcinoma cells and non-neoplastic stromal cells also play vital roles throughout the invasion–metastasis cascade. Deregulation
 of these intrinsic and extrinsic signaling cascades allows incipient metastatic carcinoma cells to cause high-grade, life-threatening malignancies 13()
.
Chondrosarcoma is a highly malignant tumor with a potent capacity to cause local invasion and distant metastasis. Chondrosarcoma preferentially metastasizes in the lungs 14()
. Recurrence typically occurs as pulmonary metastases or, less frequently, metastases to distant bones or as a local recurrence. Initial steps in the development of pulmonary metastases are similar to those of metastases to any other site. Primary tumor cells invade the surrounding normal tissue by producing proteolytic enzymes which traverse the walls of small blood vessels in normal tissue or by enzymes induced by the tumor and enter circulation 15()
. They 
then travel to distant organ sites. These events have been described as inefficient because many cancer cells do not survive the action of normal protective host-surveillance mechanisms during these initial stages 
 ADDIN EN.CITE 
(16, 17)
. Surviving cancer cells can enter the lung and cause pulmonary metastases. Cancer cells must possess specific properties for this to occur, including the capacity to migrate to the lung and generate their own blood supply (Fig. 1). Each of these steps involves important molecular interactions between the tumor cells and the normal host cells, and each is a potential target for the development of drugs designed to abrogate the metastatic process. This review highlights numerous molecular mechanisms mediating cell motility that have been described for human chondrosarcoma. Numerous experiments have demonstrated that up-regulation of integrin, matrix metalloproteinases (MMPs), intercellular adhesion molecule-1 (ICAM)-1, and cyclooxygenases-2 (COX)-2 expressions lead to increased tumor cell migration and invasion.
2.1 Integrin and metastasis of chondrosarcoma
Integrins are transmembrane receptors that connect cells with their surrounding environments. This superfamily of cell adhesion receptors recognizes and primarily binds ligands of the ECM, including fibronectin, laminin, collagen, and vitronectin 18()
. Because integrins are the primary receptors for cellular adhesion to ECM molecules, they act as crucial transducers for bidirectional cell signaling, regulating cell survival, differentiation, proliferation, migration, and tissue remodeling 19()
. Generally, α and β subunits noncovalently bind to form an αβ heterodimer, and the 2 subunits are involved in ligand recognition. The ligand binding head present in the extracellular domain is connected by 2 arms, each of which is linked to the intracellular domain of integrin through a single transmembrane helix. All α and β subunits consist of numerous extracellular domains. The α subunits of most integrins possess a domain of approximately 200 amino acids known as an inserted (I) domain or a von Willebrand factor A domain 
 ADDIN EN.CITE 
(20)
. The cytoplasmic tails of human integrins typically contain <75 amino acids. However, the β4 tail contains > 100 amino acids. Commonly, the length of the extracellular portion is ≤ 788 amino acids for β subunits and 1,104 amino acids for α subunits 
 ADDIN EN.CITE 
(20)
. In humans, integrins consist of 18 α and 8 β subunits that covalently attach to form 24 unique αβ transmembrane heterodimers depending upon cell type and cellular functions 21()
. Following ligand binding, integrin clustering occurs due to conformational changes, activating a signaling cascade and recruiting multiprotein complexes to focal adhesions.
Progression of several diseases is also related to modulation of integrin function and abnormal integrin expression, including deleterious embryonic development, autoimmune diseases, cardiovascular diseases, and cancer 21()
. Several studies have revealed that integrin signaling is altered in cancer cells to facilitate cancer progression by mediating metastasis, tumor invasiveness, tumor-induced angiogenesis, lymphangiogenesis, desmoplasia, and inflammation 
 ADDIN EN.CITE 
(22)
. Integrins provide an appropriate tumor microenvironment during tumorigenesis via crosstalk with growth factor receptors and oncogenes. Modification in the epigenetic regulation of integrin and integrin-linked kinase gene expression is directly related to carcinogenesis and cancer stem cell formation 
 ADDIN EN.CITE 
(22)
. Activation and elevated expression of integrin-coupled signaling effectors have been implicated in a wide variety of human cancers, including those of the breast, colon, prostate, and ovaries 
 ADDIN EN.CITE 
(22)
. Additionally, integrin has also been implicated in metastasis of lung, breast, bladder, and colon cancers 
 ADDIN EN.CITE 
(23-25)
. 

Integrins 2, 5, v, 1, and 3 are highly expressed in chondrocytes and have been the focus of multiple functional studies examining the effect of integrin up-regulation in chondrosarcoma cell migration 
 ADDIN EN.CITE 
(26-31)
. Most data were acquired using a Transwell assay and wound healing assay to examine migration and invasion activity of chondrosarcoma cells (JJ012 and SW1353 cell lines). Integrin αvβ3 expression is thought to be regulated by activation of transforming growth factor- (TGF-), stromal cell-derived factor-1 (SDF-1), leptin, glial cell-derived neurotropic factor (GDNF), tumor necrosis factor- (TNF)-, and interleukin-8 (IL)-8 
 ADDIN EN.CITE 
(26-31)
 (Table 1). Stimulation of cells with these factors induced cell migration and αvβ3 integrin expression in human chondrosarcoma cell lines. Pretreatment of cells with αvβ3 antibody or inhibitor (RGD) reduced cell motility of human chondrosarcoma cells. Additionally, transfection of cells with v or 3 integrin siRNA also reduced cell migration of human chondrosarcoma cells. However, αvβ3 integrin can be a functional receptor and can induce expression of cysteine-rich protein 61 (Cyr61), connective tissue growth factor (CTGF), and osteopontin, and nephroblastoma overexpressed (NOV)-mediated cell migration and invasion 
 ADDIN EN.CITE 
(32-35)
. Therefore, inside-out and outside-in integrin signaling are involved in the metastasis of chondrosarcoma. Additionally, integrin 21 is a key factor in the regulation of migratory activity of chondrosarcoma cells. Previous results showed that 21 integrin is involved in cyclooxygenase-2 (COX-2)-, bradykinin-, and adiponectin-mediated cell migration of chondrosarcoma cells 
 ADDIN EN.CITE 
(36-38)
 (Table 1). Stimulation of cells with these factors increased cell surface and protein levels of 21 integrin in human chondrosarcoma cells. Cell migratory rates were reduced to control levels by addition of a monoclonal antibody against integrin α2β1. Furthermore, 51 integrin mediated insulin-like growth factor-I (IGF)-I cell motility of chondrosarcoma cells 39


( ADDIN EN.CITE )
 (Table 1). Therefore, αvβ3, α2β1, and α5β1 are major integrin components in chondrosarcoma metastasis. 
2.2 MMPs and metastasis of chondrosarcoma

MMPs, or matrixins, are a subfamily of metalloproteases consisting of 23 distinct proteases in humans. The first MMP was identified in 1962 as the protease responsible for degradation of fibrillar collagen in tadpole tails during metamorphosis and was thus termed interstitial collagenase 40()
. After identification of a similar collagenase in human skin, this protease was renamed MMP-1. MMPs have since been identified as the major enzymes responsible for turnover of the extracellular matrix by proteolytic degradation of virtually all proteinaceous ECM components 
 ADDIN EN.CITE 
(41)
. MMPs are primarily excreted proteins with several conserved domains. All MMPs contain a catalytic domain that is shielded by the prodomain in the inactive form of the enzyme. This propeptide interacts with the catalytic region through a conserved cysteine residue and a Zn2+ ion in the catalytic pocket. Except for MMP-7, MMP-23, and MMP-26, all MMPs contain a C-terminal hemopexin-like domain that functions primarily as a substrate recognition sequence 42()
. Although MMPs retain catalytic activity toward a wide range of substrates when this domain is absent, the hemopexin domain, which has a 4-blade propeller structure with each blade consisting of 4 antiparallel β-sheets and 1 α-helix, is necessary for the degradation of triple-helical collagens 43()
. Gelatinases (MMP-2 and -9) contain a series of 3 fibronectin type II inserts in the catalytic domain, which facilitate binding of gelatine and collagen 43()
.
MMP function is regulated at several levels. First, induction of gene expression is controlled by a number growth factors and cytokines and may be suppressed by transforming growth factor β and glucocorticoids. Recent studies indicate an important modulatory role for epigenetic processes in MMP expression 
 ADDIN EN.CITE 
(44)
. In addition to regulation by soluble factors, MMP expression may also be regulated by cell–cell contact or interaction of cells with ECM components such as extracellular matrix metalloprotease inducer or CD147 (EMMPRIN). Expressed MMPs are largely excreted as inactive proenzymes, with the propeptide effectively limiting substrate entrance into and catalysis in the catalytic pocket by blocking the catalytic zinc (II) ion via a cysteine switch mechanism. Activation of proMMPs can occur through several mechanisms, all of which lead to disruption of the cysteine switch. The most important mechanism may be proteolytic removal of the prodomain by other endopeptidases such as furin 
 ADDIN EN.CITE 
(45)
. Removal of the prodomain of MMPs, which contains a furin-like proprotein convertase recognition site, has been described for 9 MMPs, including all membrane-type MMPs. Alternatively, the prodomain can be proteolytically removed by plasmin and other serine proteases or even other MMPs. This mechanism is well-described for MMP-2 for which proMMP-2 binds the endogenous MMP inhibitor tissue inhibitor of metalloproteases 2 (TIMP-2). This complex in turn functions as a ligand for membrane-bound MMP-14 (or membrane-type 1 MMP), leading to activation of MMP-2 
 ADDIN EN.CITE 
(45)
.
MMPs play essential roles in many processes, including cell proliferation, differentiation, apoptosis, and migration through the degradation of both matrix and non-matrix substrates 
 ADDIN EN.CITE 
(46-48)
. These processing enzymes exhibit clear links to cancer and tumor progression, during which proteolysis of the ECM is required to accommodate the increased growth, migration, and invasion of tumor cells. Expression of MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13 has been demonstrated in human chondrosarcoma cells 
 ADDIN EN.CITE 
(49)
. MMP-1 is particularly important in chondrosarcoma as it is up-regulated in locally invasive tumors and is responsible for degradation of collagen in cartilaginous tissue. Transfection of cells with MMP-1 siRNA reduced chondrosarcoma cell motility 50()
. In contrast, thrombin and Wnt-induced secreted protein-1 (WISP-1) induced cell migration through up-regulation of MMP-2 
 ADDIN EN.CITE 
(51, 52)
. Stimulation of cells with thrombin and WISP-1 increased MMP-2 enzyme and protein expression. Additionally, an MMP-2 siRNA and inhibitor also reduced the motility of chondrosarcoma cells. MMP-3 is secreted as an inactive soluble pro-form, which can be activated by a variety of proteases 
 ADDIN EN.CITE 
(49)
 (Table 2). Tang et al. demonstrated that the C-C motif ligand 5 (CCL5) enhances MMP-3 expression and cell migration 
 ADDIN EN.CITE 
(53)
. MMP-3 inhibitor or siRNA blocked CCL5-mediated cell migration and invasion. In contrast, MMP-9 up-regulation is involved in osteopontin-mediated cell motility 
 ADDIN EN.CITE 
(34)
 (Table 2). The most effective MMP for the degradation of type II collagen is MMP-13. This MMP is thought to participate actively in situations in which rapid and effective remodeling of collagenous ECM is required 
 ADDIN EN.CITE 
(49)
. Previously studies have shown that MMP-13 is involved migration of human chondrosarcoma cells induced by bone morphogenetic protein-2 (BMP-2), Cyr61, CTGF, NOV, and IL-6 expression 
 ADDIN EN.CITE 
(32, 33, 35, 54, 55)
 (Table 2). Therefore, MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13 are major MMPs contributing to the metastasis of chondrosarcoma cells.
2.3 Intercellular adhesion molecule-1 and metastasis of chondrosarcoma

Intercellular adhesion molecule-1 (ICAM-1, also referred to as CD54), a member of the immunoglobulin supergene family, is an inducible surface glycoprotein primarily expressed in leukocytes, endothelial cells, and fibroblasts that mediates adhesion-dependent, cell–cell interactions 
 ADDIN EN.CITE 
(56, 57)
. ICAM-1 possesses 5 extracellular Ig-like domains, a transmembrane segment, and a short cytoplasmic tail. Human ICAM-1 has 5 extracellular Ig-like domains. Each of these domains presents differences in ligand specificity; for example, lymphocyte function–associated antigen-1 (LFA-1) antigen shows a binding preference for the first Ig domain, whereas Mac-1 binds to the third domain of the extracellular region of the molecule. The first Ig domain also harbors the binding site for major group human rhinoviruses (HRV) and Plasmodium falciparum–infected erythrocytes 
 ADDIN EN.CITE 
(56, 57)
. The extracellular domain of ICAM-1 is essential for transendothelial migration of leukocytes from the capillary bed into the tissue 58()
, and ICAM-1 may facilitate movement (or retention) of cells through the extracellular matrix 58()
.
The variable binding ability of ICAM-1 is directly related to the multifunctional physiological and biological roles of this molecule. Participation of ICAM-1 in inflammatory processes and in migration of activated leukocytes in inflammatory foci, which was first studied in the skin, is well-established 59()
. This is a complex process mediated by several adhesive molecules expressed both on the leukocyte and on endothelial membrane. ICAM-1 is also a potent costimulatory molecule in T-cell mediated cytotoxicity; the contribution of this adhesive molecule to the host immune response led to the hypothesis that inhibition of ICAM-1 expression may be correlated to cancer, since cancer is in fact a cascade of reactions closely connected to the loss of normal immune surveillance. Conformational changes in ICAM-1 or significant alterations in the concentration of its soluble form has been positively related to breast cancer, hematologic malignancies, gastrointestinal cancer, and melanoma 59()
. ICAM-1 plays an important role in lung cancer cell invasion 
 ADDIN EN.CITE 
(60)
. ICAM-1 antibody or antisense ICAM-1 cDNA has also been reported to rescue the invasiveness 
of breast cancer cells 61()
. ICAM-1 regulates the motility of human chondrosarcoma cells 62()
. Additionally, protein levels of ICAM-1 in human chondrosarcoma patients were significantly higher than those in normal patients. Treatment of chondrosarcoma with CCN6 was shown to induce ICAM-1 mRNA and protein expression. In addition, pretreatment of cells with ICAM-1 Ab or transfection of cells with ICAM-1 siRNA reduced CCN6-induced cell migration 62()
. Therefore, ICAM-1 also plays an important role in the motility of chondrosarcoma cells.
2.3 COX-2 and metastasis of chondrosarcoma

COXs are rate-limiting enzymes that catalyze the conversion of arachidonic acid to prostaglandins (PGs). Two COX isoforms with distinct tissue distributions and physiological functions have been identified 
 ADDIN EN.CITE 
(63)
. COX-1 is constitutively expressed in many tissues and is important in the control of homeostasis 64()
. Conversely, COX-2 is an inducible enzyme that is activated by extracellular stimuli such as growth factors and pro-inflammatory cytokines 65()
. Recent investigations indicate that overexpression of COX-2 is frequently observed in many types of cancer, including colon, lung, breast, pancreas, head, and neck cancers 
 ADDIN EN.CITE 
(66-68)
, and is typically associated with poor prognosis and short survival time. Four PGE receptor subtypes have been identified (EP1–EP4), and their effects on human cancer cells have been analyzed 
 ADDIN EN.CITE 
(69)
. Studies have shown that EP1 is coupled to Ca2+ mobilization; EP2 and EP4 activate adenylate cyclase, whereas EP3 inhibits adenylate cyclase 
 ADDIN EN.CITE 
(69, 70)
. Furthermore, these studies indicated that cancer cells express multiple subtypes of the PGE receptor and that each subtype may be linked to different actions of PGE2. Lu et al. reported that overexpression of COX-2 or exogenous PGE2 increased migration of human chondrosarcoma cells 
 ADDIN EN.CITE 
(36)
. Additionally, human chondrosarcoma tissues and chondrosarcoma cell lines significantly expressed COX-2 at levels higher than those in normal cartilage. Using pharmacological inhibitors, activators, or genetic inhibition of EP receptors, Lu et al. found that the EP1 receptor, not other PGE receptors, is involved in PGE2-mediated cell migration 
 ADDIN EN.CITE 
(36)
. Therefore, the COX-2/PEG2/EP1 axis plays an important role in the metastasis of chondrosarcoma cells.
3. Discussion

Unlike in cases of mesenchymal malignancies, such as osteosarcoma and Ewing’s sarcoma, in which dramatic increases in long-term survival have been reported with the advent of systemic chemotherapy, cases of chondrosarcoma continue to show poor prognosis because of the absence of effective adjuvant therapy 
 ADDIN EN.CITE 
(71)
. The metastatic potential of conventional chondrosarcomas correlates well with the histologic grade of the tumor. However, because of the relatively indolent growth rates of many low- and moderate-grade chondrosarcomas, ~15% of patients die of metastatic disease more than 5 years after the initial diagnosis 
 ADDIN EN.CITE 
(71)
. Therefore, it is important to develop an effective adjuvant therapy for preventing chondrosarcoma metastasis. In this paper, we summarized recent studies in which the metastasis of chondrosarcoma was examined. Identification of signaling pathways will increase the understanding of mechanisms of human chondrosarcoma metastasis, which may lead to the development of an effective therapy.
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Figure legends

Fig. 1 Metastasis of chondrosarcoma
Primary chondrosarcoma promotes new blood-vessel formation. These blood vessels carry cancer cells to capillary beds in the lungs. Aggregates of tumor cells and other blood cells eventually form embolisms in distant lung capillaries. These cancer cells can then adhere to vascular endothelial cells to escape the blood vessels. As they enter the lung, these cells are exposed to factors in the microenvironment that support metastases.

References

1.
Lee FY, Mankin HJ, Fondren G, Gebhardt MC, Springfield DS, Rosenberg AE, et al. Chondrosarcoma of bone: an assessment of outcome. J Bone Joint Surg Am. 1999 Mar;81(3):326-38.

2.
Daugaard S, Myhre-Jensen O, Schiodt T, Jurik AG, Keller J, Mouridsen HT, et al. Clinical and histopathological prognostic factors in chondrosarcomas. Sarcoma. 1997;1(1):47-54.

3.
Sandberg AA. Genetics of chondrosarcoma and related tumors. Curr Opin Oncol. [Review]. 2004 Jul;16(4):342-54.

4.
Dorfman HD, Czerniak B. Bone cancers. Cancer. 1995 Jan 1;75(1 Suppl):203-10.

5.
Korten AG, ter Berg HJ, Spincemaille GH, van der Laan RT, Van de Wel AM. Intracranial chondrosarcoma: review of the literature and report of 15 cases. J Neurol Neurosurg Psychiatry. [Review]. 1998 Jul;65(1):88-92.

6.
Watters GW, Brookes GB. Chondrosarcoma of the temporal bone. Clin Otolaryngol Allied Sci. [Case Reports

Comparative Study]. 1995 Feb;20(1):53-8.

7.
Bloch OG, Jian BJ, Yang I, Han SJ, Aranda D, Ahn BJ, et al. Cranial chondrosarcoma and recurrence. Skull Base. 2010 May;20(3):149-56.

8.
Rizzo M, Ghert MA, Harrelson JM, Scully SP. Chondrosarcoma of bone: analysis of 108 cases and evaluation for predictors of outcome. Clin Orthop Relat Res. [Research Support, Non-U.S. Govt]. 2001 Oct(391):224-33.

9.
Pramesh CS, Deshpande MS, Pardiwala DN, Agarwal MG, Puri A. Core needle biopsy for bone tumours. Eur J Surg Oncol. [Clinical Trial]. 2001 Nov;27(7):668-71.

10.
York JE, Berk RH, Fuller GN, Rao JS, Abi-Said D, Wildrick DM, et al. Chondrosarcoma of the spine: 1954 to 1997. J Neurosurg. 1999 Jan;90(1 Suppl):73-8.

11.
Yuan J, Dutton CM, Scully SP. RNAi mediated MMP-1 silencing inhibits human chondrosarcoma invasion. J Orthop Res. 2005 Nov;23(6):1467-74.

12.
Fong YC, Yang WH, Hsu SF, Hsu HC, Tseng KF, Hsu CJ, et al. 2-methoxyestradiol induces apoptosis and cell cycle arrest in human chondrosarcoma cells. Journal of orthopaedic research : official publication of the Orthopaedic Research Society. [Research Support, Non-U.S. Govt]. 2007 Aug;25(8):1106-14.

13.
Valastyan S, Weinberg RA. Tumor metastasis: molecular insights and evolving paradigms. Cell. [Research Support, N.I.H., Extramural 
Research Support, Non-U.S. Govt 
Research Support, U.S. Govt, Non-P.H.S. 
Review]. 2011 Oct 14;147(2):275-92.

14.
Bloch O, Sughrue ME, Mills SA, Parsa AT. Signaling pathways in cranial chondrosarcoma: potential molecular targets for directed chemotherapy. J Clin Neurosci. [Review]. 2011 Jul;18(7):881-5.

15.
Liotta LA, Kohn EC. The microenvironment of the tumour-host interface. Nature. [Review]. 2001 May 17;411(6835):375-9.

16.
Liotta LA, Kohn E. Cancer invasion and metastases. Jama. [Case Reports

Review]. 1990 Feb 23;263(8):1123-6.

17.
Zetter BR. The cellular basis of site-specific tumor metastasis. N Engl J Med. [Review]. 1990 Mar 1;322(9):605-12.

18.
Humphries MJ. Integrin structure. Biochem Soc Trans. 2000;28(4):311-39.

19.
Stupack DG. The biology of integrins. Oncology (Williston Park). 2007 Aug;21(9 Suppl 3):6-12.

20.
Luo BH, Carman CV, Springer TA. Structural basis of integrin regulation and signaling. Annu Rev Immunol. [Research Support, N.I.H., Extramural 
Research Support, Non-U.S. Govt 
Review]. 2007;25:619-47.

21.
Hynes RO. Integrins: bidirectional, allosteric signaling machines. Cell. [Research Support, Non-U.S. Govt 
Research Support, U.S. Govt, P.H.S. 
Review]. 2002 Sep 20;110(6):673-87.

22.
White DE, Kurpios NA, Zuo D, Hassell JA, Blaess S, Mueller U, et al. Targeted disruption of beta1-integrin in a transgenic mouse model of human breast cancer reveals an essential role in mammary tumor induction. Cancer Cell. [Research Support, Non-U.S. Govt 
Research Support, U.S. Govt, Non-P.H.S. 
Research Support, U.S. Govt, P.H.S.]. 2004 Aug;6(2):159-70.

23.
Heyder C, Gloria-Maercker E, Hatzmann W, Niggemann B, Zanker KS, Dittmar T. Role of the beta1-integrin subunit in the adhesion, extravasation and migration of T24 human bladder carcinoma cells. Clin Exp Metastasis. 2005;22(2):99-106.

24.
Seales EC, Jurado GA, Brunson BA, Wakefield JK, Frost AR, Bellis SL. Hypersialylation of beta1 integrins, observed in colon adenocarcinoma, may contribute to cancer progression by up-regulating cell motility. Cancer Res. 2005 Jun 1;65(11):4645-52.

25.
Takenaka K, Shibuya M, Takeda Y, Hibino S, Gemma A, Ono Y, et al. Altered expression and function of beta1 integrins in a highly metastatic human lung adenocarcinoma cell line. Int J Oncol. 2000 Dec;17(6):1187-94.

26.
Yeh YY, Chiao CC, Kuo WY, Hsiao YC, Chen YJ, Wei YY, et al. TGF-beta1 increases motility and alphavbeta3 integrin up-regulation via PI3K, Akt and NF-kappaB-dependent pathway in human chondrosarcoma cells. Biochem Pharmacol. [Research Support, Non-U.S. Govt]. 2008 Mar 15;75(6):1292-301.

27.
Lai TH, Fong YC, Fu WM, Yang RS, Tang CH. Stromal cell-derived factor-1 increase alphavbeta3 integrin expression and invasion in human chondrosarcoma cells. Journal of cellular physiology. [Research Support, Non-U.S. Govt]. 2009 Feb;218(2):334-42.

28.
Yang SN, Chen HT, Tsou HK, Huang CY, Yang WH, Su CM, et al. Leptin enhances cell migration in human chondrosarcoma cells through OBRl leptin receptor. Carcinogenesis. [Research Support, Non-U.S. Govt]. 2009 Apr;30(4):566-74.

29.
Su CM, Lu DY, Hsu CJ, Chen HT, Huang CY, Yang WH, et al. Glial cell-derived neurotrophic factor increases migration of human chondrosarcoma cells via ERK and NF-kappaB pathways. Journal of cellular physiology. [Research Support, Non-U.S. Govt]. 2009 Aug;220(2):499-507.

30.
Hou CH, Yang RS, Hou SM, Tang CH. TNF-alpha increases alphavbeta3 integrin expression and migration in human chondrosarcoma cells. Journal of cellular physiology. [Research Support, Non-U.S. Govt]. 2011 Mar;226(3):792-9.

31.
Lee CY, Huang CY, Chen MY, Lin CY, Hsu HC, Tang CH. IL-8 increases integrin expression and cell motility in human chondrosarcoma cells. J Cell Biochem. [Research Support, Non-U.S. Govt]. 2011 Sep;112(9):2549-57.

32.
Tan TW, Yang WH, Lin YT, Hsu SF, Li TM, Kao ST, et al. Cyr61 increases migration and MMP-13 expression via alphavbeta3 integrin, FAK, ERK and AP-1-dependent pathway in human chondrosarcoma cells. Carcinogenesis. [Research Support, Non-U.S. Govt]. 2009 Feb;30(2):258-68.

33.
Tan TW, Lai CH, Huang CY, Yang WH, Chen HT, Hsu HC, et al. CTGF enhances migration and MMP-13 up-regulation via alphavbeta3 integrin, FAK, ERK, and NF-kappaB-dependent pathway in human chondrosarcoma cells. J Cell Biochem. [Research Support, Non-U.S. Govt]. 2009 May 15;107(2):345-56.

34.
Chen YJ, Wei YY, Chen HT, Fong YC, Hsu CJ, Tsai CH, et al. Osteopontin increases migration and MMP-9 up-regulation via alphavbeta3 integrin, FAK, ERK, and NF-kappaB-dependent pathway in human chondrosarcoma cells. Journal of cellular physiology. [Research Support, Non-U.S. Govt]. 2009 Oct;221(1):98-108.

35.
Tzeng HE, Chen JC, Tsai CH, Kuo CC, Hsu HC, Hwang WL, et al. CCN3 increases cell motility and MMP-13 expression in human chondrosarcoma through integrin-dependent pathway. Journal of cellular physiology. [Research Support, Non-U.S. Govt]. 2011 Dec;226(12):3181-9.

36.
Liu JF, Fong YC, Chang CS, Huang CY, Chen HT, Yang WH, et al. Cyclooxygenase-2 enhances alpha2beta1 integrin expression and cell migration via EP1 dependent signaling pathway in human chondrosarcoma cells. Mol Cancer. [Research Support, Non-U.S. Govt]. 2010;9:43.

37.
Yang WH, Chang JT, Hsu SF, Li TM, Cho DY, Huang CY, et al. Bradykinin enhances cell migration in human chondrosarcoma cells through BK receptor signaling pathways. J Cell Biochem. [Research Support, Non-U.S. Govt]. 2010 Jan 1;109(1):82-92.

38.
Chiu YC, Shieh DC, Tong KM, Chen CP, Huang KC, Chen PC, et al. Involvement of AdipoR receptor in adiponectin-induced motility and alpha2beta1 integrin upregulation in human chondrosarcoma cells. Carcinogenesis. [Research Support, Non-U.S. Govt]. 2009 Oct;30(10):1651-9.

39.
Wu CM, Li TM, Hsu SF, Su YC, Kao ST, Fong YC, et al. IGF-I enhances alpha5beta1 integrin expression and cell motility in human chondrosarcoma cells. Journal of cellular physiology. [Research Support, Non-U.S. Govt]. 2011 Dec;226(12):3270-7.

40.
Gross J, Lapiere CM. Collagenolytic activity in amphibian tissues: a tissue culture assay. Proc Natl Acad Sci U S A. 1962 Jun 15;48:1014-22.

41.
Woessner JF, Jr. Matrix metalloproteinases and their inhibitors in connective tissue remodeling. Faseb J. [Research Support, Non-U.S. Govt 
Research Support, U.S. Govt, P.H.S. 
Review]. 1991 May;5(8):2145-54.

42.
Murphy G, Knauper V. Relating matrix metalloproteinase structure to function: why the "hemopexin" domain? Matrix Biol. [Research Support, Non-U.S. Govt 
Review]. 1997 Mar;15(8-9):511-8.

43.
Bode W, Fernandez-Catalan C, Tschesche H, Grams F, Nagase H, Maskos K. Structural properties of matrix metalloproteinases. Cell Mol Life Sci. [Research Support, Non-U.S. Govt 
Review]. 1999 Apr;55(4):639-52.

44.
Chernov AV, Sounni NE, Remacle AG, Strongin AY. Epigenetic control of the invasion-promoting MT1-MMP/MMP-2/TIMP-2 axis in cancer cells. J Biol Chem. [Research Support, N.I.H., Extramural 
Research Support, Non-U.S. Govt]. 2009 May 8;284(19):12727-34.

45.
Pei D, Weiss SJ. Furin-dependent intracellular activation of the human stromelysin-3 zymogen. Nature. [Research Support, Non-U.S. Govt 
Research Support, U.S. Govt, Non-P.H.S. 
Research Support, U.S. Govt, P.H.S.]. 1995 May 18;375(6528):244-7.

46.
Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer progression. Nat Rev Cancer. 2002 Mar;2(3):161-74.

47.
Kerkela E, Saarialho-Kere U. Matrix metalloproteinases in tumor progression: focus on basal and squamous cell skin cancer. Exp Dermatol. 2003 Apr;12(2):109-25.

48.
Tsai YY, Chiang CC, Yeh KT, Lee H, Cheng YW. Effect of TIMP-1 and MMP in pterygium invasion. Invest Ophthalmol Vis Sci. [Research Support, Non-U.S. Govt]. 2010 Jul;51(7):3462-7.

49.
Soderstrom M, Aro HT, Ahonen M, Johansson N, Aho A, Ekfors T, et al. Expression of matrix metalloproteinases and tissue inhibitors of metalloproteinases in human chondrosarcomas. Apmis. [Research Support, Non-U.S. Govt]. 2001 Apr;109(4):305-15.

50.
Jiang X, Dutton CM, Qi WN, Block JA, Garamszegi N, Scully SP. siRNA mediated inhibition of MMP-1 reduces invasive potential of a human chondrosarcoma cell line. Journal of cellular physiology. [Research Support, Non-U.S. Govt

Research Support, U.S. Govt, P.H.S.]. 2005 Mar;202(3):723-30.

51.
Chen HT, Tsou HK, Tsai CH, Kuo CC, Chiang YK, Chang CH, et al. Thrombin enhanced migration and MMPs expression of human chondrosarcoma cells involves PAR receptor signaling pathway. Journal of cellular physiology. [Research Support, Non-U.S. Govt]. 2010 Jun;223(3):737-45.

52.
Hou CH, Chiang YC, Fong YC, Tang CH. WISP-1 increases MMP-2 expression and cell motility in human chondrosarcoma cells. Biochem Pharmacol. [Research Support, Non-U.S. Govt]. 2011 Jun 1;81(11):1286-95.

53.
Tang CH, Yamamoto A, Lin YT, Fong YC, Tan TW. Involvement of matrix metalloproteinase-3 in CCL5/CCR5 pathway of chondrosarcomas metastasis. Biochem Pharmacol. [Research Support, Non-U.S. Govt]. 2010 Jan 15;79(2):209-17.

54.
Hou CH, Hsiao YC, Fong YC, Tang CH. Bone morphogenetic protein-2 enhances the motility of chondrosarcoma cells via activation of matrix metalloproteinase-13. Bone. 2009 Feb;44(2):233-42.

55.
Tang CH, Chen CF, Chen WM, Fong YC. IL-6 increases MMP-13 expression and motility in human chondrosarcoma cells. J Biol Chem. [Research Support, Non-U.S. Govt]. 2011 Apr 1;286(13):11056-66.

56.
Lawson C, Wolf S. ICAM-1 signaling in endothelial cells. Pharmacol Rep. 2009 Jan-Feb;61(1):22-32.

57.
Zimmerman T, Blanco FJ. Inhibitors targeting the LFA-1/ICAM-1 cell-adhesion interaction: design and mechanism of action. Curr Pharm Des. 2008;14(22):2128-39.

58.
Duperray A, Languino LR, Plescia J, McDowall A, Hogg N, Craig AG, et al. Molecular identification of a novel fibrinogen binding site on the first domain of ICAM-1 regulating leukocyte-endothelium bridging. J Biol Chem. 1997 Jan 3;272(1):435-41.

59.
Georgolios A, Batistatou A, Bonitsis N, Stagikas D, Manolopoulos L, Charalabopoulos K. The role of intercellular adhesion molecule-1 in head and neck cancer. Exp Oncol. [Review]. 2006 Dec;28(4):270-4.

60.
Huang WC, Chan ST, Yang TL, Tzeng CC, Chen CC. Inhibition of ICAM-1 gene expression, monocyte adhesion and cancer cell invasion by targeting IKK complex: molecular and functional study of novel alpha-methylene-gamma-butyrolactone derivatives. Carcinogenesis. 2004 Oct;25(10):1925-34.

61.
Rosette C, Roth RB, Oeth P, Braun A, Kammerer S, Ekblom J, et al. Role of ICAM1 in invasion of human breast cancer cells. Carcinogenesis. 2005 May;26(5):943-50.

62.
Fong YC, Lin CY, Su YC, Chen WC, Tsai FJ, Tsai CH, et al. CCN6 enhances ICAM-1 expression and cell motility in human chondrosarcoma cells. Journal of cellular physiology. 2012 Jan;227(1):223-32.

63.
Warner TD, Mitchell JA. Cyclooxygenases: new forms, new inhibitors, and lessons from the clinic. Faseb J. [Research Support, Non-U.S. Govt 
Review]. 2004 May;18(7):790-804.

64.
Morita I. Distinct functions of COX-1 and COX-2. Prostaglandins Other Lipid Mediat. [Review]. 2002 Aug;68-69:165-75.

65.
Turini ME, DuBois RN. Cyclooxygenase-2: a therapeutic target. Annu Rev Med. [Review]. 2002;53:35-57.

66.
Sano H, Kawahito Y, Wilder RL, Hashiramoto A, Mukai S, Asai K, et al. Expression of cyclooxygenase-1 and -2 in human colorectal cancer. Cancer Res. [Research Support, Non-U.S. Govt 
Research Support, U.S. Govt, P.H.S.]. 1995 Sep 1;55(17):3785-9.

67.
Hida T, Yatabe Y, Achiwa H, Muramatsu H, Kozaki K, Nakamura S, et al. Increased expression of cyclooxygenase 2 occurs frequently in human lung cancers, specifically in adenocarcinomas. Cancer Res. [Research Support, Non-U.S. Govt]. 1998 Sep 1;58(17):3761-4.

68.
Hwang D, Scollard D, Byrne J, Levine E. Expression of cyclooxygenase-1 and cyclooxygenase-2 in human breast cancer. J Natl Cancer Inst. [Research Support, U.S. Govt, Non-P.H.S. 
Research Support, U.S. Govt, P.H.S.]. 1998 Mar 18;90(6):455-60.

69.
Suzawa T, Miyaura C, Inada M, Maruyama T, Sugimoto Y, Ushikubi F, et al. The role of prostaglandin E receptor subtypes (EP1, EP2, EP3, and EP4) in bone resorption: an analysis using specific agonists for the respective EPs. Endocrinology. 2000 Apr;141(4):1554-9.

70.
Watabe A, Sugimoto Y, Honda A, Irie A, Namba T, Negishi M, et al. Cloning and expression of cDNA for a mouse EP1 subtype of prostaglandin E receptor. J Biol Chem. [Comparative Study]. 1993 Sep 25;268(27):20175-8.

71.
Fong YC, Yang WH, Hsu SF, Hsu HC, Tseng KF, Hsu CJ, et al. 2-methoxyestradiol induces apoptosis and cell cycle arrest in human chondrosarcoma cells. J Orthop Res. 2007 Aug;25(8):1106-14.


 
�Do you mean “Dysregulation”?


�What does “they” refer to here, the cells or enzymes? Please clarify this point.


�Do you mean “reduce the invasive potential”?


�There is some inconsistency in the reference list: the month of publication is specified in some references, while in others it is not. Please ensure consistency in reference format.
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