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The Yin and Yang of bone morphogenetic proteins in cancer
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Abstract

Bone morphogenetic proteins (BMPs) were first studied as growth factors or morphogens of the
transforming growth factor-beta super family. These growth molecules, originally associated with
bone and cartilage development, are now known to play important roles in morphogenesis and
homeostasis in many other tissues. More recently, significant contributions of BMPs, their
receptors, and interacting molecules have been linked to carcinogenesis and tumor progression. On
the other hand, BMPs can sometimes play a role as a tumor suppressor. Our report highlights these
new roles in the pathogenesis of cancer that may suggest novel targets for therapeutic intervention.
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1.0. Introduction

1.1. BMP introduction, signaling cascades, and interacting molecules

Bone Morphogenetic Proteins (BMPs) are a family of evolutionarily conserved growth
factors and morphogens most of which belong to the transforming growth factor-p (TGF-p)
super-family. BMPs were discovered by Marshall Urist in 1965, who found that decalcified
bone matrix fragments have bone induction activity when transplanted into rats and rabbits
[1]. Wozney et al., (1988) isolated and identified molecules from bone extracts capable of
inducing bone and cartilage formation and named them BMPs [2]. Further studies reveal
that BMPs not only regulate bone and cartilage, but exert a wide range of morphogenetic
activity that is both tissue and context dependent [3,4,5].

BMPs exist as dimeric pro-protein complexes in the cytoplasm that are cleaved by proteases
before their intended action. After the BMP molecules are secreted, they are further
processed by another layer of regulators, Noggin and Chordin, and then bind to their specific
receptors on the plasma membrane of their target cells [6,7]. BMPs exert their activities by
way of serine-threonine kinase receptors of which there are three type-I and three type-11 [8].
Different BMPs show preference in the combination of receptors, but in general utilize one
receptor of each type [9,10]. As most BMPs are TGF- B family members, they tend to use
the same signaling pathways, principally MAPK and SMAD, although Notch and WNT are
also used [11-13]. Binding of the BMPs to their specific receptors triggers cross
phosphorylation of the type-I receptor by the type-II receptor [14]. The type-I receptor then
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releases R-SMADs that oligomerize with SMAD-4 to form a complex that translocates from
the cytoplasm to the nucleus where it exerts transcriptional activity for the activation or
repression of BMP-specific genes [15]. Some BMPs are under the control of tissue specific
cis-regulatory elements [16].

Recent literature suggests that BMPs may be involved in human cancers in addition to their
roles as tissue morphogens. This review focuses on the role of BMPs in oncogenic cellular
processes including proliferation, metastasis, angiogenesis, differentiation, and epigenetic
regulation. In preparing this review, we found that BMPs exert both pro- and anti-
carcinogenic activities.

2. Evidence of BMP involvement in tumorigenesis

2.1. Differential BMP expression and copy nhumber alteration are associated with human
tumor progression

A large compilation of expression studies shows the attempt to understand the molecular
mechanism and involvement of different BMPs and their complex interactions in both
normal and cancer cells [Table 1, Figure 1]. Bentley et al., (1992) correlates interaction
among prostate tumors, their bone metastasis and various BMPs with their differential
expression [17]. This study suggests that BMPs can play a role in bone stimulation and
skeletal metastases in prostate cancer. The study uses low sample numbers but still provides
initial insight into the role of BMPs in prostate and possibly other cancers. Similarly other
BMPs could possibly be a determining factor for the fate and progression of prostate cancer
cells via SMAD activation [18,19, Table 1].

Prostate is not the only tissue type in which BMPs have an effect. BMP2, -4, and -7 are
generally expressed in breast and prostate cancers, and particularly BMP7 in breast cancer
[20]. However, BMP4 is expressed equally in both normal and breast cancer [21]. Another
group observed in the investigation that BMP4 and -7 are expressed most frequently in
breast cancer [22] and up-regulated in melanoma and metastases of malignant melanoma
[23]. Other cell line specific differential expression of BMPs is observed in gastric [18] and
colon adenocarcinoma [24, Table 1].

In various human cancers including glioma [25,26], ovarian cancer [27,28], salivary
adenocarcinoma [29], mesothelioma [30], serous adenocarcinoma, mucinous
adenocarcinoma, fibrosarcoma, and human pancreatic cancer, BMP2 is expressed as
sensitive marker [31]. However, cell line studies show that mature BMP2 transcript can have
increases up to 17-fold in non small cell lung carcinoma (NSCLC) [32,33] and 25.6-fold in
small cell lung carcinoma (SCLC) [34] along with other BMPs [35]. Over-expression of
BMP6 suggests a role in esophageal squamous cell carcinoma [36], small cell carcinoma,
non small cell carcinoma, prostate carcinoma [37], whereas BMP2 and -6 in cancers of
salivary gland [38,39].

Culture conditions, compact tissue architecture and cancer tissue grades can change BMP
expression significantly as evident in giant cell tumor, oral carcinoma [40,41], and other
cancer related to kidney, esophagus and liver [18, Table 1].

In addition to relative gene over-expression, gene copy number may also be altered in
various cancer cell lines. A gain of gene copy number signal (Fluorescent in situ
hybridization or FISH signal) is seen for BMP2, -5, and -7 in 50-58% of tumor loci in tissue
sections of benign cutaneous epithelium, high grade prostatic intraepithelial neoplasm, and
prostate carcinoma [42,Table 1]. Extremely high copy number amplification of BMP7 is
seen in several breast cancer cell lines [43]. The aberrant expression of a gene in either
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normal or pathological conditions often relates to the variation in copy number of the gene.
Additional copies can arise from various molecular rearrangements within the DNA. The
additional copies could be functional or non-functional or even have abnormal/unknown
functions. Hence, additional copies can be either active or inactive in the genome. The
identification of the functional copy number of a gene and its consequences in the normal
and cancer genome is a critical problem needing resolution. Moreover, BMPs show highly
variable expression in cell, tissue, and cultural conditions. We note that most of the study to
date report examples of BMP over-expression. BMP2, -4 and -7 appears to be most
frequently over expressed in various cancers and cell lines.

2.2. BMP receptors show aberrant expression in a number of human cancers

BMPs signal through receptors located on plasma membrane of the cell. When BMP
receptors are over expressed in any cancer type, the BMP receptor may allow more ligand
molecules to bind with the receptor inducing some abnormal cellular function to occur, as is
evident in various cancers [Table 1, 2 and 3]. Interestingly, BMPs and their receptors are
expressed differently in osteosarcoma and malignant fibrous histiocytoma (MFH), where
BMP2 and -4 are expressed in both osteosarcoma and MFH. However, immunoreactivity in
BMPRs is absent in MFH cases. The presence of BMPs and absence of BMPRs can be used
to differentiate MFH and fibroblastic type of osteosarcoma [44]. Therefore, the presence of
BMP2 and -4 with the absence of BMPRs may be a key to why MFH tumors cells do not
ossify or it may be a another layer of complexity to cancer heterogeneity or behavior of
BMPs.

Consistent expression of BMPRs (type | and type 1) is observed in various prostate cancer
cell lines [19,Table 4], and tissues [45]. The differential expression of the BMPRs may be
due to their hormone sensitive behavior. For example, the expression of BMPR-IB is
regulated in androgen sensitive human prostate cancer cell lines LNCaP by androgen,
whereas the expression of BMPR-1A and BMPR-II is not regulated by androgen [46].
Addition of rh-BMP2 protein to LNCaP cells in presence of androgen, cell growth is
inhibited, and the growth rate is increased by the BMP2 in the absence of androgen and the
amounts of BMPR-IB mRNA decreased significantly. These observations show that BMPR-
IB is regulated by androgen (negative regulatory signal in response to BMP2) in LNCaP
cells. Thus, BMPR-1A and BMPR-IB differentially modulate the prostate cancer cell growth
in response to BMP2 under different hormonal conditions [46].

Similarly, another study suggests a coordinated relationship among epidermal growth factor
receptor (EGFR), BMP6, and breast cancer. BMP6 is positively regulated by EGFR, and is
expressed in hormone sensitive (MCF-7, ZR-75-1, BT-20) and hormone insensitive (MDA-
MB-453, SK-BR-3) cells, and in breast cancer tissues [47]. The hormone sensitive breast
cancer cells also express BMP2, -3, and BMPRs -1A, -1B, and -1 [48].

Cell line specific expression of BMPR-1A is seen in human pancreatic cancer cell lines
ASPC-1, CAPAN-1, PANC-1, COLO-357, and T3M4, but not in MiaPaCa-2. These cell
lines over express BMPR-1A (2 fold), BMPR-II (8 fold) and variable BMP2 receptor [31],
whereas an inverse correlation is observed between abnormal BMPR expression [49], and
loss of receptor expressions in prostate cancer [50].

Other BMPRs such as BMP type 1A, 1B and Il are also expressed in lung cancer and
osteosarcoma [32,42]. However, ligand and receptor binding studies, as well as hormone
induced behavior studies of BMPRs are required in order to provide mechanistic and
functional progress in this area.
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2.3. BMPs can modulate cancer progression as well as suppression activities

BMPs are described as both growth stimulators [31,32,51-53,Table 1] and anti-proliferative
or anti-growth molecules [48,54-66,Table 1]. As demonstrated by the following examples,
BMPs can act as growth and proliferation inhibitor and in some cases they can enhance the
growth and proliferation of the cancer cell. Their mechanism of action may be different at
molecular level in different cancer environments. BMP2 and -5 can inhibit proliferation, and
modulate steroidogenesis of human adrenocortical tumor cells in vitro through a BMP
dependent pathway. These features are modified by demethylation and over-expression of
GATAG regulator, an important transcription factor in adrenocortical tumor biology [66].
However, in some cases growth retardation is observed due to BMP2 in colon and breast
tumor cell lines, when BMP2 is under the control of carcinoembryonic antigen (CEA)
promoter in a viral vector transfected to tumor cells for BMP2 production. These BMP2-
CEA expressing positive cells drive the differentiation of mesenchymal stem cells to bone
lineages [65]. Additionally, BMP2 decreases the proliferation of MCF-7 breast cancer cells
suggesting a crucial role of BMP2 in repressing the activity of growth inhibitory pathway
such as TGF-p [48]. Proliferation inhibitory effects of BMP2, -6 and -7 are observed in
breast cancer [54,63]. BMP2 and -7 elicit both growth stimulatory and inhibitory effects in
cell-specific and differentiation-specific states of breast cancer cells. Growth inhibitory
effects of BMP2 on breast carcinoma cells are mediated by up regulation of the
p21CIPLYWAFL protein, inhibition of Cdk2 kinase activity, and hypo-phosphorylation of pRb
[55]. However, in gastric cancer, BMP2 act as growth inhibitor in a dose dependent manner
by cell cycle arrest in the G1-phase mediated by p21/WAF1/CIP1, and enhances the
pepsinogen Il gene a differentiation marker of glandular cells of stomach, suggesting role in
gastric cancer cell modulation [67]. Retinoid activity (regulation of cell growth in cancer)
and apoptosis inducing property of BMP2 is observed in medulloblastoma through its
paracrine effect [68].

Growth inhibitory effects of BMP2 and -4 are observed in LNCaP prostate cancer cell line,
while PC3 was unaffected. Growth inhibition due to BMP2 is observed during the arrest of
the G1 phase of cell cycle in LNCaP cell lines. Treatment with BMP2 and -4 in prostate
cancer activates downstream signaling pathway involving SMAD-1, up regulation of
p21CIPLYWAFL (CDK inhibitor), and changes in phosphorylation of the retinoblastoma gene
[69]. However, BMP7 can inhibit the proliferation and growth of androgen-insensitive
prostate cancer cell lines via induction of cyclin dependent kinase 1 (CDKZ1) [57]. In
contrast, in normal mammary epithelial cells, BMP4 can also potentiate growth factor
induced cell proliferation [70].

Dose dependent growth inhibitory effects of BMP5-7 are observed in melanoma due to
apoptosis [58] but not in other cancers [19,Table 2] where JNK pathway is active [71].
Additionally, most potent growth inhibitory effects of BMP7 are observed in human
anaplastic thyroid carcinoma cell lines via inhibition of Cdk activity and
hypophosphorylated state of Rb protein [56]. In addition BMP7 inhibits proliferation of the
androgen dependent, androgen receptor expressing LNCaP cells but not the castration
resistant PC3 cells this may be due to alteration of androgen receptor signaling [72].
Similarly, BMP4 reduces tumor initiating cell pools of human glioblastomas via BMP-
BMPR signaling system and can be used to prevent growth and recurrence of glioblastomas
in human brain tissue [61]. Similar growth inhibitory effects of the growth and
differentiation factor-9a (GDF-9a) and BMP15 (or GDF-9b) are observed in breast cancer
[62]. The role and behavior of BMP4 in lung cancer development is not yet understood. But
it is shown that BMP4 can induce senescence and thus negatively regulates the growth of
lung cancer [59]. Such process of senescence may be a physiological mechanism for
thwarting the proliferation cycle of tumor cell.
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BMP genes BMP9 and -10 with 40.5% similar in their amino acid sequence, function as
putative suppressors for prostate cancer [73]. It is evident by decrease or null expression of
BMP9 in higher pathological grade prostate cancer. However, forced expression of BMP9
and -10 prevents in vitro growth, cell matrix adhesion, invasion, and migration of prostate
cancer cells [64]. Similarly, the BMP10 transcript is detected in DU-145 cell line but not in
other prostate cancer and prostate epithelial cells [74]. BMP10 is detected in normal prostate
tissue, but not in higher grade or disrupted gland structure of prostate cancer [74]. BMP9
induces apoptosis in prostate cancer via up-regulation of prostate apoptosis response-4
through a SMAD dependent pathway [64], and BMP10 activates X-chromosome linked 1AP
(XIAP/ILP) and ERK1/2 through a SMAD independent pathway [74]. These studies
conclude that both BMP9 and -10 may function as tumor suppressors.

Most of the BMPs are implicated in anti cancer activity but a few of them also contribute to
tumor progression, such as BMP2, acting as a growth stimulator in ASPC-1 and CAPAN-1
pancreatic cells due to MAPK activation and is blocked by MAPK inhibitor PD98059 in
CAPAN-1, but not in ASPC-1 cells. These results show that BMP2 can act as a mitogen
when SMAD4 (a common mediator of BMP pathway) is mutated suggesting a role of BMP2
in the pathobiology of pancreatic cancer. In ASPC-1 and CAPAN-1, expression of wild type
SMADA4 abolishes the BMP2 mediated growth stimulation [31], whereas the SMAD4 is
frequently mutated in pancreatic cancer [75], suggesting regulation of BMP2 and its
interaction with SMADA4 in pancreatic cancerous environments. Enrichment of BMP2 in
NSCLC tumor cell enhances tumor growth in vivo [32], due to activation of SMAD-1/5
[76]. Similarly, BMP7 increases cell growth in certain breast cancer [53]; rhBMP-9
stimulates HepG2 cell proliferation [51]; and autocrine BMP9 act as a proliferative factor
for immortalized ovarian surface epithelial cells and ovarian cell lines (signaling via ALK2/
SMAD1/SMADA4 pathway) [52]. In a number of cases, the growth inhibitory effects of
BMPs were mediated by G1 cell cycle arrest [55,69,77-79]. The involvement of various
BMPs in tumor progression or suppression is primarily affected by BMP dosage, micro-
environment and genetic background of the cell under investigation. Role of BMP2, -4-7, -9
and -10 appears to be anti-tumorigenic, whereas BMP2 shows its dual behaviors and
contributes in tumor progression along with BMP7 and -9 (Table 1).

2.4. BMPs are involved in metastasis, epithelial to mesenchymal transformation, altered
cellular behavior, and angiogenesis in human cancer

An important attribute acquired by cancer cells during development is the ability to move
from one organ system to other via blood stream or lymphatic system by metastasis after
attaining a certain size, generally 1-2 mms3 [80], due to lack of appropriate oxygen supply as
well as other limiting factors. In addition, tumors adopt angiogenesis as an additional
survival mechanism, where the tumor secretes growth factors to induce growth of blood
vessel. Angiogenesis is an active process during embryonic development, oestrous cycle and
placental development but it becomes quiescent during adulthood except for healing and
some pathological conditions, including cancer [81]. Onset of angiogenesis can occur at any
stage of tumor progression but depends on the tumor type and micro environment.
Angiogenesis is orchestrated by a diverse set of activators and inhibitors [82]. Recently,
there have been major advances in understanding in the role of BMPs in metastasis and
angiogenesis [Table 2].

It is common in advanced phases of prostate cancer to find BMPs associated with bone
metastasis [85,86]. In prostate cancer 65 to 75% of men are at high risk for metastases in
advanced phases that will result into significant skeletal morbidity [86,87]. Bone metastasis
disrupts the normal process of bone remodeling via increased bone metabolism processes,
leading to facilitation of metastasis. Induction of bone resorption causes the release of bone-
derived growth factors that enhance tumor-cell survival, proliferation, chemotaxis, and
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adhesion to the bone marrow endothelium in new environments [88]. For example, several
factors such as IGF-I, TGF-, and TGF-II, collagen Type | peptides, and osteonectin in bone
matrix are chemoattractants for prostate cancer cells in vitro [89,90]. In particular, BMP4
increases adhesion of prostate cancer cells to the endothelium of bone marrow [90,91]. Such
intricate interactions between bone environment and human prostate cancer cells promote
colonization process in bone. In bone metastases of prostate cancer, phosphatidylinositol 3-
kinase (PI3K)/Akt pathway is used for the activation of BMP2 signaling by nuclear factor
(NF)-kappaB [92]. The enhanced metastatic potential of these cancer cells is associated with
transcriptional up-regulation of osteopontin, osteocalcin, and collagen 1ALl in osteotropic
prostate cancer cells, suggesting the connection between prostate cancer metastasis and
bone. This study suggests a role of complex interactions among BMP2 and various
transcriptional factors in bone [92].

Bone is also frequent metastasis site for breast cancer cells suggesting that some breast
cancers express specific proteins to facilitate metastasis. Favorable factors for the cancer
cells to metastasize to bones require the interaction among cells, growth factors, cytokines,
receptors, and bone anatomy [93,94]. A number of studies demonstrate the involvement of
several BMPs and their receptors in the highly metastatic breast cancer cells. BMP7 is one
of them associated with accelerated bone metastasis in breast cancer [22,95]. Irradiated cells
have a significant reduction of BMP2 and -6 in metastatic breast cancer [48] whereas BMPs
activities are also present in metastasis of aggressive giant cell tumors which can metastasize
to bone [40].

BMP2 produced by tumor cells is involved in heterotopic ossification in metastatic lesions
from several types of cancerous cells such as urothelial bladder carcinoma [96]. BMP2 is
over-expressed in metastases of malignant melanoma, while BMP4 and -7 are strongly
associated with metastasis in other melanoma [23] and gastric cancer [96]. In human breast
cancer cells and esophageal adenocarcinoma, an inverse relation is observed between
BMP7, tumorigenicity, EMT and invasive behavior [98,99]. Such relations bring more
complexity in BMP functioning.

BMP6 is detected exclusively in malignant epithelial prostate cells in patient samples with
metastases [100], and in isolated skeletal metastases from prostate carcinomas [83]
suggesting the BMP6 involvement during metastasis. In contrast, BMP6 also plays an
indirect role in suppression of breast cancer metastasis through repression of SEF1 gene, as
BMP6 is an inhibitor of breast cancer EMT through rescuing E-cadherin expression.
Repression of SEF1 mediates BMP6 induced transcriptional activation of E-cadherin in ER
+ve and ER-ve breast cancer. The higher level of EF1 expression is associated with
invasive breast cancer phenotypes. Thus the finding suggests that 3EF1 is a regulatory
switch for BMP6 by restoring E-Cadherin mediated cell- to -cell adhesion and preventing
metastasis of breast cancer [101]. Additionally, microRNA-21 gene is expressed and
regulated by BMP6 during metastasis in breast cancer. BMP6 induces inhibition of
microRNA-21 and suggest that BMP6 may function as an anti-metastasis factor by a
mechanism involving transcriptional repression of microRNA-21 in breast cancer [102].

BMPs behave differently at different doses, cell types, and cellular environments. This
affects cellular attributes such as cell movement, adhesion, invasiveness, epithelial to
mesenchymal transformation (EMT) and mesenchymal to epithelial transformation (MET).
The processes of motility and invasiveness are closely related to normal EMT and MET.
Some BMPs have been shown to stimulate the migration of normal [103-106] and cancer
cells [23,107,108]. Increased concentrations of BMP2 in culture enhance motility and
invasiveness in gastric cancer via phosphorylation of Akt and activation of
phosphatidylinositol 3-kinase (PI13K)/Akt pathway, whereas no increase in motility and
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invasiveness was observed in cells treated with Noggin, a BMP2 inhibitor [84]. Cell line
specific behavior of BMP2 enhances invasion of some cells, but not of others. This effect is
abrogated by Noggin [92]. Simultaneously, during tumor progression, the adhesion of
cancer cells to the appropriate surface is crucial as the cell needs to proliferate for its own
survival. BMP2 can act as a regulator of cell adhesion by modifying expression of integrin
type adhesion receptors and attachment of the cells to a family of connective tissues i.e.,
laminin in osteogenic sarcoma-derived cells [109].

BMP2 can positively and negatively affect MET and EMT depending on the dosage in colon
cancer cells. When these cells were exposed to BMP2 for 24 hr, their growth was inhibited
while the other remaining cells (> 24 hr) became resistant to growth inhibition, and led to
EMT, enhanced motility, and invasiveness. In a highly metastatic mesenchymal colon
carcinoma cells, inhibition of BMP2 signaling by siRNA prevented EMT, motility, and
invasiveness; hence a blockade of BMP2 signaling caused MET. Further inhibition of the
P13 kinase/Akt pathway using the kinase inhibitor (LY294002) is correlated with the
development of BMP2 resistance and invasion in BMP2 induced EMT in colon cancer [84,
Table 2].

Chemoattractant activity of BMP2 was observed for breast cancer cell culture at range of
12.5 to 50 nM. Addition of rh-BMP2 increased migration of cells towards a BMP2 source in
comparison with untreated cells, whereas BMP2 over-expression enhanced migratory and
invasive properties in vitro, and ultimately induced tumor growth [110]. Similarly, BMP2 is
up-regulated (8.9 fold) in invasive human bladder cancer [111], and enhanced migration and
invasion in vivo in lung cancer [32] via activation of SMAD-1/5 [76].

In hepatocellular carcinoma BMP4 plays a role in migration, invasiveness, and anchorage
independent growth. These properties are strongly suppressed using BMP4 specific SIRNA
[112]. In addition, BMP4 supports lumen formation, outgrowth of multiple invasive cord
like structures, individual cell scattering, disrupted cell-cell adhesion in mammary epithelial
cells [113] and induces EMT in pancreatic cancer [114]. BMP4 also promotes invasion and
migration various cancers including melanoma under the control of transcription factor Ets-1
[23], colorectal [115], SMADA4-deficient human colorectal [116], and breast [79].

BMP7 induces scattering and proinvasive responses in kidney and colon cancer cell lines via
SMADA4 and src independent pathways as well as signaling cascades using FAK
phosphorylation at Y925, and activation of ERK1/2, Racl, and JNK [107]. Scattering of
cells, motility, and proinvasiveness might be the role of BMP7 via its potential autocrine and
paracrine mode of action during the progression from premalignant colon adenomatous
lesions to carcinoma cells including inflammation of the sigmoid flexure in colon or
sigmoiditis [107]. BMP7 also acts as an inducer for EMT with changes in the morphology,
motility, invasiveness, and molecular markers [19]. However, BMP7 in a melanoma cell line
appears to be a negative regulator of cell growth rate, invasion, and migration ability, but
positively induced apparent MET. Conceivably, BMP7 could be used as a potential
metastasis inhibitor in human melanoma cells [117]. So, BMP7 appears to be a positive
regulator of EMT and MET. The expression of BMP7 in metastatic bone lesions of prostate
cancer suggests an origin of BMP7 expressing cells in bone metastasis from prostate cancer
cell [118]. BMP7 induction shows various cell line specific behaviors in breast cancer such
as reduced cell growth in some cell lines, and enhanced cell migration and invasion in other
cell line under suitable environment [53, Table 1].

BMPs are known to be associated with angiogenesis, particularly during embryogenesis
[119]. However, BMPs and their role in the process of angiogenesis in cancer remain to be
determined [120-123]. BMP2 and -4 are associated with tube formation as well as migration
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in the micro-vascular network of melanoma cells, therefore these molecules seem to act as
angiogenic factors as well as chemoattractants [124]. BMP2 may act as an angiogenic factor
along with VEGF in lung cancer [34]. Additionally, BMP4 signaling affects cellular
behaviors including changes in morphology, adhesion, motility, and invasion in primary
human epithelial ovarian cancerous cells. In an exogenous response to BMP4, the EMT
markers SNAIL and SLUG proteins are up-regulated, E-cadherin protein down regulated
and the network of alpha smooth muscle actin changes to resemble a mesenchymal cell.
These changes in cellular morphology and alteration of EMT markers suggest a role for
BMP4 in aggressiveness of ovarian cancer [125].

A number of studies [Please see Table 2] show an association among BMPs, metastasis,
angiogenesis, and EMT in cancer on the basis of BMP expression, and their contribution in
cellular matility, invasiveness, tube formation, and migration. Since the processes of
metastasis and angiogenesis are very complex and poorly understood, there may be other
contributing factors, aside from the involvement of BMP6 [126]. The role of BMP6 in
metastases, and BMP7 in EMT and MET are conceivably relevant because these are well
established morphogenetic molecules in mammalian bones. Furthermore, in vitro and in
vivo investigations are required to prove the definitive roles of BMPs in the process of
metastases and angiogenesis in human cancer.

2.5. BMPs and their connection with cancer via mutations, microRNAs, and SNPs

Mutations, SNP variants and microRNAs can alter BMP regulations in cancer. One disease
worth mentioning is Familial Juvenile Polyposis (FJP), an autosomal dominant condition
characterized by multiple polyps in the gastrointestinal tract. In this disease, nonsense and
missense germline mutations have been reported in the BMPR1A gene in four FJP families,
44-47delTGTT (exonl), 715C>T (exon7), 812G>A (eon7), and 961delC (exon8), affecting
the exons [127]. A three base deletion (nucleotide position 1079-1081), in exon 10 (codon
360) in the BMPR1A gene is reported which results in the loss of histidine residue. The
histidine residue is highly conserved and lies within the kinase domain of the BMPR1A
protein, and is essential for the activation of the downstream signaling targets SMAD1 and
SMADS. This suggests role in the “multiple” adenoma phenotype [128]. Additionally, there
are many reports of patients with juvenile polyposis developing gastrointestinal malignancy,
including cancer of the colon [129,130], stomach [129-131], and pancreas [129,132].
Whether these mutations may directly contribute to the preceding cancers or whether they
create a favorable environment that makes a person more susceptible to stomach and colon
cancer is not known at this time.

Determining the expression pattern of micro RNASs in disease including human cancers is a
relatively new area of research [133]. Recently, a risk variant in an miR-125b binding site in
the BMPR1B gene is found to be associated with pathogenesis of breast cancer [134]. In the
Cancer Genetic Markers of Susceptibility study, two SNPs, rs1970801 and rs11097457,
presented in strong linkage disequilibrium (LD) with rs1434536, an SNP that resides within
a miR-125b target site in the 3'untranslated region (UTR) of the BMPR1B gene. Positive
association of the BMPR1B SNP (rs1434536) with breast cancer is also validated in an
independent cohort of admixture-corrected cases from families with multiple case histories.
RT-PCR and an over expression study supports the conclusion that the allele specific
regulation of the miR-125 binding site in the BMPR1B gene correlates with breast cancer
risk [134]. This study highlights a need for determining the disease regulatory networks of
micro RNASs in BMPs and their receptors. BMPs and their association with breast cancer
have been previously reviewed [74].

A large number of Genome Wide Association Studies (GWAS) have been performed
following the sequencing of the human genome, with the advent of new less costly
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genotyping technologies, and large collaboration of scientific groups for access to
appropriate sample size to improve the power and significance of the data collected. These
GWAS studies are very powerful in terms of the sample size, number of relevant SNP
markers across the genome, and their enormous statistical power and ability to dissect the
disease variants to determine their association with complex diseases (including complicated
cancers of various origin) [135]. Recently, in a GWA study, a few SNPs in BMPs and their
signaling molecules are found to be involved in colorectal cancer. One of the SNPs,
rs4444235, (major allele T and minor allele C) in BMP4 gene is found strongly associated
(Odds ratio: 1.11, confidence interval or Cl 1.08 to 1.15) with colorectal cancer in a
population from the United Kingdom (1952 cases and 1977 control) with the significance
(p= 2.0 x 10719). This suggests that BMP4 may be a risk locus in colorectal cancer [136].
Another SNPs rs961253, in the BMP2 gene, is found to be associated (Odds ratio: 1.12, CI:
1.08 t01.16) with colorectal cancer in the UK population as well (1952 cases and 1977
control) [136]. Similarly, SNP rs4939827, in intron 3 of the SMAD?7 gene (an important
component of TGFp signaling pathway) is also found to be associated with colorectal cancer
in a GWAS in population of England (total 8413 cases and 6949 control) and Scotland
(14500 cases and 13294 control) with Odds ratio and Cl, 1.88 (1.12-1.23) and 1.20 (1.16—
1.24) respectively [137,138]. The presence of an association between an intronic SNP and
colorectal cancer samples suggests the presence of hidden cis and trans gene regulatory
networks within the genome. The associations suggest important information may be
embedded in the non-coding regions of genome, making dissection of complex disease
mechanisms ever more complicated.

2.6. Evidence that BMPs are epigenetically regulated in caner

Methylation of DNA is an important process for inactivation of different genes during the
process of cancer. DNA methylation pattern differs among various differentiation stages,
cell types and cancers. Aberrant DNA methylation is reported in 10% of human
malignancies in genome wide scanning studies [139], as well as scanning studies for
methylation in promoter regions [140]. There are several reports supporting epigenetic
regulation of BMPs in cancer. Epigenetic regulation of BMP6 and epigenetic inactivation of
BMP3b is suggested in NSCLC [37]. BMP6 is expressed in various cancer cell lines
including small cell carcinoma, non small cell carcinoma, prostate carcinoma, and lung
fibroblasts, but not in lymphablastic cell lines, due to methylation of cDNA. Treatment of
HT and WTKU1 cells with 5-aza-deoxycytidine (an inhibitor of methylatransferase) restores
the BMP6 expression, suggesting loss of transcription of BMP6 may be due to the
epigenetic inactivation. The BMP6 gene promoter methylation status is found to be different
in methylated and unmethylated conditions in cell line specific manner. Furthermore, the
concurrent methylation of both BMP3b and BMP6 are strongly associated with k-ras
mutation (p<0.003) [37]. Aberrant DNA hypermethylation in the BMP3b promoter is
associated with down regulation of BMP3b transcription in primary human lung cancer, and
lung cancer cell line due to increased promoter methylation, and loss of heterozygosity in
microsatellite markers [141]. These studies provide evidence for epigenetic regulation of
BMP3b and BMP®6, resulting in gene silencing, and present a possible epigenetic mechanism
promoting lung tumor development [140,37]. Additionally, BMP2 promoter methylation
promotes loss of BMP2 expression in diffuse type primary gastric carcinoma [142],
heterozygous loss of SMAD5 in human leukemia [143], and SMADS silencing by hyper-
mythelation in breast and colon cancer [144]. In addition to these properties, BMP2 and -4
are also involved in retinoic acid induced differentiation of F9 embryonal carcinoma cells
into parietal endoderm [145].
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3.0. BMPs and small molecule inhibitors

A large number of strategies are available to modify, modulate, or block BMP signaling
such as recombinant endogenous antagonists, neutralizing antibodies, gene transfer of
ligands, receptors, and antagonists, etc. There are a few reports of small molecule inhibitors
known for their ability to perturb the BMP signaling cascades. One such molecule is
Dorsomorphin, a BMP type | receptor inhibitor, discovered using embryonic zebra fish
screening assay [146]. Additionally, Dorsomorphin derivatives (LDN-193189, 4-quinolyinyl
substituted Dorsomorphin etc.) are also available for this purpose; however the specificity of
these agents has been questioned [147]. Similarly, TNF-a is a known repressor for BMP4
activity [148], DMHL1, a potent BMP inhibitor [149], and IN-1130 inhibitor of ALK-4/5/7
that ultimately inhibits TGF-B, activin, and nodal signaling [150]. Further refinement is
needed for specifically modifying specific BMP signaling in vivo, as these available small
molecules also have other non-specific targets.

4.0. Conclusions

In light of ongoing research in our laboratory, we have reviewed the literature on the role of
BMPs in human oncogenic processes. We found that BMPs and their receptors are
associated with variety of human cancers through their differential expression, association
with specific mutations/SNPs, microRNA, and epigenetics, as well as in complex
carcinogenic processes such as metastasis and angiogenesis [Fig. 1, 2]. As in the case with
TGF-beta family members, BMPs are a double-edged sword in tumor biology: they function
both as tumor promoters and tumor suppressors depending on the type of cell or tissue and
the BMP dosage in the micro-environment [Table 1]. This behavior suggests that in tumors,
as in morphogenesis, there should be some type of cellular homeostatic mechanism through
a receptor or some as yet known regulatory molecules. Additionally, we found no clear-cut
pro- or anti-carcinogenic BMPs in the oncogenic process, although as shown in Figure 1 and
2, some BMPs appear more often on the side of tumor promotion than others and vice-versa.
Second, we found no clear-cut mechanism of BMP de-regulation in carcinogenesis.
However, BMP2, -4 and -7 appears to be involved mostly in metastasis, EMT and envasion
in most of the cancers, whereas BMP6 and -7 acts as inhibitor of metastasis in breast cancer
and melanoma respectively. Changes in gene amplification, increased gene expression as
well as epigenetic alterations in BMP activity appear to be a function of the type of cell or
tissue, the hormonal environment, or possibly the tumor microenvironment. However, it is
not yet clear about specific regulatory factors responsible for dual behavior of BMP in
cancer and non cancer environment.

The foregoing conclusions suggest several avenues of research that may move the field
forward. In complex oncogenic processes such as angiogenesis or metastasis, the role of
individual BMPs may be direct or indirect; however, further in vitro and in vivo studies are
required to determine a mechanism in a specific type of cell, tissue or cancer. Further
investigations are needed to determine the combined effects of multiple BMPs on normal or
cancer tissue, as the synergistic effects on cells may be different compared to individual
effects. Such experiments would also provide support (or lack thereof) for the use of certain
BMPs in cancer therapy. Moreover, the senescence effect of BMP4, might find clinical
application. Furthermore, development of small molecule inhibitors of specific BMPs or
their receptors such as Dorsomorphin and its derivatives, should be useful adjuncts to RNAI
and kinase inhibitor strategies for dissection of cancer signaling pathways or therapeutics.

Finally, a note of caution regarding roles for BMPs and their receptors in cancer most of the
work performed so far has used cancer cell lines. We submit that one of the field's greatest
needs is careful study with fresh cells and tissue of known cancer type and grade. We submit
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further that longitudinal investigation of fresh cancer cells and tissues, particularly
identification of intracellular components of BMP signaling pathways. Additionally,
crystallographic studies on BMP-BMPRs complexes should facilitate a clearer picture of
BMPs in terms of therapeutic opportunities and development of new drug entities. Finally,
although we see the greater value in working with human material, significant mechanistic
and functional understanding of BMPs and cancer could be made with the use of induced or
naturally occurring mouse mutations in the various BMPs and their receptors with the
context of oncogenic processes.
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BMPs: BMP2, -3, -3b, -4, -5, -6, -7, -8, -9, -10, -15,
GDF-9a
BMPRs: BMPRIA, -IB, -II; and ActRI, -II, & -IIB.

BMP2, -5, -7: Copy number variation

Over-
expression of

BMP2, -4: increases motilty,
invasiveness and cell
adhesion of cancerous cell
BMP2, -3, -6, -7: metastasis
inducer

BMP6 & -7: metastasis
inhibitor

BMP2: growth stimulator in
ASPC-1 & CAPAN-1 cells
BMP9: stimulate proliferation
in ovarian cancer cells
BMP2, -4-7, -9, -10 -15:
growth inhibition

BMP2, -6,-7: proliferation
inhibitor

BMP5, -6, -7, -9: apoptosis
inducer

BMP2: chemoattractant for
cancerous cells

alteration

BMP2: long term exposure
leads to cell motility,
invasiveness and EMT in
colon cancer cell lines
SW480 and DLD-1

BMP4 & -7: Induces EMT,
scattering, motility &
invasiveness

BMP6: EMT inhibitor
BMP7: negatively regulates
cell growth rate, invasion,
and migration ability but
positively induces MET

Epigenetic

BMPS, -2 and -3b: epigenetic inactivation in NSCLC & gastric cancer

BMP6: microRNA21 expression regulation

BMPRI gene mutations: association with cancers

SNPs in BMP2, -4, & Smad7: rs961253, rs4444235, & rs4939827, in colorectal cancer
microRNA: miR-125b binding site in a BMPR1B, rs1434536, & breast cancer association

Figure 1.

Figure showing the involvement of various BMP molecules and their receptors in complex
and multi-step molecular process of human cancer. The four outer circles are representing
the events reported to be associated with progression of cancer. Outermost text boxes are
showing a snapshot about the particular BMPs, BMPR, and the way these are involved in
various cancerous processes either protectively or anti-protectively. These cancerous
processes decides the fate of a living cell in its micro environment. Text box A, showing role
of BMPs in EMT and MET; text box B, showing expression, over expression and copy
number alteration in BMPs and BMPRs during cancer; text box C, showing BMPs during
growth, proliferation, metastasis and angiogenesis; and text box D, showing the association
of mutations, SNPs, microRNA with BMPs and their receptors and relation with epigenetic
regulation during various human cancer. In the center of the figure the text CANCER and
two symbol upward () and downward triangle ( ), means these different BMPs may increase
and decrease the incidence of human cancer in various cell, tissue and cancer type.
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Anti-cancer activities

BMPE & -7: Metastasis inhibitor
BMP2, -6,-7: Proliferation inhibitor

BMP2, -4, -6, -7, -9, -10 -15: Growth
inhibition in some tissues

BMPS, -6, -7, -9: Apoptosis inducer
BMP6: EMT inhibitor

BMP4: Induces senescence in lung
cancer

BMP2, -3, -6, -7, -9: Metastasis inducer
BMP2: Stimulate growth in prostate cancer
BMP2, -4: Inci motility,

and cell adhesion of cancerous cell
BMP2: Chemoattractant for cancerous
cells

BMP9: Stimulate proliferation

BMP2: Long term exposure leads to cell
motility, invasiveness and EMT in colon
cancer

BMP4 & -7: Induces EMT, scattering,
motility & invasiveness

BMPs and their activities: A balance between cancer and anti-cancer state

Figure 2.

BMPs and their cancer and anti-cancer activities are described in a cancer cell. We
hypothesize here that there is a delicate balance between the cancer and anti-cancer
environment of a cells. BMP molecules, depending on their environmental stimuli can

Page 22

switch the delicate balance in either direction. Such balance is necessary for the survival,
normal growth, and development of a cell. [Table 1 and 2]
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Table 1

Bone morphogenetic proteins and their involvement in various human cancers
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CAHPV10, LNCaP, PZHPV7,
PNT1A, PNT2C2
BMPs involved: BMP9 and -10

™

Serial No.  Cancer type Biological material used for Type of alteration during cancer/ References
the study/BMPs and their mechanism of involvement in human
receptors involved [Note: (¥) cancer
represents lower expression
and (a) higher expression]

1. Prostate cancer Tissue: prostate Role in osteoinductive activities and [17]
adenocarcinoma, Benign pathogenesis of osteoblastic metastases
prostatic hyperplasia and ocular
melanoma,
Cell lines: DU145; and PC3
BMPs involved: BMP1-6
Cell line: PC3 (Prostatic Expression of BMPs [18]
adenocarcinoma)
BMPs involved: BMP1-4, and
-6
Tissue: prostate cancer tissues Higher expression of BMPRIB [45]
Cell lines: LNCaP
BMs involved: BMPRIB (a)
Cell lines: LNCaP (androgen BMPR-IA elicits growth stimulation and [46]
sensitive) BMPR-IB conveys a regulatory signal in
BMPs involved: BMPRIA, -IB, response to BMP2
BMP2
Tissue: Benign and malignant BMP6 expression in metastases and [100]
prostatic cancer localized cancer
BMPs involved: BMP6
Tissue: prostate cancer sample Loss of expression of BMPRs and role in [50]
BMPs involved: BMPRII, -IA, - cancer progression
1B
Cell lines: PC-3 and DU-145 Anti-proliferatory and growth inhibitory [57]
BMPs involved: BMP7 effects
Cell lines: PC-3M Loss of expression of BMPRs [50]
BMPs involved: BMP-IA, -IB,
and -1
Cell lines: LNCaP, PC-3 Growth inhibitory effects of BMP2 and -4 [69]
BMPs involved: BMP2 and -4
Cell lines: MLC and HTS-40C Positive expression and association with [19]
(non-neoplastic prostatic BMP2 and -7
epithelial cell lines); PC-3,
LAPC-4, DU145, LNCaP,
C4-2B, and CWR22R; and
HSP-40F and HTS-40C (stromal
cell lines)
BMPs involved: BMP2 and -7
Tissue: Primary prostate tumor Increased expression of BMP2, -4 and -7 [20]
BMPs involved: BMP2 -7
Cell lines: LAPC-4, DU145, Consistent expression of BMP type | and [19]
LNCAP, CWR22R, HPS-40F, -11 receptors
HTS-40C, and MLC
BMPs involved: BMPRIA, -IB, -
11, ActRl, -RII, and -RIIB
Tissue: prostate cancer sample Gain of gene copy number [42]
BMPs involved: BMP2, -5, and
-7
Cell lines: DU-145, PC3, BMP9 and -10 as tumor suppressors [151,64]
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Serial No.  Cancer type Biological material used for Type of alteration during cancer/ References
the study/BMPs and their mechanism of involvement in human
receptors involved [Note: (v) cancer
represents lower expression
and (a) higher expression]
2. Breast cancer Tissue: Breast tumor Anti-proliferative effects [54]
BMPs involved: BMP2
Cell lines: MCF-7 Growth inhibitory effects [48]
BMPs involved: BMP2, -3; BMP
receptors -1A, -1B, and -1
Tissue: Breast cancer Positive regulation of BMP6 through [47]
(invasiveductal, invasive- epidermal growth factor receptor
lobular, invasive-medullar,
medullar, mucous, and tubulo-
lobular carcinoma)
Cell lines: hormone sensitive:
MCF-7, ZR-75-1, BT-20;
hormone insensitive: MDA-
MB-453, SK-BR-3
BMPs involved: BMP6
Cell lines: MCF-7 Growth stimulatory and inhibitory effects [55]
BMPs involved: BMP2 and -7 in cell and differentiation specific states
of cells
Tissue: Breast cancer patient Higher expression [20]
BMPs involved: BMP7
Cell lines: MCF-7 BMP2 acts as a chemo attractant for [110]
BMPs involved: BMP2 cancerous cells and increases cell
migration and invasion
Tissue: Breast tumor Amplification of DNA copy number [43]
Cell lines: MCF7, ZR-75-1, and
BT-474
BMPs involved: BMP7
Tissue: Breast cancer tissue Inhibitory effect on the progression of [62]
BMPs involved: BMP15 and human breast cancer
GDF-9a
Cell lines: MDA-231 -B/Luc (+)  Inverse relation of BMP7 expression with [98]
BMPs involved: BMP7 tumorigenicity and invasive behavior
Cell lines: MCF-7 (ER+ve), Suppression of breast cancer metastasis [101]
MDA-MB-231 (ER-ve)
BMPs involved: BMP6
Tissue: Breast cancer tissue Inconsistent variation in expression of [21]
BMPs involved: BMP1-7; BMPs
BMP4 (a)
Tissue: Breast tumor Anti-metastasis role [63]
Cell lines: MDA-MB-231
BMPs involved: BMP6
Tissue: Breast cancer tissue Pathogenesis of breast cancer [134]
BMPs involved: BMPRIB
Tissue: Primary tumor Wide spread expression of BMP4 and -7 [22]
Cell lines: 22 breast cancer cell
lines
BMPs involved: BMP4 and -7
3. Pancreatic cancer Tissue: Human pancreatic Regulation of BMP2 and its interaction [75]
carcinoma with SMADA4 in pancreatic cancer
BMP involved: BMP2
Tissue: Human pancreatic Growth stimulatory role [31]

cancer
Cell lines: ASPC-1, CAPAN-1,
PANC-1, COLO-357,
MiaPaCa-2, and T3M4
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Page 25

SW480, and HCT8/S11, HT29
BMPs involved: BMP7

Serial No.  Cancer type Biological material used for Type of alteration during cancer/ References
the study/BMPs and their mechanism of involvement in human
receptors involved [Note: (v) cancer
represents lower expression
and (a) higher expression]
BMPs involved: BMP2 (a),
BMPR-IA(4), BMPR-1B(a)

4. Non small cell lung carcinoma  Tissue: NSCLC Anti-proliferative effects [54]
BMPs involved: BMP2
Tissue: NSCLC Down regulation of BMP3b [141]
Cell lines: A549
BMPs involved: BMP3b and
BMP6
Cell lines: A549 Induction of senescence [59]
BMPs involved: BMP4
Tissue: NSCLC Over expression [35]
BMP involved: BMP8 (a)
Tissue: Lung cancer patients Epigenetic regulation of BMP6 and [37]
Cell lines: Shp77 (small cell BMP3b
carcinoma), H322M and A549
(non small cell carcinoma),
DU145, and IMR90 (lung
fibroblast), HT and WTK1
(lymphoblastic cell lines)
BMPs involved: BMP6, BMP3b
Tissue: Lung tumor Role in tumor cell growth, migration and [33,76]
BMP involved: BMP2 (a), BMP invasion
type 1A, 1B and Il receptors
Tissue: NSCLC and SCLC Over expression [34]
BMPs involved: BMP2 and -4(a)

5. Gastric cancer Cell lines: MKN28, MKN45 Expression study [18]
BMPs involved: BMP1, -2, -4,
and -7
Tissue: Gastric cancer Growth inhibitory effects and epigenetic [142]
Cell lines: MKKN74 regulation
BMPs involved: BMP2

6. Ovarian cancer Tissue: Ovarian cancer BMP2 up-regulation leads to [28]
BMPs involved: BMP2 (&) differentiation
Cell lines: IOSE397 and EOC Role in proliferation [52]
BMPs involved: BMP9
Cell lines: HepG2 rhBMP9 stimulates HepG2 cell [51]
BMPs involved: BMP9 proliferation

7. Bladder cancer Tissue: Bladder cancer BMP2 recruitment from tumor cells [96]
BMPs involved: BMP2
Cell lines: C3 and C8 Over expression [111]
BMPs involved: BMP2 ()

8. Colorectal cancer Tissue: Human samples SMAD?7 association with colorectal [137,138]
BMP involved: the SMAD7 gene  cancer
Cell lines: HCT116 Migration and invasion [115]
BMPs involved: BMP4
Tissue: Human samples Association with colorectal cancer [136]
BMPs involved: BMP2 and -4

9. Kidney and Colon cancer Tissue: Colon cancer Prominent expression of BMP5 and -6 [24]
BMPs involved: BMP2, BMP4-
6
Cell lines: PC/AAC1, SW48, Cell scattering and pro- invasive response [107]
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Serial No.

Cancer type

Biological material used for
the study/BMPs and their
receptors involved [Note: (v)
represents lower expression
and (a) higher expression]

Type of alteration during cancer/
mechanism of involvement in human
cancer

References

10.

Medullobl astoma

Tissue: Medulloblastoma cancer
BMPs involved: BMP2

Retinoid activity and induction of
apoptosis

[68]

Glioblastoma

Tissue: Brain tissue of glioma
BMPs involved: BMP4

BMP4 reduces tumor initiating cell

[61]

Glioma

Tissue: Brain tissue of glioma
BMPs involved: BMP2

BMP2 as a prognosis markers in glioma

[26]

11

Adenocortical carcinoma

Tissue: Adrenocortical
carcinoma

BMPs involved: BMP2 and -5
™

Anti-proliferatory effects

[66]

12.

Myeloma

Cell lines: ANBL-6, IH-1,
INA-6, OH-2, and RPMI-8226,
ANBL-6, IH-1

BMPs involved: BMP4-7

Growth and proliferation inhibitory
effects

[58]

Malignant melanoma

Cell lines: Mel Ei, Mel Wei, Mel
Ho, and Mel Juso, Mel Im, Mel
Ju, SK Mel 28, SK Mel3, and
HTZI19d

BMPs involved: BMP2, -4 (a),
and -7 (a)

Role in tube formation and migratory

[23,124]

13.

Esophage al squamous cell
carcinoma

Cell lines: TE-2 (esophageal
squamous cell carcinoma)
BMPs involved: BMP1 -7

Expression study

[18]

Tissue: Tumor from esophageal
squamous cell carcinoma
patients

Cell lines: COLO-680N and
FaDu

BMPs involved: BMP6

BMP6 protein is inversely correlated with
tumor differentiation

[36]

Esophage al adenocarc inoma

Cell lines: TE7
BMPs involved: BMP7

EMT changes reversed by the treatment
of BMP7

[98]

14.

Oral epithelial cancer

Tissue: normal oral mucosa, non
specific chronic inflammation,
hyperkeratinosis, squamous cell
papilloma, and squamous cell
carcinoma

BMPs involved: BMP-2, -4, and
-5

Role in metastasis of oral carcinoma

[41]

15.

Osteosarc orna

Cell lines: NOS1, NOS-2,
Saos-2 and HUO9
BMPs involved: BMP1-7;
BMP2 and -4 (a)

Expression study

[18]

Tissue: Osteosarcoma and
malignant fibrous histiocytoma
patients

BMPs involved: BMP2, -4, and
BMPRs (-IA, -IB, and -11)

Differential expression of BMPs and
BMPRs

[44]

16.

Renal cell carcinoma

Cell lines: OS-RC-2(Renal cell
carcinoma), HepG2 (hepatoma
cell line)

BMPs involved: BMP1, -2, -4

Expression study

[18]

Pleomorphic adenomas

Tissue: Pleomorphic adenomas
of the salivary gland
BMPs involved: BMP2 (&)

Over expression and role in ectopic
chondrogenesis

[38]

Tissue: Benign neoplastic tumor
of the salivary gland
BMPs involved: BMP6 (&)

Role in pleomorphic adenomas,
chondroid formation, and tubulo-
glandular differentiation

[39]
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Cell lines: Hepatocellular
carcinoma
BMPs involved: BMP4

Serial No.  Cancer type Biological material used for Type of alteration during cancer/ References
the study/BMPs and their mechanism of involvement in human
receptors involved [Note: (v) cancer
represents lower expression
and (a) higher expression]
18. Mesothelioma, Serous Cell lines: (NK-211, SHIN-3, Expression study [27]
adenocarcinoma; Mucinous KF-1, A2780, KK-92, KOC-2S);
adenocarcinoma and (OMC-3); (KEN-3)
Fibrosarcoma BMPs involved: BMP2
19. Salivary adenocarc inoma Cell lines: HSG-S8 Expression study [29]
BMPs involved: BMP2
20. Multiple adenoma Tissue: Multiple adenoma Alteration in BMPR1A gene [128]
BMPs involved: BMPR1A
21. Juvenile polyposis Tissue: FJP families samples Germline mutation in FJP families [127]
BMPs involved: BMPR1A
22. Anaplastic thyroid carcinoma Cell lines: HTh7, HTh74, C643 Growth inhibitory effects [56]
and SW1736
BMPs involved: BMP7
23. Hepatocell ular carcinoma Tissue: Carcinoma tissue Hepatocellular carcinoma progression [112]
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Table 2

Page 28

BMPs and their involvement during the process of metastasis, cell migration, invasion and angiogenesis

Cancer processes metastasis, angiogenesis,

Serial No.  Cancer type BMPs involved motility, invasiveness, adhesion References
1. Prostate cancer Increases adhesion of PC-3 cells to the endothelium
BMP4 of bone marrow 89,91]
An inducer for EMT with changes in the
BMP7 morphology, motility, invasiveness, and molecular [19]
markers
Prostate cancer BMP2 Enhances the invasivess of C4-2B cells [92]
Metastatic bone lesions of prostate -
cancer BMP7 Metastasis [118]
Prostatic adenocarcinomas both in
primary tumor and in skeletal BMP6 Metastasis [83]
metastases
2. Breast cancer cells BMP2 and BMP3  Metastasis [48]
Breast cancer BMP7 Metastasis to bone [95]
Breast cancer BMP7 Cell migration and invasion [53]
Breast cancer cells BMP6 Inhibits metastasis and EMT [102]
Breast cancer BMP4 Cell migration and invasion [79]
3. Malignant melanoma cells BMP2 Metastasis [23]
Melanoma Promotion of melanoma cell invasion, migration, and
BMP4 and BMP7 o recsion [23]
Tube formation as well as migration in the micro-
BMP2 and BMP4 vascular network of melanoma [124]
BMP7 Potential metastasis inhibitor [117]
4, Oral carcinoma BMP2, -4,and -5  Metastasis [41]
BMP2 Motility and invasiveness [84]
5. Gastric cancer
BMP2 Metastasis [97]
6. Giant cell tumor BMP2-6 Metastasis [40]
Osteogenic sarcoma-derived Saos-2 .
7. and HOS cell lines BMP2 Regulator of cell adhesion [109]
: S - Changes in cellular morphology adhesion, motility,
8. Primary human epithelial ovarian BMP4 signaling invasion, and alteration of EMT markers Snail and [125]
cancerous cells Slug
9. Malignant epithelial cells BMP6 Metastasis [100]
Changes in cellular morphology, expression of
10. Human colorectal cells BMP4 vimentin a EMT marker, migration and invasion [115,116]
11. NSCLC BMP2 Enhances migration and invasion in vivo [32]
: Heterotopic ossification in metastatic lesions from
12 Bladder carcinoma BMP2 urothelial bladder carcinoma [96]
13. Colon and kidney cancer cells BMP7 Role in proinvasive activities like scattering [107]
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