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Abstract

Fibromodulin (FMOD) is known as one of very important extracellular matrix small leucine-rich proteoglycans. This
small leucine-rich proteoglycan has critical roles in the extracellular matrix organization and necessary for repairing
of tissue in many organs. Given that the major task of FMOD is the modulation of collagen fibrillogenesis. However,
recently observed that FMOD plays very important roles in the modulation of a variety of pivotal biological processes
including angiogenesis, regulation of TGF-{3 activity, and differentiation of human fibroblasts into pluripotent cells,
inflammatory mechanisms, apoptosis and metastatic related phenotypes. Besides these roles, FMOD has been con-
sidered as a new tumor-related antigen in some malignancies such as lymphoma, leukemia, and leiomyoma. Taken
together, these findings proposed that FMOD could be introduced as diagnostic and therapeutic biomarkers in treat-
ment of various cancers. Herein, for first time, we highlighted the various roles of FMOD in the cancerous conditions.
Moreover, we summarized the diagnostic and therapeutic applications of FMOD in cancer therapy.
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Introduction ECM deposition. The ECM serves not only as a 3-D scaf-

Cancer is caused by uncontrolled division of abnormal
cells which are able to invade other tissues. It is known
as a result of an imbalance between cell proliferation
and cell death rate caused by mutations in the regions of
DNA which code regulator proteins [1]. None isolated
cells could survive and all cell types need to reside in
extracellular matrix (ECM) and interact with ECM com-
ponents. The ECM components play important roles in
tumor formation, as well. Cancer development and its
progression have been associated with an increase in the
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fold required for tissue organization, but also induces a
series of chemical and physical signals which are crucial
for survival, proliferation and differentiation of cancer
cells as well as vascular development and invasion of
tumor cells [2]. For instance, the ECM is a reservoir for
various angiogenic growth factors and proteases. ECM
transduces these signals via ECs integrins and regulates
their angiogenic phenotype [3]. Stromal cells have been
recognized as a major source of ECM proteins. However,
more recently, some studies introduced the cancer cells
as active and important components involved in ECM
remodeling [4].

Proteoglycans are relatively small components of ECM
belonging to the small-leucine-rich-proteoglycan (SLRP)
family [5], which are categorized into classes I-V [6].
Several proteoglycans, such as decorin (Dcn) and bigly-
can from class I, and fibromodulin (FMOD) and lumi-
can from class I, contribute to the regulation of collagen
fibrillogenesis [7]. Among these proteoglycans, FMOD
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has been emerged with attractive features which lead to
affecting on a wide ranges of critical biological processes
such as angiogenesis, apoptosis, and migration. Multi-
ple lines evidence indicated that FMOD exerts its effects
via targeting certain signaling pathways such as TGF-p
[8]. This proteoglycan could play very important roles
in the initiation and progression of several malignancies
[9]. Hence, FMOD could be employed as diagnostic and
therapeutic biomarkers in treatment of different can-
cers. In the current review, for first time, we highlighted
the various roles of FMOD in the cancerous conditions.
Moreover, we summarized the diagnostic and therapeu-
tic applications of FMOD in cancer therapy.

FMOD and cancer

FMOD is a main proteoglycan which contributes to
remodeling of the ECM through binding to matrix mol-
ecules, thereby plays an essential role in tissue repair,
tumor progression and cancer [10]. The interaction
between this proteoglycan and lysyl oxidase (LOX; col-
lagen cross-linking enzyme) regulates the ECM com-
position leading to supply an appropriate environment
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for cellular turnover [11]. Moreover, FMOD involves in
vasculature development and regeneration [12], tumor
growth suppression and apoptosis prevention [13].
It has also been recognized as a growth factor which
modulates there programming of somatic cells toward
the pluripotent state [14].

It is believed that FMOD interaction with transform-
ing growth factor (TGF)-B, a key profibrotic cytokine,
keeps this growth factor within the ECM to regulate
the action of local TGF- (Fig. 1). Due to its prominent
role in regulation of cell growth, differentiation and
migration, TGF-f is well-known as a key contributor in
cancer progression. It is a double-edged sword which
mediates both tumor suppression and promotion
through instigating the cellular phenotypical changes
[15]. Even though this growth factor is known to inhibit
cell proliferation and induce apoptotic cell death during
the early stages of tumorigenesis, tumor cells may lose
their growth-inhibitory response to TGF-B resulting
in inducing epithelial-to-mesenchymal transition and
promoting cell migration [3, 15].
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In addition to its effects on the tumor cells behav-
ior, TGF-p inhibits cell adhesion to the ECM, promotes
extracellular matrix degradation, and induces immune
suppression as well as angiogenesis. Through these
mechanisms, TGF-B modulates the metastasis process
[3]. Increased secretion of protease and plasmin from
tumor cells enhances the activation of TGF-f which
causes extracellular matrix degradation with a subse-
quent release of stored TGF-f. This increased activation
of TGE-P profoundly affects the micro-environment of
tumor tissue [16]. TGF-P recruits and activates some
intracellular signaling pathways including the expres-
sion of several genes, such as fibronectin and collagen,
specifically Smad and mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK)
pathways. Additionally, FMOD expression is differen-
tially regulated by TGF-p [17]. FMOD function, as a
regulator of TGE-p, has been observed in scarless wound
healing and collagen assembly in skin development [18,
19]. In addition, FMOD shows potential antagonist
effects on TGF-P regulation, compared with Dcn, in the
inhibition of neointimal hyperplasia in saphenous vein
graft [20]. It is also implicated in the inhibition of nuclear
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factor-kB (NF-«B) signaling (a family of transcription fac-
tors) through suppressing the IkBa protein [21]. Dissoci-
ation of IkB domain due to NF-«kB activation allows the
NF-«xB dimers to change gene expression and locate in
the nucleus [22]. Additionally, NF-kB signaling is essen-
tial for epithelial-mesenchymal transition (EMT) and its
therapeutic inhibition may mitigate tumor invasion and
metastasis [21]. Besides different pre-clinical studies on
FMOD, many clinical studies have highlighted the role
of FMOD in cancer pathogenesis and its diagnostic roles
(Fig. 2).

In a study, Mayr et al., indicated that there were a sig-
nificant up regulation of FMOD in chronic lymphocytic
leukemia (CLL) cells than normal B lymphocytes [23].
Authors revealed that T cells number were elevated 2- to
3.5-fold and the number of T cells recognizing FMOD
peptides bound to HLA-A2 dimers were elevated 10-fold
during 4 weeks in vitro. Taken together, these find-
ings proposed that FMOD might be known as potential
tumor-associated antigen (TAA) in CLL which is able to
affect on FMOD-specific T cells expansion [23].

Given that FMOD and other members of the pro-
teoglycan family could be involved in collagen

3

Fig. 2 Fibromodulin as a pivotal gene for glioma cell migration
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fibrillogenesis and cell adhesion and they also help to
suppression of tumor growth, regulation of cytokine
activity, and prevention of apoptosis [24]. FMOD has
been known as one of TAA in B-CLL which is able
to provide a specific anti-tumor response. Hence,
FMOD is potential candidate for cancer immunother-
apy. In a study, Hassan et al., assessed FMOD expres-
sion in 30 B-CLL subjects and showed the pathogenic
roles of FMOD in these patients [24]. Their results
indicated that there was a significant expression of
FMOD in B-CLL subjects than control group. FMOD
was expressed in 46.7% of B-CLL subjects. Moreover,
authors showed that there were a significant relation-
ship between up regulation of FMOD and some risk
factors which were studied on B-CLL subjects (i.e.,
lower haemoglobin level, lower platelet count, hepato-
megaly, and lower RBCs count) and borderline showed
a significant relationships with other risk factors such
as splenomegaly and lymphadenopathy. These findings
suggested that FMOD has critical roles in the patho-
physiology of CLL [24].

FMOD induces and suppresses apoptosis

The critical roles of FMOD in the pathogenesis of can-
cer had been ignored for a long time. Now, it is clear
that the regulation of collagen fibrillogenesis and cell
adhesion are not the only roles of FMOD and the other
proteoglycans, but they also contribute to apopto-
sis prevention [30, 40]. It has been shown that FMOD
modulates and suppresses the functions of TGF-f3, both
in vivo and in vitro. For example, it seems that TGF-f3
binding to its binding sites on FMOD inhibits the apop-
totic activity of TGF- in the B-cell chronic lympho-
cytic leukemia (B-CLL) [30].

NF-«B signaling is another pathway involved in apop-
tosis because its constitutive activation induces cell
proliferation and inhibits apoptosis [41]. Under normal
condition, the NF-kB signaling pathway is inhibited by
a group of inhibitory molecules termed IkB proteins.
These proteins, such as IkBa, attach to NF-kB to suppress
its activation in the cytoplasm [42]. FMOD suppresses
the NF-xB signaling through delaying the degradation
of IkBa protein byc-Jun N-terminal kinase activation,
suppression of calpain and casein kinase 2 activity, and
apoptosis induction [21]. Available data suggests that the
constitutive turnover of IkBa is mediated by CK2-calpain
signaling axis which is inactivated in FMOD-expressing
fibroblasts in a JNK-dependent manner. FMOD expres-
sion is essential for J]NK-dependent caspase-3 and cas-
pase-7 activation in 3T3-L1 fibroblasts, suggesting that
FMOD-mediated activation of JNK promotes apoptosis
in fibroblasts [41].
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FMOD as a promoter for angiogenesis

FMOD is an effective angiogenic factor with important
roles in cell fate determination. FMOD plays a key role
in angiogenesis in lung cancer, wound healing, optical
and cutaneous diseases related to angiogenesis [8, 16,
43]. It increases the expression of angiogenic growth fac-
tors angiopoietin 2 (ANG2) and VEGE, and inhibits the
expression of vascular stabilizing factor ANGI1. These
effects indicate that FMOD may regulate further signal-
ing cascades related to growth factors than just TGF-$
pathway [44].

These angiogenic regulatory effects strongly suggest
that autocrine-secreted FMOD by cancer cells has a
stimulating role in tumor angiogenesis of small-cell lung
cancer. It facilitates the angiogenic phenotype transfor-
mation of endothelial cells as a pro-angiogenic step [8].
The role of FOMD in angiogenesis suggests its potential
abilities in cancer therapy, wound healing, and other con-
ditions associated with abnormal angiogenesis [12, 45].

NF-kB modulates the transcription of several target
genes implicated in invasion angiogenesis, apoptosis,
and migration [46, 47]. It has been established to pos-
sess important roles in the progression of breast cancer,
cell proliferation control and oncogenesis [48]. Glial Cell
Line-Derived Neurotrophic Factor (GDNF) is a member
of the TGF-P family. GDNF induces the expression of
VEGE-C in neu-roblastoma cells and promotes angio-
genesis in renal cells, normal skin cells, and hepatocel-
lular carcinoma cells [49-52]. Chen et al. [53] conducted
an in vitro study to assess the molecular mechanisms of
FMOD expression induced by GDNEF. To reveal the role
of GDNF in FMOD expression, they silenced the expres-
sion of GDNF in U251 GBM cells. It was showed that
GDNF expression silencing suppressed the protein and
mRNA expression of FMOD. They also demonstrated
that the secretion of VEGE, as an important pro-angio-
genic factor, transfected with si-FMOD was significantly
decreased in U251 cells. Furthermore, they indicate that
GDNF contributes to FMOD promoter demethylation.
Totally, GDNF promotes FMOD expression in GBM
cells.

Therefore, the main regulatory roles of FMOD in angi-
ogenesis and apoptosis are associated with TGF-f super-
family as well as NF-«B signaling pathway. Consequently,
new therapeutic medications could be produced to
inhibit the development and progression of malignancies
through regulating these pathways and direct interaction
with mentioned agents.

FMOD promotes cell migration
FMOD is regulated epigenetically through the meth-
ylation of its promoter. It induces the formation of
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filamentous actin stress fiber leading to promote the
migration of glioma cells [31].

The integrins have a main role in linking intracellular
actin cytoskeleton to the extracellular matrix throughout
cell migration process [54, 55]. The interaction of integ-
rin with extracellular matrix is transduced into cells by
activation of integrin-related proteins. Downstream to
integrins, FAK-Src, as a non-receptor tyrosine kinase,
has a crucial role in signaling to Rho GTPases [55]. Rho
GTPases family, including Rho, Rac and Cdc42, contrib-
utes to cytoskeleton remodeling, cell motility and cell
migration [56]. It has been recently observed that FMOD
silencing significantly inhibits the TGF-pl-mediated
migration of glioma cells (Fig. 1) [31].

Mondal and colleagues demonstrated that tumor
secreted FMOD activates integrin-FAK-Src-Rho GTPase-
dependent signaling to induce the migration of glioma
cells. They also observed that the remodeling of actin
cytoskeleton is critical for glioma cell migration induced
by FMOD [31].

FMOD as a potential novel biomarker

Since effective treatments of early stages of diseases are
available, new molecular biomarkers are urgently needed
for an opportune diagnosis and adequate prediction of
the clinical course of disease [57]. The FMOD gene has
been considered as a potential biomarker to be more
evaluated in clinical samples from patients diagnosed
with benign or malignant prostatic cancers. Validation
of FMOD transcript in a large population is required to
ascertain its usefulness as a biomarker of cancer. FMOD
encodes a proteoglycan which can be detected in differ-
ent body fluids, such as blood, urine or prostatic secre-
tions. Therefore, due to FMOD expression in protein
level, it is able to differentiate prostate cancer patients
from the patients with benign disease [34]. Moreover, it
has been demonstrated that FMOD gene is up-regulated
in highly malignant glioblastoma compared with rela-
tively benign pilocytic astrocytoma [32]. According to
this correlation, FMOD could be utilized as a biomarker,
which indicates the disease severity, at least in the brain
tumors [44]. It seems that more studies could contribute
to introduce FMOD as potential biomarker to clinical
setting in near future.

Targeting FMOD as therapeutic approach in cancer
FMOD has been recognized as a novel tumor-associated
antigen in lymphoma, leiomyoma, and leukemia [17, 23].
FMOD mRNA has been detected different clinical malig-
nancies, such as breast, prostate, and lung carcinomas
[58-60]. FMOD deficiency decreases interstitial fluid
pressure and enhances extracellular volume in experi-
mental carcinomas and results in declined collagen fibril
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thickness in experimental carcinoma. It has been previ-
ously indicated that FMOD regulates collagen fibers in
extracellular environment of tumor [37]. In various can-
cers, the altered small leucine-rich proteoglycans (SLRPs)
expression, such as decorin, biglycan, and FMOD, has
been suggested as a diagnostic, prognostic and therapeu-
tic tool (Tables 1, 2) [61]. Recently, it has been shown that
FMOD, along with other SLRP family members, is not
only implicated in cell adhesion and collagen fibrillogen-
esis, but also contributes to regulate the tumor growth
suppression, transcription factors activity, and apoptosis
prevention [42, 61]. FMOD transcript over expression
was described in B-cell chronic lymphocytic leukemia
(CLL-B), and it has been suggested as a target for thera-
peutic approaches in this cancer [23, 24, 30].

In a study, Choudhury et al., assessed the inhibition of
FMOD and ROR1 in CLL cells [40]. Given that FMOD
and RORI are two genes which are over expressed in
CLL cells than normal blood B cells. They used siRNAs
to specifically inhibit expression of FMOD and ROR1 in
human fibroblast cell lines, healthy B cells and CLL cells
Their results indicated that utilization of siRNA is able
to induce a specific decreasing (75-95%) in ROR1 and
FMOD expression at mRNA levels. Further analysis indi-
cated that 48 h after siRNA treatment the FMOD and
RORI1 were significantly down regulated at protein lev-
els. Moreover, suppress expression of ROR1 and FMOD
by using specific siRNAs could be associated with sig-
nificant decreasing of apoptosis of CLL cells but not of
B cells which was isolated from normal subjects. On the
other hand, when human fibroblast cell lines were treated
by ROR1 and FMOD siRNA, there were no observed
apoptosis. These findings suggested that FMOD and
RORI1 could be associated with the survival of CLL cells
and these could be introduced as therapeutic targets in
the treatment of CLL [40]. In an in vitro study conducted
by Dawoody Nejad et al. [21], it was established that
FMOD over expression is related to TGF-f1 and NF-«B
down-regulation in metastatic breast cancer cells.

In recently study, Mondal and colleagues indicated
that FMOD as a GBM over expressed gene because of
the loss of promoter methylation [31]. They showed that
the released FMOD enables to induce glioma cell migra-
tion via its ability to enhance formation of filamentous
actin stress fiber. Utilization of cytochalasin D which
is an inhibitor for actin polymerization, could signifi-
cantly decrease the FMOD-induced glioma cell migra-
tion. In addition, using siRNA and inhibitor-based small
molecules revealed that integrin-FAK-Src-Rho-ROCK
signaling pathway is very important signaling pathway
which is related to FMOD-induced glioma cell migra-
tion. It has been showed that FMOD without C-terminus
LRR11 domain (AFMOD) is not able to bind collagen
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Table 1 Role of FMOD in various cancer
Cancertype  Model Expression Function/signaling pathway Ref
CLL Human Up regulation Expansion of specific CD8 autologous T lymphocytes [23]
Human Up regulation Collagen fibrillogenesis and cell adhesion and contribute to modulation of cytokine activity, — [24]
suppression of tumor growth, and prevention of apoptosis
Human Up regulation Binds TGF-B and typically negatively modulates its activity overexpression in CLL [25]
Human Up regulation modulation of TGF- signaling and cell adhesion [26]
Human Up regulation Among the four patients with increase of CTL was observed after the fourth and sixth den- [27]
dritic cell vaccination
Human Up regulation Tumor progression [28]
Human Up regulation Tumor progression [29]
Human Up regulation Activation of normal B and T lymphocytes, tonsil B cells, CLL B cells, and B-CLL cell lines [30]
GBM Cell line Up regulation Induce migration, promoter methylation and transcript, actin cytoskeleton remodeling/FAK-  [31]
Src-Rho-ROCK signaling
Human Up regulation Generation of neoplastic ECM and induce tumor progression and invasion [32]
Human Up regulation The methylation of FMOD promoter is correlated with good prognosis [33]
Prostate cancer Cell line Up regulation Modulate the activity of transcription factors, suppression of tumor growth and apoptosis [34]
prevention
Human Up regulation Regulation of angiogenesis, reprogramming of human fibroblasts into pluripotent cells, 9]
modulation of TGF-f activity, inflammatory processes and association with metastatic
phenotypes
Colon cancer Mouse Down regulation modulation of collagen fibrils in tumor stroma [35]
Cell line Up regulation Increasing of ECM density that inhibit the migration and invasion/collagen types |, Ill, IVand  [36]
V, biglycan
Mice Up regulation Prompt the formation of a dense stroma and an elevated interstitial fluid pressure [37]
Leiomyoma Human Up regulation Connective tissue remodeling, specifically fibrillogenesis, cell-cell adhesion and modulation  [17]
of cytokine autocrine/paracrine actions
Human tumor Up regulation transfection of the cells with Smad3 SiRNA resulted in significant reduction in TGF-3-induced  [17]
FMOD TGF-@, through Smad and MAPK signalling pathways, regulated the expression of
FMOD
Myometrium ~ Human Up regulation FMOD regulated by gonadotropin-releasing hormone analogue therapy and TGF-3 through ~ [17]
Smad and MAPK-mediated signaling. Connective tissue remodeling, specifically fibrillogen-
esis, cell-cell adhesion and modulation of cytokine autocrine/paracrine actions
SCLC Cellline Down regulation  Inhibit proliferation, migration, and invasion, angiogenesis/VEGF, TGF-31, FGF-2, and PDGF-B  [38]
MCL Human Up regulation Activation of normal B and T lymphocytes, tonsil B cells [30]
Myxoma Human Up regulation Diagnostic usefulness [39]
Insulinoma Mice Up regulation Inhibition of expression by anti-inflammatory agents showed that FMOD promoted the [37]
formation of a dense stroma and an elevated interstitial fluid pressure
Thyroid cancer  Mice Up regulation Inhibition of expression by anti-inflammatory agents showed that FMOD promoted the [37]
formation of a dense stroma and an elevated interstitial fluid pressure
CLL chronic lymphocytic leukemia, MCL mantle cell ymphoma, SCLC small cell lung cancer, GBM glioblastoma, ECM extracellular matrix
Table 2 FMOD gene therapy in cancer
Cancertype Model Strategy Function(s) Citation

CLL

Cell line

Breast cancer Cell line

Leukemia

Cell line

Glioblastoma Cell line

Using siRNA against FMOD

Induce apoptosis, cells aggregated together and appeared to be granular ~ [40]

Using recombinant Adenovirus FMOD  Suppresses NF-kB DNA binding and TGF-31 that control of cell proliferation  [21]

Using siRNA against FMOD
Using RNAi against FMOD

and oncogenesis
Diminished the apoptosis of B-CLL cells [62]

Induce glioma cell migration and invasion by promoting actin cytoskeleton [31]
remodeling pathway
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type I and could not also induce integrin and glioma cell
migration. A 9-mer wild-type peptide originated from
the FMOD C-terminus could inhibit the activation of
FMOD-induced integrin and migration. The Chroma-
tin immunoprecipitation-PCR analyses indicated that
transforming TGF-B1 is able to modulate expression
of FMOD via epigenetic FMOD promoter remodeling.
The silencing of FMOD is associated with inhibition of
TGF-B1-mediated GBM cell migration. Multivariate Cox
regression analysis, demonstrated that promoter methyl-
ation and transcript levels of FMOD could predict prog-
nosis in GBM. Collectively, using specific siRNA against
FMOD could show therapeutic effects via inhibition of
TGEF-B1 pathway. Thus, FMOD is a potential target in
treatment of GBM [31].

Conclusion

Current data suggest the important role of FMOD in the
pathogenesis of cancer. This proteoglycan interacts with
cellular and molecular mechanisms, such as NF-kB, to
develop malignancy. FMOD acts through increasing the
migration and angiogenesis to progress cancer. It also
suppresses the apoptosis induction.

Despite several attempts on this horizon, studies on
EMOD are associated with some limitations. It seems
that more pre-clinical experiments and clinical studies
(with large samples) could contribute to more under-
standing of FMOD roles in the cancer pathogenesis.
Moreover, more assessments could help to introduce
this molecule as diagnostic or prognostic biomarkers for
monitoring cancer subjects. This review suggest, evalu-
ation of FMOD in all cancerous conditions may lead to
introduce it to clinical settings.

Acknowledgements
Not applicable.

Authors’ contributions

HM and RS contributed in conception, design, statistical analysis and drafting
of the manuscript. M-HP, RM, SN, SAH, SF, YM, MH, ZA, and HRM contributed
in data collection and manuscript drafting. All authors read and approved the
final manuscript.

Funding
The present study was founded by a grant from the Vice Chancellor for
Research, Kashan University of Medical Sciences, in Iran.

Availability of data and materials
The primary data for this study is available from the authors on direct request.

Ethics approval and consent to participate
This study was considered exempt by the KAUMS Institutional Review Board.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Page 7 of 9

Author details

! Research Center for Biochemistry and Nutrition in Metabolic Diseases,
Kashan University of Medical Sciences, Kashan, Iran. 2 Department of Medical
Biotechnology and Molecular Sciences, School of Medicine, North Khorasan
University of Medical Sciences, Bojnurd, Iran. ® Department of Pharmacology,
Faculty of Medicine, Mashhad University of Medical Sciences, Mashhad, Iran.
“ Department of Anatomy, Faculty of Medicine, Qom University of Medical
Sciences, Qom, Iran. ° Iranshahr University of Medical Sciences, Iranshahr, Iran.
% Division of Neurocognitive Sciences, Psychiatry and Behavioral Sciences
Research Center, Mashhad University of Medical Sciences, Mashhad, Iran.

7 Department of Medical Immunology, School of Medicine, Tehran University
of Medical Sciences, Tehran, Iran.

Received: 5 March 2019 Accepted: 27 May 2019
Published online: 10 June 2019

References

1. ZentR, Pozzi A. Cell-extracellular matrix interactions in cancer. Berlin:
Springer; 2010.

2. Krishnan L, Hoying JB, Nguyen H, Song H, Weiss JA. Interaction of angio-
genic microvessels with the extracellular matrix. Am J Physiol Heart Circ
Physiol. 2007;293(6):H3650-8.

3. DrabschY, ten Dijke P. TGF-beta signalling and its role in cancer progres-
sion and metastasis. Cancer Metastasis Rev. 2012;31(3-4):553-68.

4. Xiong G-F, Xu R. Function of cancer cell-derived extracellular matrix in
tumor progression. J Cancer Metastasis Treat. 2016;2(9):357-64.

5. Naito Z.The role of small leucine-rich proteoglycan (SLRP) family
in pathological lesions and cancer cell growth. J Nippon Med Sch.
2005;72(3):137-45.

6. BlochbergerTC, Vergnes JP, Hempel J, Hassell JR. cDNA to chick lumican
(corneal keratan sulfate proteoglycan) reveals homology to the small
interstitial proteoglycan gene family and expression in muscle and intes-
tine. J Biol Chem. 1992,267(1):347-52.

7. Halper J. Proteoglycans and diseases of soft tissues. Adv Exp Med Biol.
2014;802:49-58.

8. Ao ZYus,Qian P, Gao W, Guo R, Dong X, Xu J, Zhang R, Jiang C, Ji F, et al.
Tumor angiogenesis of SCLC inhibited by decreased expression of FMOD
via downregulating angiogenic factors of endothelial cells. Biomed
Pharmacother. 2017,87:539-47.

9.  Reyes N, Benedetti|, Bettin A, Rebollo J, Geliebter J. The small leucine rich
proteoglycan fibromodulin is overexpressed in human prostate epithelial
cancer cell lines in culture and human prostate cancer tissue. Cancer
Biomarkers. 2016;16(1):191-202.

10. lozzo RV.The family of the small leucine-rich proteoglycans: key regula-
tors of matrix assembly and cellular growth. Crit Rev Biochem Mol Biol.
1997,32(2):141-74.

11. Jan AT, Lee EJ, Choi . Fibromodulin: a regulatory molecule maintaining
cellular architecture for normal cellular function. Int J Biochem Cell Biol.
2016;80:66-70.

12. Jian J, Zheng Z, Zhang K, Rackohn TM, Hsu C, Levin A, Enjamuri DR,
Zhang X, Ting K, Soo C. Fibromodulin promoted in vitro and in vivo
angiogenesis. Biochem Biophys Res Commun. 2013;436(3):530-5.

13. Hildebrand A, Romaris M, Rasmussen LM, Heinegard D, Twardzik DR,
Border WA, Ruoslahti E. Interaction of the small interstitial proteoglycans
biglycan, decorin and fibromodulin with transforming growth factor
beta. Biochem J. 1994;302(Pt 2):527-34.

14. Zheng Z, Jian J, Zhang X, Zara JN, Yin W, Chiang M, Liu Y, Wang J, Pang
S, Ting K, et al. Reprogramming of human fibroblasts into multipo-
tent cells with a single ECM proteoglycan, fibromodulin. Biomaterials.
2012;33(24):5821-31.

15. Pickup M, Novitskiy S, Moses HL. The roles of TGF{ in the tumour micro-
environment. Nat Rev Cancer. 2013;13:788.

16. Adini |, Ghosh K, Adini A, Chi ZL, Yoshimura T, Benny O, Connor KM,
Rogers MS, Bazinet L, Birsner AE, et al. Melanocyte-secreted fibro-
modulin promotes an angiogenic microenvironment. J Clin Investig.
2014;124(1):425-36.

17. LevensE, Luo X, Ding L, Williams RS, Chegini N. Fibromodulin
is expressed in leiomyoma and myometrium and regulated by



Pourhanifeh et al. Cancer Cell Int

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

(2019) 19:157

gonadotropin-releasing hormone analogue therapy and TGF-beta
through Smad and MAPK-mediated signalling. Mol Hum Reprod.
2005;11(7):489-94.

Soo C, Hu FY, Zhang X, Wang Y, Beanes SR, Lorenz HP, Hedrick MH,
Mackool RJ, Plaas A, Kim SJ, et al. Differential expression of fioromodulin,
a transforming growth factor-beta modulator, in fetal skin development
and scarless repair. Am J Pathol. 2000;157(2):423-33.

Rydell-Tormanen K, Andreasson K, Hesselstrand R, Westergren-Thorsson
G. Absence of fibromodulin affects matrix composition, collagen deposi-
tion and cell turnover in healthy and fibrotic lung parenchyma. Sci Rep.
2014;4:6383.

Ranjzad P, Salem HK, Kingston PA. Adenovirus-mediated gene transfer of
fibromodulin inhibits neointimal hyperplasia in an organ culture model
of human saphenous vein graft disease. Gene Ther. 2009;16(9):1154-62.
Dawoody Nejad L, Biglari A, Annese T, Ribatti D. Recombinant fibromodu-
lin and decorin effects on NF-kB and TGFf31 in the 4T1 breast cancer cell
line. Oncol Lett. 2017;13(6):4475-80.

May MJ, Ghosh S. Rel/NF-kappa B and | kappa B proteins: an overview.
Semin Cancer Biol. 1997,8(2):63-73.

Mayr C, Bund D, Schlee M, Moosmann A, Kofler DM, Hallek M, Wendtner
CM. Fibromodulin as a novel tumor-associated antigen (TAA) in chronic
lymphocytic leukemia (CLL), which allows expansion of specific CD8+
autologous T lymphocytes. Blood. 2005;105(4):1566-73.

Hassan DA, Samy RM, Abd-Elrahim OT, Salib CS. Study of fioromodulin
gene expression in B-cell chronic lymphocytic leukemia. J Egypt Nat!
Cancer Inst. 2011;23(1):11-5.

Jelinek DF, Tschumper RC, Stolovitzky GA, Iturria SJ, Tu Y, Lepre J, Shah

N, Kay NE. Identification of a global gene expression signature of
B-chronic lymphocytic leukemial 1 Mayo Comprehensive Cancer Center,
National Cancer Institute CA91542 (awarded to N.E. Kay), and gener-

ous philanthropic support provided by Edson Spencer. Mol Cancer Res.
2003;1(5):346-61.

Klein U, Tu'Y, Stolovitzky GA, Mattioli M, Cattoretti G, Husson H, Freedman
A, Inghirami G, Cro L, Baldini L, et al. Gene expression profiling of B cell
chronic lymphocytic leukemia reveals a homogeneous phenotype
related to memory B cells. J Exp Med. 2001;194(11):1625-38.

Hus I, Schmitt M, Tabarkiewicz J, Radej S, Wojas K, Bojarska-Junak A,
Schmitt A, Giannopoulos K, Dmoszyriska A, Rolinski J. Vaccination of
B-CLL patients with autologous dendritic cells can change the frequency
of leukemia antigen-specific CD8+ T cells as well as CD4+ CD25+
FoxP3+ regulatory T cells toward an antileukemia response. Leukemia.
2008;22(5):1007.

McCarthy BA, Yancopoulos S, Tipping M, Yan X-J, Wang XP, Bennett F, Li W,
Lesser M, Paul S, Boyle E. A seven-gene expression panel distinguishing
clonal expansions of pre-leukemic and chronic lymphocytic leukemia B
cells from normal B lymphocytes. Immunol Res. 2015;63(1-3):90-100.
Tabarkiewicz J, Giannopoulos K. Definition of a target for immunotherapy
and results of the first Peptide vaccination study in chronic lymphocytic
leukemia. Transplant Proc. 2010;42(8):3293-6.

Mikaelsson E, Danesh-Manesh AH, Luppert A, Jeddi-Tehrani M, Rezvany
MR, Sharifian RA, Safaie R, Roohi A, Osterborg A, Shokri F, et al. Fibro-
modulin, an extracellular matrix protein: characterization of its unique
gene and protein expression in B-cell chronic lymphocytic leukemia and
mantle cell lymphoma. Blood. 2005;105(12):4828-35.

Mondal B, Patil V, Shwetha SD, Sravani K, Hegde AS, Arivazhagan A,
Santosh V, Kanduri M, Somasundaram K. Integrative functional genomic
analysis identifies epigenetically regulated fioromodulin as an essential
gene for glioma cell migration. Oncogene. 2017;36(1):71-83.

Colin C, Baeza N, Bartoli C, Fina F, Eudes N, Nanni |, Martin P, Ouafik L,
Figarella-Branger D. Identification of genes differentially expressed in
glioblastoma versus pilocytic astrocytoma using suppression subtractive
hybridization. Oncogene. 2006;25(19):2818.

Shukla S, Patric IRP, Thinagararjan S, Srinivasan S, Mondal B, Hegde AS,
Chandramouli BA, Santosh'V, Arivazhagan A, Somasundaram K. A DNA
methylation prognostic signature of glioblastoma: identification of
NPTX2-PTEN-NF-kB nexus. Cancer Res. 2013;73:6563-65732.

Bettin A, Reyes |, Reyes N. Gene expression profiling of prostate cancer-
associated genes identifies fibromodulin as potential novel biomarker for
prostate cancer. Int J Biol Markers. 2016,31(2):.e153-62.

Olsson PO, Kalamajski S, Maccarana M, Oldberg A, Rubin K. Fibro-
modulin deficiency reduces collagen structural network but not

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Page 8 of 9

glycosaminoglycan content in a syngeneic model of colon carcinoma.
PLoS ONE. 2017;12(8):e0182973.

Coulson-Thomas VJ, Coulson-Thomas YM, Gesteira TF, de Paula CAA,
Mader AM, Waisberg J, Pinhal MA, Friedl A, Toma L, Nader HB. Colorec-
tal cancer desmoplastic reaction up-regulates collagen synthesis and
restricts cancer cell invasion. Cell Tissue Res. 2011;346(2):223-36.
Oldberg A, Kalamajski S, Salnikov AV, Stuhr L, Mérgelin M, Reed RK,
Heldin N-E, Rubin K. Collagen-binding proteoglycan fibromodulin can
determine stroma matrix structure and fluid balance in experimental
carcinoma. Proc Natl Acad Sci. 2007;104(35):13966-71.

Ao Z,Yu S, Qian P, Gao W, Guo R, Dong X, Xu J, Zhang R, Jiang C, Ji F, et al.
Tumor angiogenesis of SCLC inhibited by decreased expression of FMOD
via downregulating angiogenic factors of endothelial cells. Biomed
Pharmacother. 2017;87(Supplement C):539-47.

Skamrov A, Nechaenko M, Goryunova L, Feoktistova E, Khaspekov G,
Kovalevsky D, Vinnitsky L, Sheremeteva G, Beabealashvilli RS. Gene
expression analysis to identify mRNA markers of cardiac myxoma. J Mol
Cell Cardiol. 2004,37(3):717-33.

Choudhury A, Derkow K, Daneshmanesh AH, Mikaelsson E, Kiaii S,
Kokhaei P, Osterborg A, Mellstedt H. Silencing of ROR1 and FMOD with
SIRNA results in apoptosis of CLL cells. Br J Haematol. 2010;151(4):327-35.
Park M, Hong J. Roles of NF-kB in cancer and inflammatory diseases and
their therapeutic approaches. Cells. 2016;5(2):15.

Lee Y-H, Schiemann WP. Fibromodulin suppresses nuclear factor-kb
activity by inducing the delayed degradation of IKBA via a JNK-
dependent pathway coupled to fibroblast apoptosis. J Biol Chem.
2011;286(8):6414-22.

Zheng Z, Jian J, Velasco O, Hsu C-Y, Zhang K, Levin A, Murphy M, Zhang
X, Ting K, Soo C. Fibromodulin enhances angiogenesis during cutaneous
wound healing. Plast Reconstr Surg Glob Open. 2014;2(12):e275.

Kontos CD. More than skin deep: connecting melanocyte pigmentation
and angiogenic diseases. J Clin Investig. 2014;124(1):76-9.

Adini I, D'amato R. Method for modulating angiogenesis using fibro-
modulin. In: Google Patents; 2010.

Lee CH, Jeon YT, Kim SH, Song YS. NF-kB as a potential molecular target
for cancer therapy. BioFactors. 2007;29(1):19-35.

Pahl HL. Activators and target genes of Rel/NF-kB transcription factors.
Oncogene. 1999;18(49):6853.

Huber MA, Azoitei N, Baumann B, Griinert S, Sommer A, Pehamberger H,
Kraut N, Beug H, Wirth T. NF-kB is essential for epithelial-mesenchymal
transition and metastasis in a model of breast cancer progression. J Clin
Investig. 2004;114(4):569-81.

Zhong Z, Gu H, Peng J, Wang W, Johnstone BH, March KL, Farlow MR, Du
Y. GDNF secreted from adipose-derived stem cells stimulates VEGF-
independent angiogenesis. Oncotarget. 2016;7(24):36829.

Piltonen M, Planken A, Leskeld O, Mythédnen T, Hanninen A-L, Auvinen

P, Alitalo K, Andressoo J-O, Saarma M, Mannisto P. Vascular endothelial
growth factor C acts as a neurotrophic factor for dopamine neurons

in vitro and in vivo. Neuroscience. 2011;192:550-63.

Blais M, Lévesque P, Bellenfant S, Berthod F. Nerve growth factor,
brain-derived neurotrophic factor, neurotrophin-3 and glial-derived
neurotrophic factor enhance angiogenesis in a tissue-engineered in vitro
model. Tissue Eng Part A. 2013;19(15-16):1655-64.

Kloth S, Suter-Crazzolara C. Modulation of renal blood vessel forma-

tion by glial cell line-derived neurotrophic factor. Microvasc Res.
2000;59(1):190-4.

Chen M, Ba H, Lu C, Dai J, Sun J. Glial cell line-derived neurotrophic factor
(GDNF) promotes angiogenesis through the demethylation of the fibro-
modulin (FMOD) promoter in glioblastoma. Med Sci Monit. 2018;24:6137.
Huttenlocher A, Horwitz AR. Integrins in cell migration. Cold Spring Harb
Perspect Biol. 2011;3(9):a005074.

Mitra SK, Schlaepfer DD. Integrin-regulated FAK-Src signaling in normal
and cancer cells. Curr Opin Cell Biol. 2006;18(5):516-23.

Ridley AJ. Rho GTPases and cell migration. J Cell Sci.
2001;114(15):2713-22.

Sardana G, Dowell B, Diamandis EP. Emerging biomarkers for the diagno-
sis and prognosis of prostate cancer. Clin Chem. 2008;54(12):1951-60.
van't Veer LJ, Dai H, van de Vijver MJ, He YD, Hart A, Mao M, Peterse HL,
van de Kooy K, Marton MJ, Witteveen AT, Schreiber GJ, Kerkhoven RM,
Roberts C, Linsley PS, Bernards R, Friend SH. Gene expression profiling
predicts clinical outcome of breast cancer. Nature. 2002;415:530-6.



Pourhanifeh et al. Cancer Cell Int (2019) 19:157

59. Welsh JB, Sapinoso LM, Su Al, Kern SG, Wang-Rodriguez J, Moskaluk CA,
Frierson HF, Hampton GM. Analysis of gene expression identifies candi-
date markers and pharmacological targets in prostate cancer. Can Res.
2001,61(16):5974-8.

60. Garber ME, Troyanskaya OG, Schluens K, Petersen S, Thaesler Z, Pacyna-
Gengelbach M, Van De Rijn M, Rosen GD, Perou CM, Whyte RI. Diversity
of gene expression in adenocarcinoma of the lung. Proc Natl Acad Sci.
2001;98(24):13784-9.

61. Garusi E, Rossi S, Perris R. Antithetic roles of proteoglycans in cancer. Cell
Mol Life Sci. 2012;69(4):553-79.

Page 9 of 9

62. Choudhury A, Derkow K, Mikaelsson E, Kokhaei P, Osterborg A, Rabbani H,
Mellstedt H. Downregulating the fibromodulin gene by short interfering
RNA causes B-CLL cell death. Blood. 2004;104(11):176.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	The role of fibromodulin in cancer pathogenesis: implications for diagnosis and therapy
	Abstract 
	Introduction
	FMOD and cancer
	FMOD induces and suppresses apoptosis
	FMOD as a promoter for angiogenesis
	FMOD promotes cell migration

	FMOD as a potential novel biomarker
	Targeting FMOD as therapeutic approach in cancer
	Conclusion
	Acknowledgements
	References




