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Abstract

Thrombospondin-4 (TSP-4) belongs to the extracellular matrix  glycoprotein

family of thrombospondins (TSPs). The multidomain, pentameric structure of TSP-4

allows its interactions with numerous extracellular matrix components, proteins and

signaling  molecules  that  enable  its  modulation  to  various  physiological  and

pathological  processes.  Characterization  of  TSP-4 expression under development

and  pathogenesis  of  disorders  has  yielded  important  insights  into  mechanisms

underlying the unique role of TSP-4 in mediating various processes including cell-

cell,  cell-extracellular  matrix  interactions,  cell  migration,  proliferation,  tissue

remodeling, angiogenesis, and synaptogenesis. Maladaptation of these processes in

response  to  pathological  insults  and  stress  can  accelerate  the  development  of

disorders  including  skeletal  dysplasia,  osteoporosis,  degenerative  joint  disease,

cardiovascular diseases, tumor progression/metastasis and neurological disorders.

Overall, the diverse functions of TSP-4 suggest that it may be a potential marker or

therapeutic target for prognosis, diagnosis, and treatment of various pathological

conditions upon further investigations. This review article highlights recent findings

on the role of TSP-4 in both physiological and pathological conditions with a focus

on what sets it apart from other TSPs.

Keywords: Thrombospondin-4, calcium-binding, extracellular matrix glycoprotein, 
angiogenesis, inflammation, synaptogenesis, cardiovascular diseases, cancer 
growth, metastasis, nociception.
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1.  Introduction

Thrombospondins  (TSPs)  are  a  group  of  multimeric,  extracellular  matrix

(ECM)  glycoproteins  that  play  an  important  role  in  regulating  cell-cell  and  cell-

matrix  interactions  [1-4].  Vertebrate  TSPs  comprise  an  evolutionarily  conserved

family  of  multidomain  calcium-binding  proteins  that  consists  of  five  members

assembled either as trimers (subgroup A, including TSP-1 and TSP-2) or pentamers

(subgroup B, including TSP-3, TSP-4, and TSP-5, which is also known as cartilage

oligomeric matrix protein [COMP]).  Each TSP contains amino- and carboxy-terminal

domains  flanking  different  structural  modules  (for  an  extensive  review  of  the

domain architectures and structure of TSPs, please see [5, 6].  Briefly, the amino-

terminal  halves  of  TSPs  vary  in  domain  composition.   But  the  carboxy-terminal

regions are highly conserved that comprise of three (TSP-1 and TSP-2) to four (TSP-

3, TSP-4 and TSP-5/COMP) type 2 epidermal growth factor-like (EGF-like) domains,

thirteen calcium-binding type 3 repeats, and a carboxy-terminal globular domain

that is homologous structurally to the L-type lectin (also known as the L-type lectin-

like  domain).  This  structural  arrangement  of  the  carboxy-terminal  regions  is

characteristic  for  TSPs,  and  therefore  collectively  referred  to  as  the  signature

domain [7, 8].  Upon calcium binding to the signature domain, TSP proteins undergo

a conformational change  [9-11] that exposes binding sites for other proteins and

ECM molecules, enabling TSPs to interact with a variety of cell surface receptors,

ECM proteins, and other signaling molecules  [6, 8,  12-14].  This complex domain

organization allows TSPs to play important and distinct roles in mediating diverse

biological  and  pathological  processes  [14-18].   However,  specific  TSP  family

members  also  have  unique  activities  based  on  their  specific  spatiotemporal

distribution that underlies their roles in various processes, including the induction of
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cell spreading and organization of actin-based protrusions, promoting cell migration,

disassembly of focal adhesions, and modulation of cell proliferation and apoptosis

[1].

2.  TSP-4

Discovery  of  the  thbs4 gene  can  be  traced  back  to  its  identification  in  the

genome of the African clawed frog (Xenopus laevis) by Lawler et al. [19].  In 1995,

human TSP-4 was first characterized as a homopentameric protein composed of five

140 kDa polypeptides [10]. Subsequently, expression of TSP-4 has been identified in

various tissues/organs, including blood vessel wall  [20], retina  [21, 22], skin  [23],

umbilical tissue [24], liver [25], myocardium [26-29], neuromuscular junction [22],

tendon and muscle  [22,  30,  31],  bone  [32],  dorsal  root  ganglia  [33] and neural

tissues, including astrocytes, in a mature brain and spinal cord [22, 34-37].  It is well

known  that  TSP-4  is  a  multifunctional  protein  that  plays  a  crucial  role  in

angiogenesis,  wound  healing,  bone  formation,  cardiovascular  function,  immune

system  modulation,  cancer  progression,  neuroplasticity,  neuroinflammation  and

nociception. 

Figure 1 illustrates a schematic model depicting the domain organization of TSP-

4. Unlike the subgroup A members, TSP-4 does not possess the unique features of

the N-terminal domain found in TSP-1 and TSP-2.  The N-terminal domain of TSP-4,

like other subgroup B members, is connected to a coiled-coil region that contains

the  oligomerization  site,  in  which  five  subunits  are  disulfide-linked  to  form  a

pentamer. Four Type 2 EGF-like domains are downstream of the coiled-coil region

followed by a sequence of Type 3 calcium-binding repeats referring as the "calcium-

binding wire module"  [5, 6].  While calcium is crucial in maintaining the tertiary
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structures  of  all  TSPs,  including  TSP-4  [38,  39],  significantly  different  calcium

binding activities to the signature domains of TSP-4 contribute to the unique fine

structure and inter-modular interactions of TSP-4 that are different from other TSPs

[38, 40].  This suggests that TSP-4, while sharing some similar functions with other

TSPs, may possess unique functionalities in mediating pathophysiological processes.

For example, it has been reported that a single nucleotide polymorphism (SNP) in

human thbs4 gene, where proline is found at position 387 instead of alanine in more

predominant  forms,  is  associated  with  increased  risk  of  premature  myocardial

infarction in patients [41, 42] probably due to increased calcium binding affinity at

the  third  EGF-like  repeat  [39].   In  contrast,  SNP  in  human  thbs1 gene,  which

decreases calcium binding affinity of TSP-1 [39], is not associated with altered risk

of premature myocardium infraction [43], but SNP in human thbs2 gene has been

found to associate with reduced risk of premature myocardial infraction in patients

[43].  In addition to differential calcium binding, some other unique functions of TSP-

4  could  be  potentially  explained  by  its  differential  spatiotemporal  distribution,

binding to specific receptors, activation of different intracellular signaling pathways,

and distinct interactions with other  ECM components [16, 32, 44-47].  For example,

TSP-4  exhibits  a  proangiogenic  property  that  fundamentally  differs  from  the

antiangiogenic properties of subgroup A TSPs.  This proangiogenic effect has been

shown to be associated with the activation of the transforming growth factor-beta1

(TGF-b1) pathway  [48, 49].  In addition, even though both subgroup B TSP-4 and

TSP-5  proteins  are  induced  in  knee  articular  cartilage  with  the  progression  of

osteoarthritis  in  patients,  TSP-4  induction  is  more  dramatic,  and  distributed  in

different  articular  cartilage  zones  at  different  stages  of  disease  progression

compared with that of TSP-5  [44].  Considering the diverse role of TSP-4 and its
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implications in angiogenesis, cardiovascular disease, inflammation, synaptogenesis

and nociception, this review highlights recent discoveries about the role of TSP-4 in

relevant physiological and pathological activities. Hopefully, these novel discoveries

can lead to new research directions to further characterizing TSP-4 as a potential

target for development of better therapeutical interventions for these disorders, as

well as a biomarker for diagnosis, prognosis and drug efficacy predictions. 

3.  Pathophysiological roles of TSP-4

While TSP-4 is highly expressed in early development stages, the expression

level of TSP-4 at adulthood is relatively low under physiological conditions [16, 35-

37,  44].   However,  its  expression  level  is  highly  upregulated  in  response  to

pathological  insults  and  stress  that  can  contribute  to  repair  and  regeneration

processes, but unfortunately can also lead to the development of various abnormal

conditions, including cardiovascular and neurological disorders [16, 23, 26, 32, 33,

35-37, 44, 50, 51].  This suggests that expression of TSP-4 is plastic and plays an

important role in repair, regeneration, adaptation and unfortunately maladaptation

processes that may underlie the development of various disorders (Figure. 2).  In

this review, we have summarized recent discoveries about the contributing role and

underlying mechanisms of TSP-4 plasticity in mediating pathological processes, as

well as its involvement in the development of various disease states.  Our focus has

been on highlighting the distinct effects of TSP-4 that differentiate it from other TSP

molecules.  

3.1.  Angiogenesis
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 Angiogenesis plays a crucial role in physiological process such as growth,

development, wound healing, and the formation of granulation tissue by increasing

the  supply  of  oxygen-rich  blood  to  tissues  and  organs.   The  balance  between

proangiogenic  and  antiangiogenic  activities  is  crucial  for  maintaining  proper

vasculature and homeostasis.  However, dysregulation of these processes can lead

to  pathological  angiogenesis  that  provides  nutrients  and  oxygen  to  promote

abnormal  conditions such as cardiac hypertrophy,  tumor growth and metastasis.

TSP-4  has  been shown  to  promote  angiogenesis  in  various  tissues  and  organs,

including  the  heart,  skeletal  muscle,  tendon  and  eye  [15,  16,  30,  52],  mainly

through  stimulating  the  formation  of  new  blood  vessels  and  promoting  the

proangiogenic function of endothelial cells [16, 48]. In addition, TSP-4 upregulation

has been reported in several  types of cancers,  including breast cancer  [53, 54],

prostate cancer [55], gastric cancer [56-58], hepatocellular carcinoma [59, 60] and

bladder cancer [61] that can enhance angiogenesis and promote cell migration and

invasion activities. 

The mechanism underlying the effects of TSP-4 in angiogenesis differ from

that of well-studied subgroup A TSPs.  The antiangiogenic effects of TSP-1 and TSP-2

are  mediated  through  interactions  of  their  respective  type  1  domains  with

transmembrane glycoproteins CD36 and CD47.  For TSP-1, this interaction results in

suppression  of  a  nitric  oxide/c-GMP-dependent  signaling  pathway  [62-65] or

inhibition  of  gelatinolytic  activities  and  the  vascular  endothelial  growth  factor

(VEGF) pathway [66].  On the other hand, TSP-2 inhibits gelatinolytic activities and

modulates  directly  or  indirectly  the  Notch  signaling  pathway  [65,  67-70].   In

contrast, TSP-4 does not harbor the type 1 domains like the group A TSPs [5], but

instead induces angiogenesis through a TGF-b1-dependent pathway  [20, 48, 49].
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Findings from studies using thbs4-deficient mice have confirmed that TSP-4 plays a

role in promoting angiogenesis and skin wound healing by enhancing endothelial

cell adhesion, migration, and proliferation [48].  The contrasting functions of TSP-4

compared to that of other TSP family members in the vascular wall support that

TSP-4 proteins play distinct roles in angiogenesis and vascular biology. 

Data from mechanistic studies indicate that TSP-4 mediates TGF-b1 induced

angiogenesis  in  an unique manner that  differs  from other TSP family members.

Specifically,  TGF-b1 only  induces  TSP-4,  but  not  TSP-1  nor  TSP-3,  expression  in

microvascular  endothelial  cells.   TGF-b1  induced  TSP-4  expression  is  stimulus-

specific, only after stimulation with TGF-b1, but not fibroblast growth factor (bFGF).

In addition, TSP-4 induction by TGF-b1 stimulation is cell-type specific, only occurs in

microvascular endothelial cells, but not in macrovascular arterial endothelial cells

nor in vascular smooth muscle cells.  Thus, activation of this specific pathway is

pathological stage-dependent, only occurring at the stage when the inducer (TGF-b1

in this case) is available and angiogenesis is needed, such as tissue remolding or

tumor  growth  and  metastasis.   Interestingly,  activation  of  this  pathway  is  not

involved in proliferation of endothelial cells as expected previously, supporting that

a divergent  pathway different  from the specific effect  of  TSP-4 on angiogenesis

mediates the cell proliferation effects of TGF-b1 [49].  

Activation of this pathway, specifically TGF-b1 induction of TSP-4, is mediated

through intracellular signaling molecules SMAD3 and P38 mitogen-activated protein

kinase.   Importantly,  increased  TSP-4  in  turn  provides  positive  feedback  to  the

activation  of  SMAD3  and  P38  to  sustain  the  microenvironment  of  pathological

angiogenesis [49, 71].  Inhibiting SMAD3 activities with inhibitors or knocking down

SMAD3 with specific shRNA or siRNA results in a reduced level of TSP-4 inducted by

8



TGF-b1 stimulation [49].  Interestingly, even though SMAD3 is a known transcription

factor  involved  in  angiogenesis  [72],  TGF-b1  induced  TSP-4  upregulation  in

microvascular  endothelial  cells  is  post-transcriptional  and independent of  protein

synthesis.  Thus, the detailed mechanism of this pathway in angiogenesis remains

elusive and warrants further investigation [49].

3.2.  Cardiovascular disorders

The ECM is critically involved in the development and progression of vascular

disorders,  ranging  from  angiogenesis  to  atherosclerosis,  a  condition  in  which

fibrofatty  lesions form in the artery wall,  leading to reduced blood flow.   These

pathological conditions can increase the risk of myocardial hypertrophy, infarctions

and stroke, as well as disabling peripheral artery diseases [73, 74].  Increasing body

of evidence points to a contributory role of the thbs4 gene in ECM remodeling within

the vascular wall that plays a significant role in the initiation and progress of chronic

myocadiac  disorders  including  cardiac  hypertrophy  and  diabetic  complications.

Rysa et al.  [27] have analyzed time-dependent global changes in gene expression

with DNA microarrays in spontaneously hypertensive rats and revealed that  thbs4

expression is increased with other genes encoding ECM proteins almost exclusively

at the ending stage of diastolic heart failure developing from hypertrophic hearts.

This finding supports that TSP-4 may play a critical role in mediating the remodeling

process of a failing heart. A subsequent study investigating the contributory role of

cardiac TSP-4 expression in heart failure has revealed that the expression of TSP-4

mRNA and protein increases rapidly in response to pressure load in vivo, occurring

even before the onset of left ventricular hypertrophy and fibrosis [26].  In addition,

findings from this study have suggested that TSP-4 might be an endothelial-specific
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marker of pressure overload as its expression is limited exclusively to endothelial

cells in the myocardium of hypertrophied hearts [26].  Interestingly, acute pressure

overload to the heart induces thbs4 gene upregulation in the left ventricle of young

and old normotensive Wistar-Kyoto rats as well as spontaneously hypertensive rats

with the induction being more dramatic in young normotensive and spontaneously

hypertensive rats  [26].  This indicates that the response of TSP-4 upregulation to

pressure load is age-dependent and more plastic in young hearts.  The contributory

effects of TSP-4 to myocardium hypertrophy and heart failure are also confirmed by

findings from a recent investigation [75] that TSP-4 expression is highly induced in

human  hypertrophic  hearts  as  well  as  different  cell  populations  of  mouse

hypertrophic hearts  derived from Angiotensin II-induced stress.   Together,  these

findings  validate  previous  discoveries  from  DNA-microarray  analyses  that  thbs4

gene expression is dramatically elevated in human myocardium of ischemic and

failing hearts  [28, 29].  It is believed that increased TSP-4 plays a role in fibrosis

resulting from chronic maladaptive response to cardiac stress.  

In  addition,  while  there  is  a  high  level  of  sexual  dimorphism  of  gene

expression in different cell populations, fibroblast-thbs4 exhibits the greatest level

of sexual dimorphism among the genes investigated [75].  These findings support

that increased  thbs4 gene expression may play an important role in pathological

remodeling of a hypertrophic heart in a sex- and cell-type specific manner.  Among

limited clinical data about TSP-4 expression in disease states, findings from a recent

study  [76] have  demonstrated  that  plasma  level  of  TSP-4  from  patients  with

peripheral arterial diseases caused by atherosclerosis correlates positively with the

severity of the disease, with the highest difference between patients with or without

concomitant diabetes.  Accordingly, the authors have suggested that plasma level

10



of TSP-4 can be used as a novel biomarker for atherosclerosis severity, especially

among patients with diabetes.

3.3.  Inflammation

To investigate the role of TSP-4 in inflammation, Rahman et al.  [77] have

examined  the  effects  of  TSP-4  on  macrophage  pro-inflammatory  phenotype

differentiation  and  apoptosis.  Intraperitoneal  injection  of  inflammatory  agent

lipopolysaccharide  (LPS)  into  mice  has  led  to  peritonitis,  a  model  of  acute

inflammation, that correlates with increased expression of TSP-4 in macrophages.

Increased  TSP-4  expression  has  also  been  observed  in  cultured  macrophages

treated  with  pro-inflammatory  cytokines.  The  upregulation  of  TSP-4  promotes

macrophage  differentiation  into  pro-inflammatory  phenotype,  as  supported  by

increased production of pro-inflammatory macrophage markers CD38 and Nos2 and

a concurrent decrease in the expression of tissue-repair macrophage markers Egr2

and Arg1  [77].  It is worth noting that this contradicts the effects of LPS-induced

TSP-1  increase,  which  has  been  linked  to  an  elevation  of  Arg1 expression  that

promotes polarization of macrophages into an anti-inflammatory phenotype  [78].

Increased  TSP-4  expression  also  facilitates  macrophage  accumulation  at

inflammation sites, and promotes macrophage apoptosis,  which can release pro-

inflammatory  factors  at  inflammatory  sites  to  sustain  a  pro-inflammatory

environment.   Abolished  TSP-4  expression  in  macrophages  from  thbs4-deficient

mice  leads  to  reduced  expression  of  pro-inflammatory  macrophage  markers.

Together, these findings support that TSP-4 plays a unique role in inflammation by

promoting  pro-inflammatory  phenotype  differentiation  and  apoptosis  of

macrophages at injury sites [77]. 
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Abnormal  TSP-4 upregulation also plays a critical  role in mediating cancer

inflammation and growth.  TSP-4 expression is increased in breast cancer tissue

compared with that in adjacent noncancerous tissue of patients.  Deletion of thbs4

from  mouse  breast  cancer  xenografts  leads  to  reduced  inflammation  in  breast

cancer  as  evidenced by diminished expression of  macrophage maker CD68 and

proinflammatory markers CD38 and Ccl2.  Together, these data support that TSP-4

expression  is  induced  mainly  in  macrophages  in  cancer  microenvironment  that

plays  a  critical  role  in  promoting  macrophage  infiltration  and  inflammation.

Apparently,  TSP-4  mediates  proinflammatory  effects  of  TGF-b1  in  cancer

microenvironment by promoting macrophage infiltration, cancer inflammation and

growth as supported by findings that thbs4 knockout in mice leads to reduced TGF-

β1-induced macrophage infiltration in breast cancer xenografts [79].

TSP-4 is also a mediator of hyperglycemia-induced inflammation and cancer

growth through a distinct pathway different from that activated by TGF-b1 [79]. TSP-

4 expression is  induced in both cancerous and noncancerous tissues of  diabetic

patients  with  higher  level  of  induction  in  cancerous  tissues.  In  addition,  TSP-4

expression is highly increased in breast cancer xenografts from both type-1 and

type-2  diabetic  mouse  models  [79].   Interestingly,  hyperglycemia-induced TSP-4

regulates  expression  of  macrophage  markers  and  pro-inflammatory  cytokines

differently compared with that of TGF-b1-induced TSP-4.  In addition, the increased

TSP-4 expression is mainly co-localized with tumor-associated macrophage markers

with  only  a  small  portion  co-localized  with  endothelial  cell  markers  [79].   This

observation stands in contrast  to the upregulation of TSP-1 induced by glucose,

which is mainly observed in endothelial cells [80, 81].  These findings indicate that

elevated levels of TSP-4 triggered by hyperglycemia play a role in mediating cancer
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inflammation and growth through a distinct  pathway that  is  independent of  the

effects of TGF-b1 and other TSPs.  

Recent  findings  from  mechanistic  investigations  shed  some  new  light  on

intracellular  signaling  pathways  linked  to  the  effects  of  TSP-4  on  cancer

inflammation  and  progression.   Chou  et  al.  [61] have  reported  that  TSP-4  can

promote  the migration  and invasion  of  cancer  cells  by enhancing expression of

matrix  metalloproteinase  2  through  activation  of  the  AKT  signaling  pathway  in

bladder  cancer  progression  and  metastasis.   Activation  of  the  AKT  signaling

pathway is also reported as a result of TSP-4 interactions with the transmembrane

receptor integrin α2 in gallbladder cancer cells that induce phosphorylation of heat

shock factor 1 and TGF-b1 upregulation, which in turn provides a positive feedback

signaling cascade to increase TSP-4 expression to maintain malignant progression

of cancer cells [82].  

Together, findings from these studies support that TSP-4 is a critical mediator

for activation of different signaling pathways related to inflammation and cancer

progression in a cell-type and disease-state specific manner.  Since inflammatory

processes  are  closely  associated  with  the  etiology  of  numerous  cancers  and

neurological  disorders  [83-85],  the  involvement  of  TSP-4  in  these  processes

underscores  its unique  role  in  pathogenesis  of  these  inflammation  triggered

disorders,  including  cancer  growth/metastasis,  neuroinflammatory  and

degenerative diseases. 

3.4.  Immune system

TSP-4 is  also  implicated in  modulation of  the immune system.  In  a  study

conducted by Ponda and Breslow [86] using rodents and cell cultures, it has been
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discovered  that  TSP-4  interacts  with  a  peptide  derived  from domain  5  of  high-

molecular-weight kininogen.  This interaction facilitates chemotaxis by accelerating

the acute migration of immune cells from local inflammation sites to lymphocytes.

Neutralizing antibodies against TSP-4 can effectively inhibit this activity.  Thus, TSP-

4  establishes  a  connection  between  inflammation  and  adaptive  immunity,

highlighting its role in immune response regulation.  This result further supports the

notion  that  interfering  with  interactions  between  TSP-4  and  domain  5  of  high-

molecular-weight  kininogen may  serve  as  an  site-specific  target  for  chemotaxis

modulation.

High  throughput  microarray  analysis  comparing  gene  expression  profiles

between bone marrow lesions collected from total knee replacement of advanced

osteoarthritis  (OA)  patients  and  normal  bone  of  non-OA  control  patients  has

revealed that  thbs4 is one of the most highly up-regulated genes in advanced OA

patients. However, it is not clear if this increase underlines the immune response to

inflammation,  or  pre-synaptic  hypersensitivity  and  pain  state  development  (see

section 3.6) associated with advanced OA  [87].  This change at the DNA level is

confirmed at the protein level.  Ruthard et al. [88] have reported that TSP-4 proteins

are  increased  in  serum of  most  OA patients  as  supported  by  findings  that  IgG

autoantibodies against TSP-4 (and other ECM proteins) are found in these serum

samples, but not so in serum samples from healthy donors. This implies that TSP-4

is likely involved in the pathogenesis of OA in human patients.  The authors suggest

that detecting TSP-4 autoantibodies in serum samples may serve as a biomarker for

OA diagnosis.  In another clinical study, serum proteomic analysis reveals that TSP-4

is  significantly  increased  in  serum  samples  collected  from  patients  with  active

systemic  lupus  erythematosus  (SLE),  a  complex  systemic  autoimmune disorder,
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compared to that from patients in remission and healthy control volunteers  [89].

Although the exact pathological role of TSP-4 in SLE development remains elusive,

there is a notable positive correlation between serum TSP-4 levels and the disease

stage activity of SLE.  Therefore, the authors propose that serum TSP-4 level can be

used to monitor the disease stage activity of SLE. 

 

3.5.  Bone formation and regeneration

The  physiological  process  of  bone  remodeling  is  dynamic  and  well-

coordinated that regulates and maintains a balance between bone resorption and

formation  [90, 91].  Adult skeleton maintains its functional  integrity and strength

through a continuous process of repair called the bone-remodeling cycle [92]. While

osteoclasts,  osteoblasts,  and  osteocytes  are  well-known  as  essential  bone  cells

involved in remodeling, recent findings suggest that the ECM also plays a significant

role  in  bone  remodeling,  as  well  as  in  skeletal  abnormalities  and  tumor  bone

metastasis [93].  The ECM in bone regulates critical processes such as cell adhesion,

differentiation, proliferation, growth factor responsiveness that ultimately influence

the functional properties of bone maturation and regeneration [94, 95]. 

Although TSP-4 is relatively less characterized compared to other members of

the  TSP  family  in  the  skeletal  system,  some  studies  have  revealed  the  unique

versatility of TSP-4 in interacting with various ECM components, modulating ECM-

cell  interactions  and  osteocyte  differentiation  in  bone  remodeling  [16,  96,  97].

Findings from a recent study have revealed that the localization and expression

patterns of TSP-4 differ from that of TSP-5 within the cartilage tissue throughout the

developmental stages of endochondral bone formation and during fracture healing

process [32].  TSP-4 is exclusively expressed in the hypertrophic chondrocyte zone
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of transient cartilage during endochondral ossification, whereas TSP-5 is observed

throughout all zones of transient cartilage. During fracture healing, TSP-4, but not

TSP-5,  is  sparsely  detected  in  the  periosteum.  Therefore,  the  differential

spatiotemporal distribution of TSP-4 in cartilage tissue during bone formation and

remolding support a specific role of TSP-4 in these processes [32]. 

Using a proteomic approach,  Sanchez and colleagues  [98] have compared

the secretome of osteoblasts obtained from sclerotic and non-sclerotic regions of

subchondral  bone  of  osteoarthritis  patients.  They  have  found  that  sclerotic

osteoblasts secrete less TSP-4 protein than non-sclerotic osteoblasts.  This implies

that the role of TSP-4 in remodeling and maintenance of the bone matrix may be

compromised  in  the  pathological  process  of  sclerosis  in  subchondral  bone  of

osteoarthritis patients [98].  In contrast, findings from a recent clinical study have

revealed that TSP-4 expression is  increased in articular cartilage in the knee of

osteoarthritis patients that correlates with the severity of osteoarthritis  [99].  With

its potential proangiogenic properties and its ability to interact with various ECM

proteins,  TSP-4  has  emerged  as  an  important  target  for  future  investigations

regarding the mechanisms of its functional  role in bone remodeling under these

pathophysiological  conditions.   This  in  turn  can  lead  to  development  of  target

specific interventions or biomarkers for disorders involving TSP-4 dysregulations in

skeletal abnormalities. 

3.6.  Synaptogenesis

TSP-4 has also been implicated in the regulation of synaptic function in the

central  nervous  system  [35,  100-103].   While  its  role  in  regulating  synapse

formation and stabilization under normal  physiological  conditions is  not yet well
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defined, a recent study  [104] has revealed that TSP-4 expression is induced after

astrocyte-neuron  interactions  in  vitro  following  the  activation  of  astrocytic

sphingosine-1-phosphate  receptor  1  that  promotes  astrocyte  morphological

complexity and morphogenesis.   The authors suggest that this neuronal  contact

induced  TSP-4  expression  is  likely  involved  in  neural  circuit  assembly  and

synaptogenesis.

Importantly,  Gan and Sudhof  [105] have reported that TSP-4 is one of the

critical  circulating factors that promote synaptogenesis and synaptic connectivity

during brain development in juveniles.  In this study, blood from young mice was

introduced  into  aged  mice  that  resulted  in  enhancement  of  brain  synaptic

connectivity.  Remarkably, this increase in connectivity correlated with a reversal of

age-related  cognitive  impairments.   In  vitro studies  confirmed  that  blood  from

young, but not old, mice could increase synapse numbers and synaptic connectivity

in neurons derived from human embryonic stem cells.  These findings support that

TSP-4  plays  a  critical  role  in  brain  function  development,  and  reduced  TSP-4

expression  is  highly  likely  contributing  to  reduced  synapse  formation  and

transmission  in  an  aging  brain  that  may  contribute  to  age-related  cognitive

impairments [105].    

Synaptopathological  roles  of  TSP-4  have  also  been implicated  by  findings

from a large number of studies revealing that expression of TSP-4, but not other

TSPs, is induced after mechanical injuries to the nervous system that plays a critical

role  in  promoting  aberrant  excitatory  synaptogenesis  [22,  33,  37,  51,  106].

Increased excitatory  synapses  can cause hyperexcitability  of  neuronal  circuitries

that underscores the pathology of some neurological disorders, including epilepsy

[35, 107], substance abuse [36] and neuropathic pain [51, 100, 103, 108-110].  This
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is confirmed by findings that deletion of  the  thbs4 gene or treatments with TSP-4

antisense  oligodeoxynucleotides  as  well  as  neutralizing  antibodies  result  in

blockade of nerve injury induced excitatory synaptogenesis and pain states in a

spinal nerve ligation injury model [37, 111].  Findings from mechanistic studies have

indicated that TSP-4 interacts with its neuronal receptor, the voltage-gated calcium

channel alpha-2-delta-1 (Cava2d1) subunit protein, to promote abnormal excitatory

synapse  formation/maintenance  in  the  brain  [35] and  spinal  cord  [110,  111].

Increased Cava2d1 expression results in  elevated excitatory synapses and neuron

hyperexcitability in the central  nervous system  [35, 112] that is associated with

epilepsy- and pain-like disorders [107, 112].  This Cava2d1 induced hyperexcitability

is diminished in  thbs4 knockout mice  [111].   Conversely, deletion of the Cava2d1

gene  from  neurons  in  mice  leads  to  blockade  of  TSP-4  induced  excitatory

synaptogenesis [103, 111, 113] and pain states [111]. 

In  order to explore the Cava2d1 binding domain of TSP-4, five recombinant

TSP-4 truncation constructs were created: the N-terminal domain deletion construct

encoding the EGF-like domains, type-3 calcium-binding domain, and the C-terminal

domain; the EGF-like domain construct encoding EGF-like repeats (EGF-LIKE); the C-

terminal domain construct encoding the type-3 calcium-binding domain and the C-

terminal domain; the N-terminal domain alone construct; and the N-terminal domain

plus the coiled-coil  domain construct  [110].   Findings from binding studies have

revealed that only TSP-4 recombinant proteins containing the EGF-like or coiled-coil

domains exhibit similar binging affinity as the wild-type TSP-4 to Cava2d1 proteins,

suggesting that these domains contain major Cava2d1 binding sites.  However, only

recombinant  proteins  containing  EGF-LIKE  can  cause  significant  increases  in

excitatory synapse numbers in cocultures of DRG and spinal cord neurons, as well
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as  behavioral  hypersensitivity  in  naïve rats  that  mimics  neuropathic  pain  states

induced by peripheral nerve injuries. Blocking interactions between TSP-4 EGF-LIKE

and  Cava2d1 can  reverse  aberrant  excitatory  synaptogenesis  and  behavioral

hypersensitivity induced by TSP-4 recombinant proteins containing EGF-LIKE [110].

These findings are consistent with earlier findings in the brain [35] and confirm that

the EGF-like domain of TSP-4 is the molecular determinant in mediating excitatory

synaptogenesis and behavioral hypersensitivity through its interaction with Cava2d1.

The mechanism underlying TSP-4 induced synaptogenesis remains elusive.

TSP-4  has  been  shown  to  interact  directly  or  indirectly  with  several  proteins

involved in  synapse formation  and plasticity,  including Neurexin,  Neuroligin,  the

small Rho GTPase, Ras-related C3 botulinum toxin substrate 1 (Rac1), and the N-

Methyl-D-Aspartate (NMDA) receptor. It is noteworthy that all members of the TSP

family are capable of inducing synaptogenesis  [35].  However, TSP-4 may exhibit

greater efficacy than other TSPs in promoting neurite outgrowth [22].  TSP binding

to Cava2d1 is believed to be an initiating step of a series of synaptogenic cascade

events that contribute to spinogenesis and excitatory synapse formation [113]. For

example,  TSP-4 and Cava2d1 interaction  can  activate  a down-stream intracellular

signaling pathway through activation of Rac1  [113].  In addition, TSPs have been

shown to interact with synaptogenic Neuroligin 1 proteins [114], which are critical in

recruitment  and  retention  of  NMDA  receptors  at  post-synaptic  terminals  of

excitatory synapses through interactions between its specific extracellular domain

and the NMDA receptor GluN1 subunit [115].  Furthermore, Cava2d1 family members

have  been  found  to  bind  directly  to  Neurexin,  the  prominent  trans-synaptic

adhesion partners of Neuroligins [116].  Chen et al. [117] have reported that the C-

terminal domain of Cava2d1 can interact with and form a heteromeric complex with
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NMDA  receptors  that  promotes  synaptic  targeting  of  NMDA  receptors.   Taken

together, these findings support that the interaction between TSP-4 and Cava2d1 is

crucial  in  triggering  a  complex  network  of  protein  interactions  that  ultimately

promote  abnormal  synapse  formation  and  spinogenesis,  which  is  critical  in

mediating  central  sensitization  associated  with  behaviorally  hypersensitive

disorders such as epilepsy and pain.

3.7.  Ion channels

Even  though  Cava2d1 is  a  structure  subunit  of  high-voltage  gated  calcium

channels (HVGCC) [118], synaptogenesis induced by TSP-4 and Cavα2δ1 interactions

seems  not  likely  related  to  modulation  of  HVGCC  since  TSP-4  induced

synaptogenesis is not blocked by specific antagonists to different HVGCC [35, 119].

However,  TSP-4  induced  synaptogenesis  is  sensitive  to  blockade  of  T-type  low-

voltage gated calcium channel (LVGCC) functions by specific antagonists [103].  The

mechanism involving  T-type  LVGCC in  TSP-4  induced  synaptogenesis  is  not  yet

understood.  A recent study has revealed that inhibiting T-type LVGCC in mice can

attenuate trigeminal nerve injury-induced orofacial neuropathic pain states  [120].

Whether this effect is mediated through blocking TSP-4 induced synapse formation

and stabilization remains to be determined. 

In addition, findings from several studies have reported that TSP-4 plays a role in

modulating ion channel functions.  For example, Imoto et al.  [121] have revealed

that TSP-4 significantly inhibits L-type HVGCC and voltage-dependent K+ channel

(Kv) currents.  The latter can lead to prolongation of action potential  duration in

isolated ventricular myocytes from rats  [121].  Since TSP-4 binds to extracellular

adhesion  molecule  integrins  [122],  which  are  known  to  interact  with  Kv  to
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determine the gating property of Kv channels [123], the authors have hypothesized

that TSP-4 may inhibit the activity of Kv channels by altering their binding property

to integrins.  Reduced Kv activity is also linked to injury-induced peripheral nerve

hyperexcitability that can lead to pain states  [124].  Electrophysiologic studies in

dorsal  root  ganglionic  neurons  have  revealed  that  TSP-4  inhibits  N-  and  L-type

HVGCC  currents,  but  increases  T-type  LVGCC  currents,  most  likely  through

interactions  with  Cava2d1 [125].  These  changes  may  play  a  role  in  modulating

sensory neuron hypersensitivity after peripheral nerve injury.  

4.  Conclusion

In conclusion, TSP-4 is an ECM glycoprotein that plays a critical role in mediating

various  physiological  processes  including  cell-cell,  and  cell-matrix  protein

communication/adhesion,  cell  migration,  proliferation,  angiogenesis,  tissue

remodeling,  and  synaptogenesis.  Maladaptive  TSP-4  expression  in  response  to

various pathological stimuli and stress, such as inflammation, metabolic disorders,

myocardium  overload,  injury  to  the  central  and  peripheral  nervous  systems,

neurodegenerative  diseases  and  cancerous  microenvironment,  can  lead  to

pathological  processes  including  inflammation,  fibrosis,  aberrant  angiogenesis,

myocardium  hypertrophy,  and  excitatory  synapse  formation.   This  in  turn  can

accelerate  the  development  of  various  disorders  including  degenerative  joint

disease,  tumor  progression/metastasis,  cardiovascular  diseases,  inflammation,

epilepsy and neuropathic pain (Figure 2). Findings summarized here provide new

insights into the unique pathophysiological roles of TSP-4 and associated underlying

mechanisms in mediating these pathological disorders, which in turn can provide

helpful  guidelines  for  future  research  directions  that  can  eventually  lead  to
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development of specific interventions and biomarkers for diagnosis and prognosis of

these disorders. 
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Figure legends

Figure 1. Domain structure of thrombospondin-4 (TSP-4). N-terminal domain of TSP-

4 is followed by a coiled-coil region that contains the oligomerization site. In this

site,  five  subunits  become  disulfide-linked.  Four  Type  2  EGF-like  domains  are

downstream of the coiled-coil  region followed by a sequence of Type 3 calcium-

binding repeats. 
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Figure  2. Thrombospondin-4  (TSP-4)  has  been  implicated  in  various

pathophysiological conditions. Purple circles - Some of the functional roles of TSP-4.

Blue circles - Some of the pathological disorders mediated by TSP-4 dysregulation.
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