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Abstract Basement membrane proteins are known to guide cell structures, differentiation,
and tissue repair. Although there is a wealth of knowledge on the functions of laminins, per-
lecan, and type IV collagen in maintaining tissue homeostasis, not much is known about nido-
gen. As a key molecule in the basement membrane, nidogen contributes to the formation of a
delicate microenvironment that proves necessary for stem cell lineage-specific differentiation.
In this review, the expression of nidogen is delineated at both cellular and tissue levels from
embryonic to adult stages of development; the effect of nidogens is also summarized in the
context of musculoskeletal development and regeneration, including but not limited to adipo-
genesis, angiogenesis, chondrogenesis, myogenesis, and neurogenesis. Furthermore, potential
mechanisms underlying the role of nidogens in stem cell-based tissue regeneration are also dis-
cussed. This concise review is expected to facilitate our existing understanding and utilization
of nidogen in tissue engineering and regeneration.
Copyright ª 2021, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Introduction

The musculoskeletal system consists of bone, cartilage, fat,
muscle, ligaments, nerves, and blood vessels that coordi-
nate under mutual influence and interdependence. Base-
ment membrane, the most ancient and conserved type of
specialized extracellular matrix (ECM), basally underlies
epithelia and wraps around organs including nerve, adi-
pose, cartilage, and muscle tissue to regulate cell signaling
and tissue growth.1 For example, in Drosophila wing discs,
the elimination of basement membrane reduces bone
morphogenetic protein (BMP)/transforming growth factor b
(TGFb) ligand Decapentaplegic (Dpp) signaling, ultimately
resulting in decreased cell compression and reduced wing
size.2 Moreover, in the Drosophila embryo, interactions
between type IV collagen and Dpp have been shown to
promote gradient formation to augment Dpp signaling.3

Functionally, the basement membrane enables cells to be
distinct yet interactive with their external environment
and provides scaffolding during embryonic development.4,5

Basement membrane is primarily composed of four defined
cardinal glycoprotein and proteoglycan components:
Figure 1 Core basement membrane components and binding in
proteins that are capable of self-assembly into independent networ
IV collagen contributes tensile strength. The link of this interaction
regulates the hydration of the basement membrane by providing a
The collagen network interacts with the laminin network through
also interact with itself. The double-headed arrows represent intera
consisting of 3 globular domainsdG1, G2, and G3dseparated by a
four EGF (epidermal growth factor-like module) and two TY (thyro
one TY motif. In the globular domain G3, nidogen-1 has one more
laminin, type IV collagen, perlecan, and nidogen, all of
which are considered widely conserved proteins (Fig. 1).6e8

Additional components of the basement membranedfor
example, thrombospondin-1, matrilin-2/4, and fibro-
nectindare not expressed ubiquitously, but rather in a
tissue-specific manner.9 Following a brief introduction of
laminin, type IV collagen, and perlecan, this review will
primarily focus on the role of nidogen in musculoskeletal
tissue differentiation and regeneration.

Laminins are heterotrimeric glycoproteins made up of
three distinct polypeptide chains: a-chain, b-chain, and g-
chain.10 All three chains coil together to form the long
arm, which is followed by five homologous laminin globular-
like (LG) domains at the distal end. While the LG domains
activate intracellular signaling pathways by binding to
cellular receptors, the three shorter arms interact with each
other to form networks.11 Laminin plays a vital role in early
embryonic development and basement membrane forma-
tion,4 and its deficiency has been shown to result in insuf-
ficient basement membrane assembly which leads to a
myriad of human diseases that stem from skeletal muscle
damage.12,13 For instance, laminin is exclusively present in
teractions. (A) Both type IV collagen and laminin are trimeric
ks. While laminin initiates basement membrane assembly, type
is strengthened by nidogens and perlecan, the latter of which

negative charge through heparan sulfate sugar chains.1,5,133 (B)
binding bridges - perlecan and nidogen, in which perlecan can
ctions.1 (C) Structural representation of nidogen-1 and -2, each
link region and a rod domain. The rod domain of nidogen-2 has
globulin-like module) motifs while nidogen-1 has four EGF and
EGF motif than nidogen-2.134
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the pericellular matrix (PCM) of healthy articular cartilage;
as such, its absence may indicate the degeneration of
normal cartilage and/or dedifferentiation of chondrocytes.14

Composed of six individual a-chains that assemble into
three types of heterotrimers, type IV collagen self-
assembles into a polygonal network composed of an N-
terminal domain (7S), Gly-X-Y triple repeats, and a C-ter-
minal non-collagenous domain (NC1). This structure func-
tions to provide the basement membrane with tensile
strength.1,15 Interestingly, in 2004, Poschl and colleagues
first demonstrated that while type IV collagen is not criti-
cally important during early development, it becomes
indispensable for maintaining the integrity of basement
membrane-like matrices during the later stages of devel-
opment.16 Besides contributing to the structural strength
and integrity of the basement membrane, type IV collagen
networks also provide a scaffolding function to bind various
basement membrane proteins.17 As such, type IV collagen
deficiency results in basement membrane mechanical
instability and inadequate cell-basement membrane in-
teractions.16 Notably, chaperone proteins heat shock pro-
tein 47 (Hsp47) and transport and golgi organization protein
1 (Tango1) are required to maintain type IV collagen pro-
moter stability and guide its secretion and assembly into
the basement membrane.18

As a proteoglycan, perlecan is not only ubiquitous in
basement membrane and vascular tissues, but also in
cartilaginous tissues which lack both basement membrane
and blood vessels.19e21 Encoded by the heparan sulfate
proteoglycan 2 (HSPG2) gene, perlecan has a pearls-on-a-
string-like appearance and is indispensable for musculo-
skeletal tissue formation.22 Mutations in the HSPG2 gene
can lead to disorders of the musculoskeletal system, spe-
cifically the autosomal recessive skeletal diseases:
Silverman-Handmaker Syndrome and Schwartz-Jampel
Syndrome.23 Perlecan also interacts with a diverse range
of ECM molecules to maintain ECM stabilization and orga-
nization. It has been shown that not only does perlecan
function as a component of basement membrane but it
can also be used as a chondrogenic marker in prenatal
cartilage.24

Ubiquitous in the basement membrane, nidogens are
glycoproteins containing three globular-like (G) domains
(G1-G3) separated by a link-like and rod-like segment.
Nidogen has two isoforms: nidogen-1/entactin-125 and
nidogen-2/entactin-226. These isoforms structurally differ
in their rod segments and the G3 domains.5 While both
nidogen isoforms interact with the laminin 1 short arm
chain through their G3 domains,26,27 only nidogen-1 binds to
type IV collagen and perlecan through its G2 domain.28e31

Primarily expressed in mesenchymal cells, nidogen
contributes to the epithelial and endothelial basement
membranes during development.32 Despite the fact that
nidogen-1 and -2 have comparable levels of interaction
with perlecan and type I and type IV collagen, only nidogen-
1 can bind to fibulins.8,26 Furthermore, compared to nido-
gen-1’s strong-affinity binding on the laminin 1 short arm
chain, nidogen-2 only displays moderate-affinity bind-
ing.26,27 Recently, nidogen-1 was found to be expressed in
bone marrow peri-sinusoidal stromal cells, which consti-
tuted the hematopoietic stem cell niche. As loss of
nidogen-1 impairs early B cell expansion and
differentiation,33 nidogen-1 can be seen to play a vital role
in stem cell expansion and differentiation.

Surprisingly, although nidogen-1 and nidogen-2 are pre-
sent in all basement membranes,34 the basement mem-
brane can indeed be formed without nidogens.35 Genetic
deletion of either nidogen-1 or nidogen-2 alone in the
mouse model does not cause obvious alterations in tissue
and basement membrane architecture.36,37 Nevertheless,
nidogen double null mice exhibit perinatal death due to
lung and heart abnormalities, directly related to basement
membrane defects.38 As such, these findings suggest that
both nidogens play crucial roles in basement membrane
stabilization during late embryogenesis but are not neces-
sary for basement membrane initial assembly. Further-
more, nidogen-2 expression in nidogen-1 null mice is
redistributed and upregulateddsuggesting that the two
nidogens have compensatory functions.36 Different base-
ment membranes are observed to have different composi-
tion requirements for nidogens.

Although nidogens are well characterized and known to
be primarily expressed in the basement membrane,39 their
spatial/temporal distribution and tissue/organ-specific
mechanisms remain unclarified. In this concise review, we
investigate the role and importance of nidogens in the
musculoskeletal system by summarizing their expression
during the embryonic and adult stages of development. We
then go on to identify their potential impact in adipo-
genesis, angiogenesis, chondrogenesis, myogenesis, and
neurogenesis as well as potential molecular mechanisms.

Stage-dependent expression of nidogen

First identified from an extracellular basement membrane-
like matrix deposited by a mouse endodermal cell line in
1981,40 nidogen-1 was subsequently found in the basement
membrane of a murine Engelbreth-Holm-Swarm tumor in
1983.25 Later on, in 1998, human nidogen-2 was cloned for
the first time,26 and in the same year, mouse nidogen-2 was
isolated from KUSA cells, a murine osteoblast-like cell line.41

Embryonic stage

Invertebrates, like Caenorhabditis elegans (C. elegans),
only express a single nidogen gene,42 while mammals
possess both isoforms, nidogen-1 and nidogen-2.41

In C. elegans, nidogen-1 appears at the beginning of
embryonic morphogenesis, and then subsequently accu-
mulates on pharyngeal, intestinal, and gonad primordial
tissue during development.43 In this species, nidogen-1 is
nonessential for the normal localization of type IV collagen
in basement membrane43 but is required to direct longitu-
dinal nerves dorsoventrally and axons at the midline.44

Moreover, together with type XVIII collagen, nidogen-1 is
crucial in C. elegans synapse organization.45

During mouse embryonic and fetal development,
nidogen-1 is first detected on the compacted 8- to 16-cell
stage morulae.46 At later stages of development and in
adult mouse tissues, nidogen-1 and -2 display identical
patterns of expression (Fig. 2).26,27,41,47,48 The discovery of
nidogen-1 mRNA in the mesoderm, endoderm, and ecto-
derm indicates its expression in all three germ layers of the



Figure 2 Proven expression of nidogen isoforms. Nidogen-1
has been detected not only in human bone marrow stromal
cells (BMSCs)59,63 but also in human and mouse embryos along
with nidogen-2.27,79,85,135 During the adulthood of human,
mouse and rat models, nidogen expression has been broadly
found in various tissues, such as muscle,26,36e38,84

vessel,67,75,136 tendon,129 cartilage,78e80 nerve,92,94 and
fat54,62,64 (Table 1 for details). The black triangle represents
positive expression of nidogen isoforms in the cells or tissues of
human (H), mouse (M) and/or rat (R).
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mouse embryo.48 Additionally, embryonic basement mem-
branes are only capable of having a fully developed ultra-
structural architecture when nidogen-1 is present,
indicating that nidogen-1 plays an important role in stabi-
lizing basement membranes in the in vivo embryo.48 This
point is further demonstrated when nidogen-1 and laminin
binding interactions are disrupted through antibody bind-
ing, in which case the basement membrane gets distorted
and epithelial morphogenesis of mouse embryonic sub-
mandibular glands, lung, and kidney is disturbed.49,50

Moreover, nidogen-1 and -2 have been found to be essen-
tial for maintaining the integrity of cardiac tissue and lung
tissue during the late stages of development.38 Evidence
indicates that basement membranes are stabilized by
nidogen-1, expressed by epithelial and mesenchymal cells,
during the early stages of mouse embryo development.48 As
the functions of the two isoforms are complementary, loss
of both results in ectodermal basement membrane break-
down in the limb bud.27,35

In human embryonic development, nidogen-1 and -2 are
ubiquitous in the developing epithelia of most major organ
systems (Fig. 2), with the exception of the intestine and the
pancreas anlage, in which only nidogen-1 is present.51

Adult stage

In larvae and adults of C. elegans, nidogen-1 is typically
enriched around the developing nerve ring and the gonad.43
In mice, nidogen-1 is located in most basement membranes
while nidogen-2 accumulation is limited to the endothelial
basement membranes of the kidney, skeletal muscle, and
heart.36,37,47 Interestingly, in most organs, such as kidney,
loss of nidogen-1 has no notable impact on nidogen-2
staining. Exceptions include in striated muscles and in the
heart where nidogen-1 deficiency results in increased
nidogen-2 expression.36 These findings indicate that, in the
absence of nidogen-1, there is either an unmasking of
nidogen-2 epitopes or a nidogen-2 redistribution from other
extracellular sources. In contrast, in NID2-null mice,
nidogen-1 levels in the endothelial basement membrane
fail to increase in the same compensatory manner.37

Role of nidogen in lineage-specific
differentiation

Nidogens are present pericellularly in adipocytes, endo-
thelial cells, chondrocytes, myocytes, and nerve cells in a
laminar arrangement and play significant roles in each of
their differentiations (Fig. 2 and Table 1).

Adipogenesis

An early feature in adipogenesis is the biogenesis of an
extracellular basement membrane.52,53 Nidogen-1 and -2
are found in 3T3-L1 preadipocytes, mouse white adipose
tissue, and human visceral adipocytes and bone marrow
stromal cells,54e64 maintaining adipocyte basal lamina
stability through their binding interactions to type IV
collagen and laminins.5

The strong nidogen-1 upregulation during the first six-
day differentiation period of 3T3-L1 preadipocytes in-
dicates a cellular transition from a fibrillar to a laminar
make-up, suggesting that synthesis of nidogen-1 is vital for
adipose tissue morphogenesis.55 A proteomic study further
confirms this increase in nidogen-1 expression during adi-
pogenic differentiation of 3T3-L1 preadipocytes.57 More-
over, in 3T3-L1 preadipocytes, nidogen-1 secretion is
enhanced when adipose conversion is stimulated by ascor-
bic acid phosphate.65 Similarly, nidogen-2 mRNA is seen to
increase during adipogenesis of 3T3-L1 preadipocytes.56,61

Interestingly, the expression of nidogen-1 and -2 during
adipogenic differentiation shows a similar temporal pat-
terndpeaking halfway through adipogenesis. Thus,
nidogen-1 and -2 are likely associated with the middle stage
of adipogenic differentiation.58

Angiogenesis

Basement membrane, located beneath epithelia and
endothelia, also mediates angiogenesis. Nidogens can be
detected in the basement membranes of blood vessels in
various tissues. Over the entire angiogenic course of a
wound-healing model, nidogen-1 exhibits high expression.66

Particularly, the basement membrane of tumor blood ves-
sels has attracted growing interest as a significant
contributor to angiogenesis. For instance, nidogen-1 has
been detected in the blood vessels of both RIP-Tag2
pancreatic tumors of mice67 and epidermal tumors of



Table 1 Expression of nidogen isoforms in lineage differentiation of musculoskeletal tissues.

Tissue/
cells

Nidogen-1 Nidogen-2 Ref.

Cartilage mouse femoral head (qPCR, IHC) bovine MCP (IGEM, IHC);
mouse femoral head (qPCR, IHC)

78

mouse TMJ (IHC) mouse TMJ (IHC) 80

mouse embryo (IF) mouse embryo (IF) 27

human embryo metacarpus or rib anlagen (IHC);
human healthy and OA knee (IGS, IHC)

human embryo metacarpus or rib anlagen (IHC);
human healthy and OA knee (IGS, IHC)

79

Fat human visceral fat (proteomics) human visceral fat (proteomics) 54

e human visceral fat (CILAIR-based secretome analysis) 62

mouse epidydimal and subcutaneous fat (IF) e 64

Muscle mouse embryo limb (IF) e 85

mouse diaphragm and limb muscles (IF) mouse diaphragm and limb muscles (IF) 84

mouse cardiac muscles (IF) mouse cardiac muscles (IF) 38

mouse soleus and cardiac muscles (IF, WB) mouse soleus and cardiac muscles (IF, WB); mouse
soleus muscles (IGS)

36

mouse skeletal and cardiac muscles (IF, RIA) mouse skeletal and cardiac muscles (IF, RIA) 26

mouse skeletal muscles (IF, NB, RIA, WB) mouse skeletal muscles (IF, NB, RIA, WB) 37

Nerve C. elegans sublateral nerve and nerve ring (IF) e 43

C. elegans nerve cord (IF) e 45

rat DRG (IF) e 92

rat sciatic nerve (IF, ISH, qPCR, WB) rat sciatic nerve (IF, ISH, qPCR, WB) 94

Tendon mouse (IF) e 129

Vessel mouse embryo radial glia (IF) e 135

mouse capillary in muscles (IF) e 136

mouse vessels in RIP-Tag2 pancreatic islet tumors (IF) e 67

mouse retinal capillaries (IF, WB) mouse retinal capillaries (IF) 75

BMSC expression in human cells following 28-day
adipogenic induction (IF)

e 63

increased expression in human cells following 28-day
adipogenic induction (qPCR)

e 59

3T3-L1 increased expression in supernatants but decreased in
mouse cells in 6-day adipogenic induction (IP)

e 55

e increased expression in mouse cells in 14-day
adipogenesis (microarray)

56

peak expression at day 3 in supernatants of mouse
cells in 7-day adipogenic induction (SILAC)

peak expression at day 3 in supernatants of mouse
cells in 7-day adipogenic induction (SILAC)

58

increased expression in supernatants of mouse
cells in 9-day adipogenic induction (proteomics)

e 57

e increased in mouse cells in 14-day adipogenic
induction (IF, qPCR)

61

peak expression in supernatants of mouse cells in the
middle stage of 10-day adipogenic induction (MS)

e 60

Abbreviations: BMSC: bone marrow stromal cells; C. elegans: Caenorhabditis elegans; CILAIR: Comparison of Isotope-Labeled Amino
acid Incorporation Rates; DRG: dorsal root ganglia; IF: immunofluorescence; IGEM: immunogold electron microscopy; IGS: immunogold
histochemistry; IHC: immunohistochemistry; IP: immunoprecipitation; ISH: in situ hybridization; MCP: metacarpophalangeal joint; MS:
mass spectrometry; NB: northern blot; OA: osteoarthritis; qPCR: quantitative polymerase chain reaction; RIA: radioimmunoassays;
SILAC: stable isotope labeling with amino acids in cell culture; TMJ: temporomandibular joint; WB: western blot.
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immunocompromised rats.68 Neovascularization or angio-
genesis after traumatic injuries involves changes of the
immunoreactivity of nidogens.69 The level of nidogen-1 in
brain vessels increases after kainic acid treatment.69

Moreover, nidogen-1 immunoreactivity in the vascular
basal lamina of the spinal cord is dramatically increased
within 24 h of a dorsal hemisection, and later returns to
basal level after one week,70 which may be a representa-
tive feature of neovascularization.
The function of nidogen-1 in the angiogenic process has
been established in various contexts. In an aortic explant
model, angiogenesis-related sprouting is dependent on
laminin-nidogen complex concentration.71 In human
microvascular endothelial cells (HMEC-1), cleavage of
nidogen-1 by matrix metalloproteinase 19 (MMP-19) inhibits
the formation of capillary-like structures.72 In nidogen-1
and -2 deficient mice, the vessels are almost completely
devoid of pericytes or less-defined perivascular cells.73 In
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mice, absence of niodgen-2 in the lungs may lead to subtle
alternations in the endothelial basement membrane,
facilitating lung metastasis.74 Choroidal neovascularization
(CNV) resulting from a serious complication in age-related
macular degeneration is the culmination of new vessels
sprouting from the choroidal vasculature coupled with
proteolytic degradation of Bruch’s membrane and changes
in basement membrane components. Nidogen-1 exists in
the retinal capillaries where it helps to stabilize the base-
ment membrane, thus preventing the infiltration of endo-
thelial cells or the sprouting of new vessels.75 Furthermore,
locally restricted bleeding within the heart wall has been
reported in mutant embryos and appears to be associated
with microvasculature leakage and an absence of capillary
basement membrane. Therefore, although nidogens do not
seem essential for basement membrane formation, they
may play a role in maintenance of capillary integrity.76

Chondrogenesis

Nidogen-1 and -2 have been observed in the mouse tissue
mesenchyme during limb development.27,77 In mouse
developing cartilage, staining for nidogen-1 is very faint
while staining for nidogen-2 is distinct, suggesting that the
binding activities between nidogen-2 and perlecan hold
importance for cartilage development.27 In newborn mouse
cartilage, nidogen-1 is present in the territorial and inter-
territorial matrix.78 In addition to their presence in devel-
oping cartilage, both nidogens have been shown to exist in
mouse, bovine, and human adult articular cartilage.78e80

Though nidogen-1 and -2 mRNAs are both expressed in
mouse femoral head cartilage, the level of nidogen-2 mRNA
is notably higher than that of nidogen-1 mRNA.78 In adult
mice, nidogen-1 is located in the narrow pericellular zone
around the chondrocytes, but with aging, the zone becomes
less distinct, especially in the obvious mechanical attrition
areas.78 As seen in bovine articular cartilage, interestingly,
nidogen-2 is deposited in a narrow, capsule-like zone sur-
rounding chondrocytes.78

In healthy human articular cartilage, nidogen-1 and -2
exhibit increased expression around elongated chon-
drocytes in the deep surface fissures of osteoarthritic
cartilage.79 Interestingly, Kruegel et al found that healthy
cartilage contained two-fold more pericellular nidogen-1
than diseased cartilage affected with osteoarthritic de-
fects, while diseased chondrocytes contained five-fold
more pericellular nidogen-2 proteindsuggestive of a
nidogen-2 substitution for nidogen-1 in osteoarthritic
cartilage.79 Notably, this process is similarly observed in
skeletal muscle.81 Therefore, it can be concluded that
during late-stage osteoarthritis, nidogen activity is an
indication of cartilage regeneration.79 Interestingly, chon-
drogenic progenitor cells express more nidogen-2 mRNA
than do healthy or osteoarthritic chondrocytes,82 though
this point may need further investigation. In osteoar-
thritic chondrocytes, nidogen-1 co-localizes with integrin
b1 and av.79 In contrast, nidogen-2 does not co-localize
with these integrin subunits, suggesting that the nidogen-
2 isoform may bind through other integrin or non-integrin
receptors.79
Nidogen-1 and -2 play positive roles in chondrogenesis;
accordingly, their disappearance results in functional fail-
ure of the ectodermal basement membrane caused by
dysregulation of interdigital apoptosis.35 Furthermore,
addition of nidogen-2 enhances chondrogenic differentia-
tion as seen in mouse DDR-1 (discoidin domain receptor 1)-
deficient chondrocytes from the temporomandibular joint,
where nidogen-2 increases chondrogenic differentiation
with significantly decreasing RUNX2 (runt-related tran-
scription factor 2) mRNA levels.80 In human osteoarthritic
tissue derived chondrogenic progenitor cells, nidogen-2
significantly increased the ACAN (Aggrecan) and SOX9
(SRY-Box 9) mRNA levels.82 Moreover, knockdown of the
nidogen-2 gene reduces the level of SOX9 mRNA but upre-
gulates RUNX2 expression via the reduction of SMAD (small
mothers against decapentaplegic) signaling.82

Myogenesis

Much evidence has been found to support nidogen protein
expression in the developing, adult, and diseased muscles.
Not only is nidogen-1 secreted into the ECM around the
early developing myotubes,83 nidogen-1 and -2 have also
been found to be present in mouse and human mus-
cles.51,81,84,85 Specifically, in adult muscle, though both
nidogen-1 and nidogen-2 initially exist throughout the
muscle fiber basal lamina, nidogen-2 is later found to be
localized to the synapses.84 Interestingly, patients afflicted
with Duchenne muscular dystrophy have been shown to
express lower levels of nidogen-1.86

The different nidogen-1 and -2 expression levels in
myogenic differentiation may be indicative of their distinct
functions. In murine C2C12 myoblasts, the level of nidogen-
1 strongly decreases 16 h after myogenic induction and
becomes barely detectable after 40 h; in contrast, nidogen-
2 expression is increased within the first 16 h after induc-
tion, reaching the peak around 24 h and dropping to base-
line level around 62 h.87

Nidogens play a vital role in myogenesis. In the early
stages of myogenic differentiation, Matrigel (a soluble
basement membrane containing nidogen-1) has a stimula-
tory effect on C2C12 myoblasts in vitro.88 Furthermore,
nidogen-1 alone is reported to promote long-term mainte-
nance and adhesion of skeletal myotubes.89 Interestingly,
laminin and nidogen-1 seem to enhance primary mouse
myotube formation that has been previously impaired by
interaction with cross-linked type I collagen films in vitro.90

It is worth noting that a high level of nidogen-1 has also
been reported to inhibit myogenic differentiation of mu-
rine C2C12 myoblasts.87 Nidogen-2 knockdown has an un-
clear influence on myogenesis, but one report has shown
that nidogen-2 knockdown in murine C2C12 myoblasts re-
duces expression of p21, an anti-proliferative and
differentiation-associated gene87 whereas another study
found promoted myofibroblast differentiation upon
nidogen-2 knockdown in scleroderma fibroblasts.91 More-
over, for nidogen-2 knockout mice, neuromuscular junc-
tions only express topological abnormalities after birth
during maturation; as type IV collagen and heparin sulfate
proteoglycans both still exist in nidogen-2 knockouts, such



604 S. Zhou et al.
an abnormality is likely not a derivative of defects in the
synaptic basal lamina integrity.84

Neurogenesis

Nidogens are involved at varied time points and localiza-
tions during C. elegans, mouse, and rat neurogenesis. In C.
elegans, nidogen-1 accumulates mostly around the nerve
ring and on the sublateral nerves which run under muscles
in the larvae and adult periods43 and directs longitudinal
nerves dorsoventrally and axons at the midline.44 Moreover,
nidogen-1 is also concentrated laterally between the mus-
cles and nerve cord.45 In rats, nidogen-1 shows similar
expression between the naı̈ve DRG (doral root ganglia) and
DRG, but it decreases and sometimes even fully disappears
from the surface of the SGCs (satellite glial cells) of primary
sensory neurons when it is subjected to nerve compres-
sion.92 Both nidogen isoforms are localized in the rat sciatic
nerve; following rat sciatic nerve transection, nidogen
levels become increased during nerve regeneration.93,94

Nidogen-1 increases Schwann cell formation and pro-
tects them from serum-deprivation-induced death, indi-
cating that the protein plays a pro-survival role in Schwann
cell development.94 Further studies indicate that nidogen-1
is required for proper peripheral nerve regeneration after
injury.95 Wolfstetter and colleagues found that during
Drosophila development, although nidogen was not essen-
tial for the assembly, it mediated basement membrane
stability and ECM-dependent neural plasticity.96 It is
interesting that nidogen-1 plays a vital role in neuronal
plasticity; upon nidogen-1 ablation, spontaneous epilepti-
form activity is observed in vitro and epileptic activity is
detected in vivo, suggesting that modulatory mechanisms
of synaptic excitability and plasticity may reach beyond the
confines of classical cellular interactions.39,97
Potential mechanisms underlying the role of
nidogen in stem cell differentiation

Contribution of basement membrane to stem cell
niche

Over the past few years, it has become clear that stem cell
growth and differentiation occur in what is known as “stem
cell niches”, supporting structures that contain basement
membrane to sustain stem cell development.98 Known as
basal lamina, basement membrane is a specialized and
essential component of ECM that lies close to stem cells and
acts as a dynamic microenvironment for stem cell behavior
and differentiation.99 For instance, satellite cells, a popu-
lation of muscle stem cells, are localized to their
nichedthe myofiber basal laminada structure which as-
sists in the activation of satellite cells in proliferation and
terminal differentiation as well as self-renewal upon
exposure to external damage or following muscular exer-
cise.100,101 Similarly, neural stem cell maintenance, dif-
ferentiation, and migration are modulated by adjacent
vascular basement membrane.102

Basement membrane manages cellular functions by
adjusting local concentrations of growth factors and
cytokines as well as regulating cell polarity, adhesion,
spreading, and migration. Considering its tissue- and site-
specific properties,103 the basement membrane functions as
a stem cell niche through a highly selective specialized ECM
to modulate stem cell properties in adult tissues.104,105 For
example, four cardinal components of basement membrane
are found in a narrow, capsule-like PCM of mature cartilage,
which is dynamically modulated from dispersed distribution
of these components throughout territorial matrix and
interterritorial matrix in newborn mice.78 Interestingly,
expression of the four cardinal components in PCM is mostly
restricted to superficial layer chondrocytes, a unique
structure that protects chondrocytes from apoptosis and
maintains cell phenotype.78,106

As with other ECMs, the basement membrane influences
cell fate through both mechanical and chemical means
(Fig. 3). The mechanical (viscoelastic) properties of gel-like
polymer in basement membrane are generated through
laminin and type IV collagen interactions.107,108 The stem
cell niche can then transmit physical cues through these
basement membrane components and corresponding integ-
rin receptors, which may directly determine cell fate by
influencing nuclear events.109 Stiffness, geometric, and
mechanical cues from their environment have been well
documented to influence stem cell differentiation.110,111

Notably, cells are able to dynamically remodel their cyto-
skeletal networks to tune the mechanical properties of
basement membrane; these cell-generated forces are also
sufficient to direct cell fate.110,112

In contrast, other basement membrane components,
such as fibronectin,113 perlecan,114,115 and nidogen,61 can
mediate cellular signaling by binding to growth factors and
their receptors.116 The spatio-temporal regulation of these
basement membrane components during development
provides instructive differentiation signals that can ulti-
mately influence cell fate through the creation of
morphogenetic gradients.117 Mechanistically, cells migrate
and differentiate from areas with lower concentration of
basement membrane components to areas with higher
concentrations due to an adhesion gradient.118 Moreover,
proteases, such as MMPs, can remodel the basement
membrane by releasing soluble growth factors, which are
important in regulating stem cell differentiation, tissue
growth, and development.119
Potential influence of nidogen on stem cell fate

Nidogen is a basement membrane linker molecule that is
able to bind to laminin, type IV collagen, perlecan, and
fibulin.120 Studies investigating nidogen’s role in modulating
cellular phenotypes and differentiation are still in the early
stages, and knowledge about how nidogen transduces
intracellular pathways remains limited. However, as it is
known that basement membrane is a regulator of stem cell
fate, nidogen may very well contribute to the regulation of
cellular differentiation through creating a morphoge-
netic gradient during development or sending chemical or
physical cues through its modulation of basement mem-
brane composition.121,122 In the assembly of basement
membrane, nidogen-1 and -2 isoforms act in a compensa-
tory manner as the genetic deletion of either does not



Figure 3 Basement membrane signaling cascade. Basement membrane core moleculesdlaminin, type IV collagen, perlecan, and
nidogendregulate cell adhesion, migration, polarization, proliferation, and differentiation via directly or indirectly binding to cell
surface receptors such as dystroglycan (DG), integrin, receptor tyrosine kinase (RTK), and discoidin domain receptor 1 (DDR1). For
example, laminin-6 plays a role in mechanical signaling transduction by assembling into multi-molecular fibrillary complexes with
perlecan via a DG-dependent and integrin-independent manner.137 Laminin binding to DG also triggers the GRB2 (growth factor
receptor-bound protein 2)-RAC1-PAK1-JNK (c-Jun N-terminal kinase) pathway that contributes to hypertrophy.138 Evidence shows a
direct connection between DG and MAP kinase (MEK) and between DG and extracellular signal-regulated kinase (ERK).139 Type IV
collagen plays a role by interacting with the laminin network through perlecan and nidogen followed by binding with integrins and
DDR1.76 Perlecan modulates cell survival, migration, and proliferation by tethering growth factors.15,140 By binding to laminin and
type IV collagen, nidogen plays a role in maintaining capillary integrity through forming a non-covalent high-affinity stabilizing
bridge.76

Nidogen and differentiation 605
result in significant basement membrane alter-
ations.36,37,123 Interestingly, although double mutant mice
die shortly after birth from defective basement mem-
brane assembly,35,38 certain tissues (such as kidney and
skin) exhibit ultrastructurally normal basement mem-
branes.73 Thus, nidogen requirements to form basement
membranes appear to be tissue-dependent. It should be
noted, however, that only nidogen-1 null mice have
neurological deficits; thus, nidogen proteins must be
differentially characterized according to their isoform-
specific functions.97,123 Therefore, the regulation of cell
differentiation by nidogen is likely complementary and
lineage-dependent, which warrants further investigation.
Conclusions and perspectives

As a stem cell niche, the basement membrane is able to
control local stem cell fate by modulating its signaling
cascade and preserving overall cellular structure, indicating
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that different components making up the basement mem-
brane may influence stem cell-based tissue regeneration
through driving lineage-specific differentiation and main-
taining biological stability of such engineered tissue.124e128

However, there are limited data on nidogen’s behavior
within tissues like the tendon, ligament, and bone. For
instance, existing studies have detected nidogen-1 presence
in the basement membrane of postnatal mouse tendon129

and nidogen-1 involvement in human periodontal liga-
ment formation.130 Kimura et al found that mRNA expres-
sion of nidogen-1 and -2 decreased with the onset of
osteogenic differentiation in KUSA cells41 however, nidogen
participation within osteogenic differentiation remains
understudied.

As can be seen, our current knowledge of nidogen
involvement in lineage-specific differentiation is in its in-
fancy. Foundational studies have indicated that nidogen-2
levels are upregulated in the absence of nidogen-1 in
chondrogenesis and myogenesis, suggesting that nidogen-2
may compensate for nidogen-1 activity in these two types
of differentiation.79,81 Whether this compensation is
involved in other tissue regeneration requires further
investigation. Although we have learned that nidogen-1
binds to integrin receptors b1 and av during cartilage dif-
ferentiation,79 we still lack knowledge of the nidogen re-
ceptor identity in adipose, muscle, and bone tissue as well
as potential downstream nidogen signaling in these
respective tissues. Moreover, increasing evidence suggests
that epithelial-to-mesenchymal transition (EMT) and
endothelial-to-mesenchymal transition (EndMT) occur
following basement membrane disruption due to tissue
injury and inflammation131; it is still unknown whether
nidogen is involved in this transdifferentiation through
direct or indirect means. Studies further investigating
nidogen using the clustered regularly interspaced palin-
dromic repeats and associated protein (CRISPR/Cas) are
needed132; ultimately, this information may further clarify
the whole picture of nidogen’s exact role in tissue injury
and regeneration.
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