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CEMIP (cell migration-inducing protein), also known as KIAA1199 or
HYBID, is a protein involved in the depolymerisation of hyaluronic acid
(HA), a major glycosaminoglycan component of the extracellular matrix.
CEMIP was originally described in patients affected by nonsyndromic
hearing loss and has subsequently been shown to play a key role in tumour
initiation and progression, as well as arthritis, atherosclerosis and idio-
pathic pulmonary fibrosis. Despite the vast literature associating CEMIP
with these diseases, its biology remains elusive. The present review article
summarises all the major scientific evidence regarding its structure, func-
tion, role and expression, and attempts to cast light on a protein that mod-
ulates EMT, fibrosis and tissue inflammation, an unmet key aspect in
several inflammatory disease conditions.

Introduction

Hyaluronic acid (HA), a major glycosaminoglycan com-
ponent of the extracellular matrix (ECM), is synthesised
as a free linear polymer by three hyaluronan synthases

Abbreviations

(HAS) and is degraded by hyaluronidases (HYAL), cell
migration-inducing protein (CEMIP) and transmem-
brane protein 2 (TMEM?2) into fragments of different

ANXAT1, annexin A1; CEMIP, cell migration-inducing protein; ECM, extracellular matrix; EMT, epithelial-mesenchymal transition; GAGs,
glycosaminoglycans; HA, hyaluronic acid; HAS, hyaluronan synthases; HMW, high-molecular weight; HYAL, hyaluronidases; LMW, low-
molecular weight; PGs, proteoglycans; ROS, reactive oxygen species; TMEM2, transmembrane protein 2.
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Structure and role of CEMIP in health and disease

sizes. As a ubiquitous component of the human ECM
microenvironment where it exerts a structural role, HA
also regulates several biological processes including cell
signalling, wound reparation, tissue regeneration and
morphogenesis, inflammation, cell migration, mitosis,
cancer pathogenesis and metastasis. HA-mediated bio-
logical responses are dependent upon the size and con-
centration of HA, its interactions with key HA-binding
proteins and cell-associated receptors, and its cell
context-specific signalling.

Here, we provide an overview of CEMIP, a large pro-
tein of around 153 kDa that depolymerises HA into
small- and intermediate-sized fragments, and describe
its structure, function as a hyaluronidase, putative role
in HA-mediated biological functions, regulation by pos-
itive and negative pathways, expression in tissues, role
in tumour initiation and progression, and its putative
contribution to other diseases and ageing.

HA as a major component of the ECM

HA is a major glycosaminoglycan component of the
interstitial ECM. The interstitial ECM is a complex
molecular structure that surrounds cells in tissues that
provide structural support and regulate cell behaviour in
both physiological and pathological conditions [1]. The
interstitial ECM is composed of two main classes of
macromolecules: viscous (energy absorber) proteogly-
cans (PGs) and glycosaminoglycans (GAGs), such as
HA, and elastic (energy storage) fibrous proteins, such
as collagens, elastins, fibronectins and laminins [2].
These two classes of macromolecules confer upon the
ECM, its viscoelasticity and architecture. Even though
ECM is found in all types of tissues in adults, it is impor-
tant to note that the composition differs depending on
the tissue type. Viscous PGs fill the majority of the inter-
stitial space within tissues in the form of a hydrated gel,
for example in the brain and pancreas, whereas elastic
fibrous components provide tensile strength, for exam-
ple in muscle and bone [2]. HA belongs to a group of
heteropolysaccharides named  glycosaminoglycans
(GAGs), which also includes chondroitin sulfate, der-
matan sulfate, keratin sulfate, heparin sulfate and hep-
arin [3]. HA is the most common GAG found in the
tissues of humans and other vertebrates [4] and is com-
prised of tandem repeats of glucuronic acid and N-
acetylglucosamine. It differs from other GAGs in that it
is not sulfated and not synthesised by Golgi enzymes in
association with proteins, but is rather produced at the
inner face of the plasma membrane without any cova-
lent bond to a protein core [3,5]. Nevertheless, HA can
be covalently tethered to the serum protein inter-alpha-
inhibitor by TSG6 [6]. In addition, HA can reach a very
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high-molecular weight (HMW, 10® Da), in contrast to
other GAGs that are smaller in size (< 5 x 10* Da, usu-
ally 1.5-2 x 10* Da).

In mammals, HA is synthesised as a free linear poly-
mer by three hyaluronan synthases named HASI,
HAS2 and HAS3. HAS are transmembrane glycosyl-
transferase isoenzymes whose catalytic sites are located
on the inner face of the plasma membrane. Thus,
growing HA chains are extruded onto the cell surface
or into the ECM through the plasma membrane and
HAS protein complexes [3]. HAS isoforms expression
and activity are controlled differently by growth fac-
tors, cytokines and other proteins such as kinases, in a
manner which appears to be cell and tissue specific.
Similarly, the biochemical and synthetic properties of
HAS isoforms are distinct:

* HASI is the least active isoenzyme and produces
HMW hyaluronan from 2 x 10° to 2 x 10° Da.

* HAS2, which represents the main hyaluronan syn-
thetic enzyme in normal adult cells, is more active
than HASI1 and synthesises HA chains > 2 x
10% Da. It regulates the developmental and repara-
tion processes of tissue growth, and may be involved
in inflammation, cancer, pulmonary fibrosis and
keloid scarring [7-11].

* HAS3 is the most active isoenzyme and produces
HA molecules with a MW lower than 3 x 10° Da.

HA is degraded within hours of its synthesis [12].
Extra-large (1000-10 000 kDa) native HA molecules
within tissues are initially depolymerised into fragments
of 10-100 kDa [13]. Most fragments are then released
from the ECM, drained into lymphatic vessels and cata-
bolised within the lymph nodes. The remaining HA frag-
ments reach the circulation and are fully degraded
within the liver. HA degradation can be mediated by
HYALs—enzymes that are classified as endoglycosi-
dases [14,15]—and through oxidative damage mediated
by reactive oxygen species (ROS) [3]. With regard to the
former, six HYAL gene sequences have been identified
in the human genome: HYAL-1, HYAL-2, HYAL-3,
HYAL-4, PH20/SPAM1I and HYAL-PI [16]. However,
because HYAL-P]I is a pseudogene and both HYAL-3
and HYAL-4 have restricted expression patterns, these
three genes are unlikely to have major roles in constitu-
tive HA degradation in vivo [13]. HYAL-1, HYAL-2
and PH20/SPAMI1 are the most characterised human
HYAL genes [3]. HYAL-1 and HYAL-2, which are
highly expressed in human somatic tissues, are acid-
active with a pH optimum of 3.5 and below 4, respec-
tively [15], and produce HA fragments of different sizes.
HYAL-1 can degrade HA of any size into small hexa-
and tetrasaccharides, while HYAL-2 processes HMW
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HA into 20 kDa oligomers in conjunction with the cell
surface HA receptor CD44 [15]. HYAL-1, which was
found to regulate cell cycle progression and apoptosis, is
the main HYAL expressed in cancers, and therefore, it
may regulate tumour growth and angiogenesis [12]. In
contrast to HYAL-1 and HYAL-2, PH20/SPAMI
shows endoglycosidase activity at both an acidic and
neutral pH and behaves as a multifunctional enzyme [3].

In addition to CEMIP and the HYAL family mole-
cules, TMEM?2 was recently reported to be a cell sur-
face transmembrane hyaluronidase in mouse organs
that shares a high degree of sequence similarity with
CEMIP [17]. From a structural point of view,
TMEM2 has a transmembrane domain, one G8
domain, one GG domain and 3 PbH1 repeats, whereas
CEMIP contains, as described below, a signal
sequence, one G8 domain, two GG domains and 4
PbH1 repeats. While previous studies have indicated
that the second GG domain is only present in CEMIP
[17], a structural alignment of the C-terminal portion
of TMEM2 (AA 1209-1355) and CEMIP (AA 1209-
1353) underlines the possible presence of a second GG
domain in TMEM?2 (Fig. 1). Despite their structural
similarities, the current (but limited) knowledge about
these two proteins suggests several differences in both
function and regulation. TMEM?2 is a type II trans-
membrane protein, which traffics to the cell membrane
and catabolises high-molecular-weight HA into small
fragments of ~ 5 kDa [17]. Its activity is calcium
dependent and requires a pH optimum between 6 and
7 [17]. In contrast to CEMIP, TMEM2-mediated HA

Fig. 1. Structure of CEMIP and TMEM2
with their domains (left, top and bottom).
Structural alignment of AA1209-1353
(CEMIP) and AA1209-1355 (TMEM2)
reveals the presence of a second GG
domain in TMEMZ2 (right, top). From
AlphaFold, modified with USCF chimera.

Structure and role of CEMIP in health and disease

degradation does not rely on the participation of live
cells [17]. Studies in mice also showed that TMEM?2 is
more highly expressed at the transcriptional level than
CEMIP, both during development and in adult tissues
[17].

HA degradation by the CEMIP
hyaluronidase activity

CEMIP mediates HA depolymerisation [18,19] in a
manner that involves clathrin-coated vesicles, internali-
sation into early endosomes and excretion of degraded
HA molecules into the extracellular space [13]. Consis-
tently, knock-down of clathrin heavy chain (CHC) and
o-adaptin subunit of AP-2 impairs CEMIP hyaluroni-
dase activity [13]. Additionally, deletion of the N-
terminal signal peptide (amino acids 1-30) affects
CEMIP trafficking and impairs its HA degradation
activity [19]. Recent studies show that CEMIP-
mediated HA depolymerisation requires the interaction
with the Annexin-1 via its G8 domain, allowing
CEMIP and Annexin-1 to colocalise at the cell mem-
brane [20].

In an attempt to correlate structure and function,
and based on the CEMIP model structure discussed
below, it might be postulated that:

* the G8 domain is essential for HA catalytic activity
and potentially interacts with multiple protein part-
ners [20,21], some of them probably still to be dis-
covered.

GG domain 2 CEMIP

GG domain 2 TMEM2

l Signal sequence / Transmembrane domain

G8 domain

PbH1 repeats

l GG domain 1

GG domain 2
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the two GG domains might provide a key ‘hinge’
function, comparable to the XYZ domain in protein
gp35 in bacteriophages. This domain is essential for
low-molecular-weight-HA binding (or protein cat-
alytic function) as suggested by mutation in position
187, and potentially also relevant in CEMIP inacti-
vation.

the size of CEMIP-produced HA fragments might be
dependent on the integrity of what seems to be a
long tunnel formed by the four PbH1 domains.

CEMIP structure: a large protein with
yet unsolved atomistic structure

CEMIP is composed of 1361 amino acids. Its atomistic
structure remains to date unsolved, essentially due to
difficulties in expression and purification of the pro-
tein. However, as pointed out by Yamaguchi [17] and
Yoshida et al. [18], sequence analyses provide a first

(A) Signal GG

peptide domain 1
30 44 166 177 320
1
-~ - -
119 165 312
-
Arg187

S. Spataro et al.

overview of its domain architecture. CEMIP is charac-
terised by the presence of an N-terminal signal
sequence of 30 amino acids, which directs the protein
to the secretion pathway. Additionally, CEMIP con-
sists of one G8 domain, two GG domains, four PbH]1
(parallel B-helix repeats) domains and several N-linked
glycosylation sites identified throughout the entire
sequence (Fig. 2A) [22].

The G8 domain, identified by Lang et al. in 2006
[23], is defined by the presence of eight conserved gly-
cine residues. The domain is thought to form five con-
secutive B-strand pairs, although atomic coordinates of
this type of domain have not yet been deposited in the
protein data bank (PDB) [24]. G8 domains exist in
several proteins from lower eukaryotes to animals,
but are absent in plants, viruses and archaea. Notably,
G8 domains have been identified in disease-related
human proteins such as the polycystic kidney and hep-
atic disease 1 (PKHDI) protein, also known as

GG
PbH1 repeats domain 2
572 819 1209 1355
1361
A A PN
370 420 889 921

mutations influencing HA degrading activity

A Glycosylation sites

N-terminus

Fig. 2. CEMIP structure. (A) Schematic representation of the CEMIP secondary structure, annotated with mutation and glycosylation sites.
Two examples, taken from the PDB of GG domain and PbH1 domains are shown as a cartoon for explicative purposes. (B) Atomistic

model. From AlphaFold, modified with USCF chimera.
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fibrocystin and polyductin, and TMEM2, also known
as hyaluronoglucosaminidase [23].

The GG domain has been identified in members of
the eukaryotic FAM3 superfamily (FAM3A, FAM3B,
FAM3C and FAM3D), POMGnT]1 (protein O-linked
mannose B-1,2-N-acetylglucosaminyltransferase), TMEM?2
and the phage gp35 protein [25]. The structure of
POMGnNT]1 has been solved and deposited in the PDB
[26]. The role of the GG domain is not yet fully under-
stood. It might be involved in HA binding and/or
degradation since a single mutation (R187H or
R187C) in the first GG domain hinders the HA
degrading activity [13,27] of CEMIP.

The PbH1 domain can be found in several polysac-
charide degrading enzymes [28,29] and also in fibro-
cystin, a protein involved in the development of the
autosomal recessive polycystic kidney disease [30].
However, the functional role of the PbH1 domain in
CEMIP remains elusive.

As mentioned above, the atomic coordinates of
CEMIP remain unsolved to date. Given the relevance
of the three-dimensional structure of CEMIP for the
design of therapeutics, we used homology modelling
techniques [31] to generate a CEMIP model. To this
end, we leveraged proteins already deposited in the
PDB and ran a template search using the Swissmodel
web-server [26]. The search indicated that a template is
only available for the first GG domain (i.e. protein O-
linked-mannose beta-1,2-N-acetylglucosaminyl trans-
ferase 1, PDB code 5GGP [32], percentage of identity
30%) [31]. Other regions of the protein display only a
low homology with proteins of known structure (< 15—
20%), which is insufficient to allow the generation of
reliable models.

During the preparation of this review, Google Deep-
mind and the group of David Baker released two soft-
ware packages, alphafold2 [33] and RoseTTAFold
[34]. Both programs employ deep learning algorithms
that enable prediction of protein structures at an
unprecedented accuracy, even in the absence of suit-
able templates. We therefore analysed the recently
released Al-based postulated CEMIP structure avail-
able in the alphafold2 database maintained by the
EMBL (https://alphafold.ebi.ac.uk). Although depos-
ited models are still unreliable concerning high-
resolution information such as hydrogen bonds, side
chain orientations or conformation of putative binding
sites, these models are extremely valuable for interpret-
ing and designing new experiments. Interestingly, the
predicted CEMIP structure by alphafold2 (Fig. 2B)
confirms the presence of a G8 domain (formed by 5 B-
strand pairs) located immediately after the end of the
signal peptide (Ala33 to Ser159) and followed by a

Structure and role of CEMIP in health and disease

GG domain (Glul75 to GIn321). The model is then
characterised by the presence of two small subdomains
not previously identified that encompass residues
Asp322 to Pro406 and Asn4l18 to Leud94. In the
region from 11e499 to Ser916, the expected PbHI
domain is found, followed by a previously unreported
domain formed by residues from Cys917 to Asp1208.
The structural model further confirms the presence of
the second GG domain in the C-terminal region of the
protein (His1209 to Leul361).

CEMIP: putative role in HA-mediated
biological functions

As mentioned above, in addition to its structural
role, HA triggers different cell signalling cascades
and modulates many physiological and pathological
processes [1]. HA fragment size is one of the major
determinants of its activity [35]. HA is rapidly depoly-
merised within tissues, from extra-large native molecules
of 1000-10 000 kDa to HA fragments which consist of
low-molecular-weight HA (LMW HA, 10-100 kDa)
and much smaller HA oligosaccharides (8-30-dimer
lengths). HMW-HA and LMW-HA can have antagonis-
tic or inverse effects [36]. For example, HMW-HA can
act as an anti-inflammatory molecules that promotes
epithelial cell homeostasis and survival and accelerates
wound healing [35], while LMW-HA has been shown to
trigger inflammatory response [35], to promote activa-
tion of dendritic cells and monocyte maturation into
macrophages [35] and to induce angiogenesis [37] and
lymphangiogenesis [38].

In most cases, short oligosaccharides are produced
by enzymatic cleavage mediated by hyaluronidases.
However, it is interesting to note that LMW HA can
also be directly synthesised by dysregulation of HAS
enzymes, as well as by an impaired cellular metabolism
that alters precursor availability [1]. Thus, it has been
shown that phosphorylation of HAS2, the main
hyaluronan synthetic enzyme which synthesises HMW
HA, leads to the inhibition of HA secretion [1]: since
HA production by HAS is an energy consuming pro-
cess, a low ATP:AMP ratio, as observed in an altered
cellular metabolism, activates AMPK (AMP activated
protein kinase) which mediates HAS2 phosphorylation
and inhibits HA secretion [1].

CEMIP has been reported to degrade HMW HA
into both intermediate-sized fragments of between 35
and 50 kDa (int-HA fragments) as well as LMW-HA
[5,13,39]. CEMIP-produced int-HA fragments might
conceivably have specific function(s) compared with
other sizes of HA. Interestingly, while small HA
oligosaccharides have been intensively investigated and
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have been shown to exert a number of biological
effects not observed with HMW-HA [37,38], the bio-
logical activity of int-HA assembly largely remains to
be investigated. Int-HA could potentially act as sig-
nalling molecules, for example in inflammation. It has
been demonstrated that LMW and Int-HA fragments
activate dendritic cells and macrophages via CD44 or
TLR [40]. Int-HA fragments have also been reported
to promote monocyte polarisation, although with dis-
cordant results, with one study reporting polarisation
into M2-like macrophages [40], while the other into
the M1 phenotype [41,42]. A possible explanation for
these different in vitro results might be due to different
experimental conditions. Int-HA fragments have also
been demonstrated to induce wound closure, contrary
to HMW-HA and LMW-HA [43], suggesting that int-
HA fragments might induce a microenvironment that
promotes tumorigenesis, metastasis and modulating
fibrosis [44].

Regulation of CEMIP protein
expression

CEMIP protein levels are regulated by cytokines, tran-
scription factors, the Wnt/B-catenin signalling path-
way, microRNAs (miRNAs), histone methylation
and hypoxia (Fig. 3). However, it should be noted that
the results published by different studies are often con-
flicting.

0
]

Plexin 2

MIRNA-486-5p Y L
mMIRNA-216a
mMiRNA-29¢-3p Tl I
MIiRNA-4306 I

ll,,,

HIF2a

NF-kB
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H3K4me3
H3K27me3

PIBK/AKT

\'\
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Several cytokines have been found to play a major
role in the regulation of CEMIP. In 2017, Khoi et al.
[45] suggested that the pro-inflammatory interleukin
1B (IL-1pB) increased CEMIP transcription and migra-
tion of pancreatic ductal adenocarcinoma cells. De la
Motte’s group investigated the effect of interleukin 6
(IL-6) in Crohn’s disease fibroblasts. The authors
observed low levels of CEMIP deposition in the extra-
cellular matrix after treatment with IL-6 [39]. How-
ever, contrasting evidence has been reported in a
recent study by Sato er al. who demonstrated that
treatment with a mixture of pro-inflammatory cytoki-
nes (TNF-a, IL-1B and IL-6) in human skin fibroblasts
decreased CEMIP mRNA levels and protein expres-
sion, an effect primarily mediated by IL-1 [46].

TGF-B, a pro-fibrotic protein and inducer of cell
proliferation, can regulate CEMIP expression. Deroyer
et al. [47] identified TGF-B as a CEMIP upregulator
through the AIlk5/PAI-1 pathway in dedifferentiated
chondrocytes and therefore as a pro-fibrotic mediator.
However, another TGF-f-initiated pathway was found
by Shintaro Inoue’s group, in this case leading to an
opposite effect in CEMIP regulation. This group inves-
tigated the TGF-Bl-mediated pathway in Detroit 551
skin fibroblasts and demonstrated that TGF-f1 down-
stream of PI3K-Akt signalling pathway was implicated
in CEMIP downregulation after TGF-B1 stimulation
[48]. Consistently, we have also recently reported
that TGF-f1 downregulates CEMIP expression in

0
R

GFR

CEMIP O

TGF-B ) . .
ILB Fig. 3. Schematic representation of
regulators of CEMIP protein expression.
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fibroblasts [49]. The role of TGF-B in the epithelial-
mesenchymal transition (EMT) will be discussed in the
next section.

The coordinate roles of TMEM2 and CEMIP
expressions have been analysed in human skin fibrob-
lasts. Thus, CEMIP and TMEM2 expressions together
with HA depolymerisation appeared to be tightly regu-
lated by the action of TGF-B1 and histamine [50]:
while TGF-1 enhanced TMEM?2 levels and decreased
both CEMIP and HA processing, histamine was
demonstrated to act in the opposite direction [50]. In
the same cells, knock-down of CEMIP, but not of
TMEM2, heavily impaired HA depolymerisation [50].
In addition, pro-inflammatory cytokines were shown
to significantly regulate both protein levels [46]:
indeed, treatment of human skin fibroblasts with IL-
B1 increased TMEM?2 expression, but suppressed both
CEMIP and HA depolymerisation [46]. Even though
CEMIP and TMEM2 are both involved in HA pro-
cessing, these data clearly indicate that they act sepa-
rately in different contexts and that their activity is
tightly regulated at the transcriptional level through
the intervention of several macromolecules.

A number of transcription factors have been shown
to control CEMIP transcription. In 2014, Shostak
et al. [21] identified CEMIP as an oncogene whose
expression is controlled by nuclear factor-kappa B
(NF-kB), which protects tumour cells from apopto-
sis and promotes invasiveness and the epithelial-mes-
enchymal transition through the EGFR pathway.
Kuscu et al. [51] reported that distal NF-kB sites and
the transcription factor AP-1 are required for CEMIP
gene expression in fibroblast-like monkey cell lines.

Several microRNAs have been shown to negatively
regulate CEMIP expression. In 2019, Jiao et al. [52]
showed that miR-486-5p directly targets the 3’-UTR
region of CEMIP, and exerts a significant inhibition of
CEMIP mRNA and protein expression in papillary
thyroid cancer cells using a luciferase reporter assay.
Wang et al. [53] reported that the same miR-486-5p
targets CEMIP and that its overexpression reduces the
proliferation and migration of non-small-cell lung can-
cer cells via the EGFR pathway. Overexpression of
miR-29¢c-3p, another miRNA that targets CEMIP, has
been shown to decrease gastric cancer cells migration
in vitro and in vivo via the Wnt/B-catenin and EGFR
signalling pathways [54]. Similarly, overexpression of
miR-216a can reduce migration and invasion of col-
orectal cancer cells in vitro and inhibit metastasis
in vivo [55]. miR-4306 was demonstrated to regulate
CEMIP expression in osteosarcoma, and LINC00958,
a long noncoding RNA (IncRNA), was shown to pro-
mote tumour progression and metastasis by inhibiting

Structure and role of CEMIP in health and disease

miR-4306 expression, leading to increased CEMIP
expression [56].

Histone methylation can positively or negatively
modulate gene transcription. Increased tri-methylation
of lysine 27 on histone H3 (H3K27me3) has been asso-
ciated with inactivation of CEMIP, decreased tumour
cell growth and reduced migration in triple-negative
breast cancer [57]. In another study, a correlation
between H3K4me3 levels and CEMIP expression was
demonstrated in human colon cancer cells [58].
Hypoxic conditions (see below) inhibit the histone
demethylase Jarid1 A, causing an increase of H3K4me3
within the CEMIP promoter, which leads to CEMIP
upregulation [58].

Hypoxic conditions present in the tumour microen-
vironment modulate CEMIP expression. In 2015,
Evensen et al. [58] observed that hypoxia-inducible
factor 20 (HIF-20) induces CEMIP expression by
binding to the hypoxia response element (HRE) pre-
sent in the CEMIP promoter region. Moreover, Wang
et al. [59] reported that in HCC patient samples, co-
expression of CEMIP and HIF-la correlated with a
poor prognosis and overall survival rate [59].

CEMIP expression: tissue and cell
localisation

CEMIP is expressed in a wide range of tissues, with
the highest levels in brain, skin, placenta, lung, testis
and ovary, but its expression is notably absent in the
liver, kidney and spleen [60]. CEMIP is widely
expressed in the brain, in contrast to the HYAL1 and
HYAL2 enzymes, which are not expressed in this
organ [61]. Therefore, it is likely that CEMIP may
have an important role in HA catabolism in tissues
that do not express HYAL1 or HYAL?2, such as the
brain. Indeed, it is noteworthy that ECM molecules fill
the extracellular space, which occupies up to 20% of
the adult brain volume [62]. HA is important compo-
nents of the brain ECM in both condensed ECM (such
as perineuronal nets) and diffuse ECM (which fills
perisynaptic spaces), and plays crucial roles in neu-
ronal development, plasticity and pathophysiology
[62]. Thus, HA plays a major structural role in ECM
throughout all stages of brain maturation, specifically
supporting HA-binding proteins and proteoglycans as
a central filament of aggregates [63]. Moreover, an
interesting study by Wilson ez al. [64] highlighted the
importance of HA in regulating the formation and
function of synapses in a model of human cortical
brain development. Numerous studies showed that,
from the beginning of brain development, HA criti-
cally regulates neural circuit formation. At the onset
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of neurulation, HA is necessary for neural crest cell
migration. Later in cortical neurogenesis, HA regulates
neural progenitor cell proliferation and promotes neu-
ronal differentiation, migration and the formation of
cortical layers. In addition, HA surrounds developing
excitatory synapses, where it critically regulates
synapse formation and the resulting balance between
excitatory to inhibitory signalling [64]. Accordingly,
HA removal was demonstrated to be sufficient to
drive a hyperexcitable state which is characteristic of
neurodevelopmental disorders, including epilepsy,
intellectual disability and autism spectrum disorders.
Conversely, the observation that HA decreases excita-
tory synapse formation could have implications for
ageing and Alzheimer’s disease, both of which exhibit
HA accumulation and synapse loss [64].

CEMIP was first shown to be widely expressed in the
brain by the pioneering work of Izumi Horokawa’s team
at NIH on induced cell mortality [60]. Yoshino et al.
[65] subsequently showed that CEMIP is expressed in
the hippocampus and cerebellum in wild-type mice, and
demonstrated decreased mnemonic ability in novel
object recognition in CEMIP KO mice. In particular,
high levels of CEMIP transcripts have been detected in
the granular cell layer of the murine hippocampus and
cerebellum [65], and also during the immature period of
the organ of Corti in mice, in fibrocytes of the spiral
ligaments and spiral limbus, and in Deiters’ cells [27].
Finally, in another study, Yoshino et al. [66] demon-
strated that the dendritic spine density was significantly
decreased in the dentate gyrus granule cells in CEMIP
KO mice, suggesting that CEMIP-mediated HA degra-
dation may be critical for the synaptic formation process
by contributing to cognitive functions, such as learning
and memory in the mouse brain. In future work, it will
be interesting to investigate further the role of CEMIP
in the homeostatic regulation of the HA content of the
brain, and the impact this has on brain development,
function and disease.

In addition to the brain, CEMIP has been fre-
quently detected in fibroblasts. Yoshida et al. [13]
reported CEMIP expression in dermal fibroblasts,
while other groups have detected CEMIP in synovial
[67] and colon fibroblasts [39]. CEMIP is also
expressed in hypertrophic chondrocytes at the
chondro-osseous junction [68]. We have recently
reported the expression of CEMIP in mesenchymal
stromal cells and have shown that CEMIP regulates
the differentiation of these cells into the osteogenic
and adipogenic lineages [49].

Within the cell, CEMIP has been found to localise
in different cellular subcompartments, a fact that could
explain its involvement in regulating different cellular
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pathways and diseases. Cytoplasmic CEMIP has been
identified in different cells of the human cochlea [69]
and in several tumour cells such as gastric cancer [70]
and hepatocellular carcinoma (HCC) [71], where its
knock-down triggers ER stress-mediated apoptosis
through upregulation of CHOP and ATF4 [71].
CEMIP heterogeneous localisation was observed in
colorectal cancer cells, with nuclear [22], cytoplasmic
[22,72] and cell membrane [72,73] localisations. Despite
this heterogeneous localisation, several lines of evi-
dence suggest a common role in colorectal cancers for
CEMIP as modulator of Wnt-f§ catenin signalling
[22,72,73] (see below, CEMIP and EMT). CEMIP
has also been found in the ER [19,74] and Golgi [19]
compartments, which is prototypical for a secretory
protein [19] and consistent with the existence of an N-
terminal signal peptide. Interestingly, this localisation
pattern has been classically associated with the HA
depolymerising function of CEMIP [19]. Recent evi-
dence also links cell membrane localisation of CEMIP
to its HA degradation activity [20], as CEMIP can
localise to the cell membrane by binding to ANXAI in
rheumatoid arthritis fibroblast-like synoviocytes, which
facilitates exogenous HA depolymerisation [20].

CEMIP, cancer and EMT

The role of CEMIP in cancer development has been
recently reviewed [75], so here we briefly summarise
the insights into studies on cancer cells afford regard-
ing CEMIP function and its involvement in patho-
physiological mechanisms.

CEMIP has been extensively documented in colon
cancer. Pioneering studies in 2007 by Giancarlo Mar-
ra’s group at the University of Zurich searched for a
distinguishing gene signature of precancerous adeno-
matous colorectal polyps compared with the normal
colonic epithelium [72]. The authors showed that mod-
ulation of the Wnt pathway was a key feature of this
transformation and that, amongst all the genes identi-
fied, transcription of CEMIP was most affected. Thus,
the CEMIP expression pattern, normally confined to
the lower portion of normal colonic epithelial crypts,
was disrupted in dysplastic glands with widespread
higher expression levels at both the mRNA and the
protein levels. Subsequent work demonstrated that this
overexpression was also present in colorectal cancer,
with a nuclear expression in the majority of UICC
stage I-IV adenocarcinomas [22]. Other studies con-
firmed these findings, showing that increased CEMIP
expression occurred in the phenotypic switch from
normal to adenomatous or neoplastic lesions [76]. In
addition, increased CEMIP mRNA expression was
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detectable in the plasma of patients with adenomatous
or neoplastic lesions [76], which was associated with
poor patient prognosis [77].

CEMIP expression in other types of cancer is consis-
tent with the observations made in colon cancer. For
example, CEMIP was detected with intermediate or high
expression levels in human papillomavirus cervical
(pre)neoplastic lesions, whereas only marginal levels
were detected in normal exocervical epithelium [21]. This
pattern was also observed in pancreatic cancer (PanCa)
with an overexpression in benign pancreatic intraepithe-
lial neoplasia, as well as in PanCa in both human and
genetically engineered mouse models [78]. It is notewor-
thy that in all these cancer studies, CEMIP expression
was always confined to the epithelial cells.

CEMIP has been shown to play a central role in
EMT, a developmental morphogenic program in which
cells lose their epithelial characteristics and gain a mes-
enchymal phenotype [79]. EMT is characterised by
downregulation of epithelial and upregulation of mes-
enchymal markers, has been implicated in tumour ini-
tiation through endowing transformed cells with
stemness characteristics and has been more extensively
investigated in the process in invasion and metastasis
[80]. Several in vitro studies have reported CEMIP-
induced EMT in different tumour cell lines. Thus,
CEMIP silencing in non-small-cell lung cancer cell
lines induced expression of E-cadherin (epithelial mar-
ker) and decreased expression of Vimentin, Snail and
Twist (mesenchymal markers) [81]. Conversely,
CEMIP overexpression resulted in decreased E-
cadherin levels and increased expression of Vimentin,
Snail and Twist [81]. In gastric cancer cell lines
CEMIP knock-down resulted in decreased mRNA
expression of the EMT-related markers Slug, Snail,
Vimentin and Twist [82]. Another study demonstrated
an increase in E-cadherin protein levels and a decrease
in Slug and Vimentin levels in BCPAP cells line after
CEMIP silencing [52].

Several recent studies analysed the relationship
between CEMIP and EMT markers in human tumour
tissues. For example, in 2018, Jiang and colleagues
studied HCC samples and found a positive correlation
between CEMIP expression and N-cadherin and
Vimentin expression, and a negative one with E-
cadherin expression [83]. In colon cancer samples, an
inverse relationship between CEMIP localisation and
E-cadherin expression [58] exists, while in cholangio-
carcinoma tissue samples, a negative relationship of
CEMIP with E-cadherin and a positive one with N-
cadherin and Vimentin [59] has been found. Other evi-
dence of CEMIP involvement in EMT includes the
fact that the epithelial splicing regulatory protein 1

Structure and role of CEMIP in health and disease

(ESRP1), an epithelial cell-specific regulator, has been
identified as an upstream regulator of CEMIP [84].

Three main pathways have been described in the
CEMIP-dependent EMT process (Fig. 2): PI3K-Akt-
mediated, EGFR-mediated and Wnt/B-catenin-
mediated EMT.

* PI3K-Akt-mediated EMT: TGF- is a potent inducer
of EMT [85], and promotes cell survival through the
PI3K-Akt pathway in cancer [86]. Tang et al. [81]
showed that CEMIP silencing in lung cancer cell
lines decreased the levels of TGF-B, PI3K and Akt .
On the contrary, CEMIP overexpression increased
TGF-B, PI3K and Akt levels [81]. Similar findings
have been reported in cholangiocarcinoma cell lines,
where a significant downregulation of TGF-3 as well
as PI3K, AKT and mTOR was observed after
CEMIP silencing, whereas an increase of these pro-
teins was observed in CEMIP overexpressing cells
[59].

EGFR-mediated EMT: Epidermal growth factor
(EGF) promotes cell growth and differentiation by
binding to the epidermal growth factor receptor
(EGFR) [87]. It has been reported that CEMIP acti-
vates EGFR signalling and regulates the downstream
kinases in the EGF-mediated EMT pathway [53].
Tang et al. [81] observed a correlation between the
expression of CEMIP and the expression of EFGR
in lung cancer cell lines. In HCC cells resistant to the
kinase inhibitor drug Sorafenib, high levels of
CEMIP triggered EGF-induced EMT, increasing the
migratory and invasive ability of these cells [88].
CEMIP upregulation in HCC parental cells induces
phosphorylation of EGFR and its downstream
kinases, leading to EMT, while CEMIP silencing
reduces EGFR expression [88]. All in all, these data
suggest that CEMIP acts as an upstream regulator
of EGFR signalling.

Whnt|p-catenin-mediated EMT: Several studies suggest
an important role of Wnt/B-catenin signalling during
EMT [89,90]. In 2019, Deroyer and colleagues
demonstrated that CEMIP modulates the Wnt/B-
catenin signalling in human chondrocytes [47]. In
gastric carcinoma cells, CEMIP knock-down reduces
the expression of B-catenin, but also of c-myc and
cyclinD1, two downstream players of the Wnt/B-
catenin pathway [82]. These findings suggest a role
for CEMIP in promoting invasion and metastasis
through the Wnt/B-catenin signalling pathway [82].
Indeed, the Wnt/B-catenin signalling pathway coordi-
nates pivotal cellular processes such as cell differenti-
ation, proliferation, migration and many others. A
study published in 2007 by Sabates-Bellver et al. [72]
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examined the transcriptomes of colorectal polyp
samples and found a positive correlation between
CEMIP upregulation and the expression of Wnt tar-
gets. Moreover, northern blotting analysis confirmed
an important decrease in CEMIP mRNA levels
linked to Wnt pathway inhibition. In 2011,
Birkenkamp-Demtroder et al. [22] demonstrated that
lentiviral-mediated knock-down of CEMIP in colon
cell lines alters the cell cycle and the Wnt-signalling
pathway. Ingenuity pathways analysis (IPA) together
with immunofluorescence analyses and western blot-
ting showed a change in the expression (mostly
downregulation) of 67 genes involved in Wnt/pB-
catenin signalling upon CEMIP knock-down. In view
of these observations, it is interesting to speculate
about a potential role of CEMIP and the HA frag-
ments it produces in the activation of the Wnt/p-
catenin signalling pathway, which could conceivably
coherently connect CEMIP expression to cell prolif-
eration and migration initiated by the binding of
Wnt followed by B-catenin dephosphorylation.

Taken together, these observations suggest an
involvement of CEMIP in EMT regulation. The publi-
cations that support this notion are summarised in
Table 1.

In addition to cancer-relevant functions for
CEMIP in tumour cells, several observations suggest
that CEMIP might also regulate the tumour
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microenvironment. For example, as a major compo-
nent of ECM, HA can act as a modulator of the
tumour microenvironment, and thereby regulate
tumour growth, angiogenesis, invasion and metastasis
[91]. Given that CEMIP functions as a hyaluronidase,
its involvement in cancer could conceivably be directly
linked to its hyaluronidase activity in this context.
Furthermore, CEMIP has been identified as a candi-
date gene for skin tropism of cancers [92]. Although
these data are anecdotal because the study only
employed a single patient-derived cell line, it is inter-
esting to note that they suggest that CEMIP might cre-
ate a permissive ECM environment that foster tumour
engraftment in the skin. Moreover, CEMIP-containing
exosomes have been reported to educate the brain
microenvironment and thereby foster cranial metas-
tases [93]. Possibly consistent with these findings, the
growth of glioblastoma cells implanted into the mouse
brain was suppressed in CEMIP KO mice compared
with the situation in wild-type mice, which was associ-
ated with decreased macrophage infiltration into the
brain tumours [94], again implicating CEMIP in the
creation of a pro-tumour microenvironment.

CEMIP in diseases and ageing

In this section, we will summarise the evidence that
CEMIP is involved in pathophysiological processes

Table 1. Summary of EMT markers involved in CEMIP silencing and upregulation.

Epithelial phenotype

Mesenchymal phenotype

Cell line/tissue References

CEMIP silencing t E-cadherin I Vimentin NSCLC cell line Tang et al. [81]
| Snail
I Twist
I Vimentin GC cell line Jia et al. [82]
I Snail
| Slug
I Twist
1t E-cadherin I Vimentin PTC cell lines Jiao et al. [52]
| Slug
CEMIP upregulation | E-cadherin T Vimentin NSCLC cell line Tang et al. [81]
* Snail
T Twist
| E-cadherin * N-cadherin HCC tissues Jiang et al. [83]
T Vimentin
| E-cadherin * N-cadherin CCA tissues Zhai et al. [59]
T Vimentin
EMT markers 1 E-cadherin T N-cadherin NSCLC = non-small-cell lung cancer
1t Cytokeratin T Vimentin GC = gastric cancer
T Laminin-1 * Snail PTC = papillary thyroid cancer
tZ0-1 1 Slug HCC = hepatocellular carcinoma
T Occludin T Twist CCA = cholangiocarcinoma

Light red: silencing; light green: upregulation; grey: EMT markers of the epithelial and mesenchymal phenotype.
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that regulate diseases of the nervous system, inflamma-
tory diseases, as well as the ageing/senescence process.

Diseases of the nervous system
Hearing loss

CEMIP was originally described in families that are
affected by nonsyndromic hearing loss, which is asso-
ciated with CEMIP mutations (R187C, RI87H and
H783Y) [27]. These authors showed that in mice,
CEMIP was expressed specifically in Deiters’ cells in
the organ of Corti at post-natal day PO, before the
onset of hearing, and that expression in those cells
disappeared by day P7. In addition, CEMIP expres-
sion was observed in fibrocytes of the spiral ligament
and the spiral limbus through to P21, when the mur-
ine cochlea matures. The CEMIP gene was therefore
proposed to play a role in auditory development.
These results were confirmed in subsequent studies
[69,95,96].

Multiple sclerosis

In  experimental autoimmune encephalomyelitis
(EAE), an animal model for multiple sclerosis (MS)
that is characterised by focal demyelinating lesions,
CEMIP immunoreactivity was demonstrated to be
exclusively associated with focal loci in damaged
white columns of the spinal cord, and was mainly
expressed by activated astrocytes that invaded dam-
aged tissue [97]. Similar findings were observed in tis-
sue from a patient with MS, suggesting that CEMIP
expression by activated astrocytes could explain the
focal HA degradation observed during MS progres-
sion and might represent a possible new therapeutic
target [97].

Inflammatory diseases
Rheumatoid arthritis and osteoarthritis

Pioneering work on the role of CEMIP was conducted
in 2013 by the team of Yoshida et al. using
osteoarthritis (OA) and rheumatoid arthritis (RA) syn-
ovial tissues. They found that transcription of CEMIP
was higher in OA or RA synovium than in nonin-
flamed synovium [13]. These data suggested that
CEMIP is a unique hyaladherin, with a key role in
HA catabolism in the arthritic synovium. Relative to
healthy controls, CEMIP expression was also found
to be more strongly increased in synovial tissues with
active RA compared with tissue with inactive disease,
and is associated with CEMIP-dependent proliferation
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of fibroblast-like synoviocytes [98]. Angiogenesis is
thought to be a key event in the formation and main-
tenance of the pannus in RA, and CEMIP was also
implicated in promoting angiogenesis in vitro and
in vivo in this study [98]. Subsequently, a positive cor-
relation between CEMIP levels and the inflammatory
markers TNF-o, IL-1B and IL-6 in both serum and
synovial fluids of RA patients was reported, under-
scoring the clinical relevance of these findings, and
treatment with an anti-CEMIP antibody partially alle-
viated arthritis severity and reduced serum LMW-HA
levels and cytokine secretion in a collagen-induced
arthritis (CIA) mouse model [20], providing proof of
principle of the possible therapeutic relevance of these
observations.

Mechanistically, CEMIP-KO mice exhibited resis-
tance to CIA, which could be partially rescued by
intra-articular injection of vectors encoding full-length
CEMIP, whereas a CEMIP mutant with an inactive
G8 domain had no effect [20]. Moreover, CEMIP
expression was found to be suppressed by TGFB-1 in
normal synovial fibroblasts, but was only slightly
decreased in synovial fibroblasts from OA or RA
patients [48]. Coupled to this, TGFB-1 upregulated the
expression HA synthases (HAS1/2), which resulted in
the increased accumulation of intermediate-sized HA
fragments in cultures of synovial fibroblasts from OA
or RA patients compared with normal synovial fibrob-
lasts [48]. In addition, IL-6 significantly upregulated
CEMIP expression and HA-degrading activity in OA
synovial fibroblasts [67]. Collectively, these data sug-
gest a key role for CEMIP in the pathophysiology of
RA.

In addition to synovial fibroblasts, CEMIP has been
shown to be expressed by hypertrophic chondrocytes
at the chondro-osseous junction. Thus, in CEMIP-
deficient mice, an accumulation of HMW-HA with
reduced angiogenesis can be observed in this context
and is thought to be a key mechanism that modulates
endochondral ossification during postnatal develop-
ment [68]. In a mouse model of temporo-mandibular
joint lesion, CEMIP expression was shown to be
induced in injured mandibular condyles in association
with increased HYAL2 expression [99]. In a study ana-
lysing human cartilage, CEMIP transcription was sig-
nificantly higher in OA cartilage compared with
control cartilage, and CEMIP was highly expressed by
chondrocytes in the HA-depleted area of OA cartilage
[100]. Interestingly, CEMIP immunoreactivity corre-
lates with the Mankin score, the histopathologic sever-
ity score used to evaluate OA lesions of the cartilage.
OA chondrocytes exhibit HA-degrading activity, which
is abolished by knock-down of CEMIP but not by
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downregulation of hyaluronidases HYALI, HYAL?2
or CD44 [100]. Unlike RA synovial fibroblasts, only
TNF-a but not histamine stimulated OA chondrocytes
to overexpress CEMIP. Similar results were obtained
by others [47]. In addition, these authors studied
CEMIP expression in vitro using a chondrocyte dedif-
ferentiation model. High-throughput RNA sequencing
was performed on chondrocytes after CEMIP silenc-
ing. Most of the deregulated genes were involved in
cartilage turnover, mesenchymal transition and fibro-
sis. Moreover, CEMIP was demonstrated to be essen-
tial for chondrocytes proliferation, promoted aSMA
expression, and was co-expressed in situ with aSMA in
all OA cartilage layers. These results strongly suggest a
role for CEMIP in the trans-differentiation of chon-
drocytes into ‘chondro-myofibroblasts’ which are
found in OA cartilage but not in healthy cartilage.

Inflammatory bowel disease

Crohn’s disease (CD) is a chronic inflammatory dis-
ease of the gastrointestinal tract. Cultured CD fibrob-
lasts produce increased levels of CEMIP protein
through an IL-6-driven autocrine mechanism com-
pared with control colon fibroblasts [39]. This leads to
CEMIP deposition in the ECM and excessive degrada-
tion of HA, generating HA fragments that contribute
to gut inflammation and fibrosis. Accordingly, anti-
body blockade of IL-6 receptors in CD fibroblasts
decreased CEMIP protein levels in the ECM, and
CEMIP silencing abrogated the ability of colon fibrob-
lasts to degrade HA.

The ageing/senescence process
Skin

In the skin, the metabolism of HA is highly regulated.
Ageing leads to chronic low-grade inflammation,
which is characterised by elevated levels of pro-
inflammatory cytokines [46]. CEMIP is expressed in
dermal fibroblasts [13] and in photoexposed skin
[101,102], and is directly correlated with skin rough-
ness in the papillary dermis [101]. Interestingly, mast
cells were significantly enriched in the photoaged skin
and were frequently associated with CEMIP-positive
fibroblasts [102]. Furthermore, treatment of skin
fibroblasts with a pro-inflammatory cytokine mixture
(TNF-a, IL-1B and IL-6) or with IL1B alone sup-
pressed HA depolymerisation through downregulation
of CEMIP expression, which was associated with per-
manently increased HA levels in the culture medium
due to the upregulation of HAS2 [46]. These results
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might suggest that cytokine-stimulated fibroblasts in
unexposed skin increase the amounts of dermal
HMW-HA to protect surrounding tissues against
short-term inflammation. Notably, 1L-6 and IL-8 indi-
vidually had no effect on HA metabolism in human
skin fibroblasts, and their effect was only observed as
part of a cocktail [46]. By contrast, and as mentioned
above, IL-6 has been reported to promote HA depoly-
merisation in synovial fibroblasts by inducing CEMIP
expression [67]. This suggests that CEMIP might be
differently regulated according to the cell- or tissue

type.

Aortic valve disease

Aortic valve disease (AVD) is one of the leading
causes of cardiovascular mortality. Ageing is a signifi-
cant clinical risk factor, and calcific AVD is the most
common type of AVD occurring in 2% of the aged
population [103]. During latent AVD, abnormal
expression of HA and of its synthesising/degrading
enzymes has been observed [103]. Physiologically, the
middle spongiosa layer of aortic valve consists primar-
ily of proteoglycans and glycosaminoglycans, and pro-
vides lubrication and dampening functions when the
valve leaflet flexes opens and closes. In normal human
aortic valve tissue, CEMIP expression is present at all
postnatal stages and increases with age, being mostly
expressed inside the cells at the young stage and in
ECM at advanced age. Increased CEMIP expression
was demonstrated in calcified aortic valves, especially
around calcified nodules in the fibrosa layer [102].
Finally, in vitro studies reported that CEMIP expres-
sion, which was detected in porcine aortic valve inter-
stitial cells, was modulated by stiffness, as less stiff
substrates were observed to downregulate CEMIP
expression [104].

Conclusion

This review summarises all the major scientific evi-
dence reported in the literature so far regarding the
structure, role and mechanism of CEMIP. Collectively,
CEMIP emerges as an important protein loosening the
ECM and thus creating a permissive environment for
EMT and cellular migration. CEMIP expression and
function is associated with several types of cancer cell,
while in diseases other than cancer, its cellular expres-
sion is largely limited to mesenchymal cells.

Despite all the scientific observations reported here,
CEMIP biology remains, in our opinion, enigmatic.
Our current knowledge of CEMIP biology is domi-
nated by the vast body of literature that has
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investigated cancer-relevant roles for CEMIP expres-
sion or absence, for example in the context of tumour
proliferation and invasion. CEMIP might exert part of
its role via a structural function, however, as we have
detailed above. CEMIP also exerts a unique enzymatic
activity, producing, alone or in coordination with
other proteins, a range of int-HA and LMW-HA frag-
ments. This role might be partially or fully distinct
from the structural one. Additional loss and gain of
function studies are required to investigate the func-
tional relationship between the HA fragments pro-
duced by CEMIP, and the physiological and
pathophysiological processes that are regulated by
CEMIP. Moreover, the role of CEMIP, and the HA
fragments it produces might exert quite different
effects in different cellular settings [100] and disease
contexts [20,78,92,94].

In our opinion, the literature provides compelling
evidence that CEMIP plays a role in modulating fibro-
sis (for example through the modulation of CEMIP
activity by TGF-B1 and histamine), an observation
that can guide future mechanistic studies in simple cel-
lular systems [105]. Once additional structural and
functional knowledge have been generated, this can be
leveraged to identify compounds capable of modulat-
ing the CEMIP protein function in vivo, Indeed, we
have recently reported that highly sulfated HA is a
potent inhibitor of the CEMIP hyaluronidase activ-
ity [49]. These and further next-generation compounds
are expected to have a strong potential for therapeutic
application, for example through modulating tissue
inflammation, an unmet clinical need for a range of
inflammatory disease conditions.
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