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Highlights
CD44 contributes to obesity-associated
insulin resistance inmuscle, liver, and ad-
ipose tissue via binding to its ligands HA
and osteopontin.

CD44 regulates glucose and lipid ho-
meostasis in metabolic tissues, contrib-
uting to the pathogenesis of chronic
metabolic diseases, including obesity
and diabetes.

Intracellular signalling of CD44 in meta-
bolic regulation is not fully understood
and requires further investigation.

Despite limited success of anti-CD44
CD44, a cell-surface glycoprotein, has long been studied as a cancer molecule
due to its essential role in physiological activities in normal cells and pathological
activities in cancer cells, such as cell proliferation, adhesion, and migration;
angiogenesis; inflammation; and cytoskeleton rearrangement. Yet, recent evidence
suggests a role of CD44 in metabolism, especially insulin resistance in obesity and
diabetes. In line with the current concept of fibroinflammation in obesity and insulin
resistance, CD44 as the main receptor of the extracellular matrix component,
hyaluronan (HA), has been shown to regulate diet-induced insulin resistance in
muscle and other insulin-sensitive tissues. In this review, we integrate current
evidence for a role of CD44 in regulating glucose and lipid homeostasis and
speculate about its involvement in the pathogenesis of chronicmetabolic diseases,
including obesity and diabetes. We summarize the current development of
CD44-targeted therapies and discuss its potential for the use in treatingmetabolic
diseases.
therapies in cancer, their repurposing to
treat metabolic diseases may prove to
be promising.
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Overview of CD44 isoforms and signalling
CD44 was originally described as a lymphocyte-homing receptor and later identified and
cloned as a member of the cartilage link protein family during 1980s [1]. The human CD44
gene was mapped to chromosome locus 11p13, and has 19 exons, while the mouse
cd44 has 20 exons, including an extra exon, V1, which is not found in humans (Figure 1).
Exons 1–5 encode the extracellular common region, while exons 16 and 17, 18, and 19 and
20 encode the stalk region, transmembrane domain, and intracellular cytoplasmic domain, re-
spectively. Exons 6–15 undergo alternative splicing, and are inserted between the extracellular
common region and stalk region, resulting in multiple CD44 variant isoforms. CD44 is widely
expressed in lymphocytes, fibroblasts, and smooth muscle cells in humans and mice. CD44
variants have been reported to express in various normal epithelial tissues, most expressing
variant (v)9 and fewer expressing v6 or v4 [2]. Aberrant expression of CD44 splice variants
has been associated with tumour progression [3]. CD44 that is only coded by exons 1–5
and 16–20 is the standard form (CD44s). CD44s, the smallest isoform, with 365 amino
acids, is expressed on the membrane of most vertebrate cells. CD44v8-10 (CD44E) is
predominantly expressed on epithelial cells, while the isoform of CD44v3-10 is the largest
CD44 isoform, mainly present in keratinocytes [4]. The expression and distribution of CD44
isoforms have been previously reviewed elsewhere [5].

All CD44 isoforms comprise one cytoplasmic domain, which has binding motifs for cytoskeleton-
related proteins (e.g., Ankyrin and cytoplasmic tyrosine kinases), one transmembrane domain,
and a distal extracellular domain [5]. Its extracellular domain binds to extracellular components,
such as its classical ligands, HA (polysaccharides; see Glossary), and osteopontin (OPN,
phosphoproteins) through which CD44 transduces intracellular signalling and regulates a variety
of biological activities.
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Glossary
Extracellular matrix (ECM): an
intricate network outside of the cells that
comprises different collagens fibres,
fibronectins, proteins, glycoproteins,
cytokines, and polysaccharides. ECM
remodels during normal tissue and
organ development and contributes to
disease pathogenesis.
Ezrin/Radixin/Moesin (ERM):
proteins sharing highly conserved
structures that directly bind to
transmembrane proteins, such as
CD44, and the cytoskeleton, regulating
transmembrane signalling.
Glycolysis: cytoplasmic metabolic
process that cells break glucose into
three-carbon components and
generates energy.
Hyaluronan (HA): nonsulfated
glycosaminoglycan comprising
alternating N-acetyl-glucosamine
(GlcNAc) and glucuronic acid (GlcA)
units; one of the primary components of
the ECM and a ligand of CD44.
Insulin resistance: condition in which
insulin-sensitive tissues, such as liver,
muscle, and adipose tissue, show
impaired response to the hormone
insulin; characterised by impaired
insulin-stimulated glucose uptake in
muscle and adipose tissue and the
impaired ability of insulin to inhibit
lipolysis in adipose tissue and
endogenous glucose production in the
liver.
Mitochondrial oxidative
phosphorylation (OXPHOS): process
that cell transports the products of
glycolysis, mainly acetyl-coA, to
mitochondrial electron transfer chains
and consumes oxygen to generate ATP
and heat.
Osteopontin (OPN): protein in the
ECM, cell membrane, and intracellular
cytoplasm that is another classical ligand
of CD44. OPN naturally has two forms,
secreted OPN in the ECM, which is fully
modified by PTMs, and intracellular
OPN, which is not or only partly modified
by PTMs.
HA-CD44 signalling
HA, a nonsulfated glycosaminoglycan comprising alternatingN-acetyl-glucosamine (GlcNAc) and
glucuronic acid (GlcA) units, is one of the major components of the extracellular matrix (ECM)
and a ligand for CD44. HA is crucial in tissue homeostasis and biomechanical integrity, resulting
from its remarkable physiochemical properties. It binds to water and forms viscous gels, which
interact with proteoglycans and extracellular macromolecules, contributing to ECM remodelling.
Aberrant expression of HA has been associated with diseases including various cancers [6] and
metabolic disorders [7,8].

Themolecular mass of natural HA varies from dozens tomillions of Daltons (Da). HAwith amolecular
mass above 500 kDa is usually regarded as high-molecular-weight HA (HMW-HA), 20–500 kDa as
low-molecular-weight HA (LMW-HA), and less than 20 kDa as HA oligomers [9,10]. CD44 can bind
to HA fragments with different molecular weights, resulting in different, sometimes opposing, cellular
functions. For example, when CD44 binds to HMW-HAs, it inhibits mitosis by abrogating the Ras-
cyclinD1 interaction, which arrests the cell cycle [10]. By contrast, when binding to LMW-HAs,
CD44 promotes Ras-cylinD1-mediated mitosis [11]. Thus, the HA-CD44 interaction may function
as a signal switch of cell mitosis in response to different extracellular environments.

Upon HA binding, CD44 interacts with, and activates, cytoskeletal proteins, such as Ankyrin, and
subsequently forms a HA/CD44 and Ankyrin complex on the cell membrane (Figure 2A). This
complex then triggers membrane invagination and the formation of lipid raft-like caveolae,
which contain distinct proteins and lipids, such as cholesterol and sphingolipids [12]. These
distinct lipids and proteins then recruit intracellular signalling molecules to the plasma membrane
and initiate signal cascades, thus regulating cell survival, growth, and migration, and tumour cell
invasion (Box 1). In addition to Ankyrin, CD44 also activates cytoskeleton rearrangements and
participates in cell adhesion by binding to the Ezrin/Radixin/Moesin (ERM) proteins [13,14].
CD44 promotes the phosphorylation of ERM proteins by protein kinases, such as PKC-δ, via
its cytoplasmic domain. These phosphorylated ERM proteins attract filamentous actin (F-actin),
thus associating the intracellular cytoskeleton with the plasma membrane and affecting the
distribution of organelles and transport of molecules [14]. Interestingly, the interaction of CD44
and ERM proteins might inhibit the CD44-Ankyrin interaction, although the importance of this
inhibition remains unknown [15].

In the central nervous system, CD44-HA interactions were found to mediate astrocyte migration
through binding to, and activating, the N-terminal antiparallel coiled-coil (ACC) domain of PKNγ
[16]. PKNγ is a Rac-1-activated serine/threonine kinase. Upon activation, PKNγ phosphorylates
the cytoskeletal protein cortactin, and suppresses the crosslinking of cortactin to F-actin, resulting
in astrocyte migration [16].

OPN-CD44 signalling
OPN, originally identified as a phosphoprotein secreted from T cells, and also known as SPP1, is
another classical ligand of CD44 [17]. It naturally exists as two forms: secreted OPN, which is fully
modified by post-translational modifications (PTMs; e.g., phosphorylation and O-glycosylation);
and intracellular OPN, which is not or only partly modified by PTMs [18]. OPN is widely expressed
by immune, odontoblast, brain, and kidney cells [19]. Its interaction with the alternative splicing
domain of CD44 prevents pathogen infection, and the recruitment and activation of neutrophils,
macrophages, and granulocytes during the immune response [20]. It is reported that OPN-CD44
signalling is vital for both OPN-αVβ3 integrin activation and the interaction between the actin-
binding protein gelsolin and the transcriptional activator mDia1, promoting actin filament
formation and cell migration [20] (Figure 2B, Box 1). In addition, OPN associates with CD44/ERM
Trends in Endocrinology & Metabolism, May 2022, Vol. 33, No. 5 319
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Figure 1. CD44 alternative splicing and protein structure. (A) Mouse CD44 alternative splicing and representative variants. Human CD44 lacks exon 6 (brown)
compared with murine Cd44. (B) CD44 protein structure. All CD44 isoforms have the hyaluronan (HA)-binding domain, while only the isoforms that contain exonV6-V7
have an osteopontin (OPN)-binding domain. CD44s is the smallest CD44 isoform and does not contain any splicing exons. Abbreviations: CD, cytoplasmic domain;
TD, transmembrane domain. Figure created with BioRender (https://biorender.com/).
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proteins to regulate fibroblast cell migration [20,21]. OPN/CD44/phospholipase C was found to
regulate human mammary epithelial cell migration, which might contribute to the remodelling of
plasma membrane phospholipids and the activation of downstream signalling (e.g., AKT
activation) [22]. OPN also enhances the HA-CD44 interaction to activate PI3K/AKT signalling,
thus promoting cell survival and growth and contributing to drug resistance in mesothelioma
[23]. In addition, OPN promotes HA synthesis by increasing HA synthase 2 expression, enhancing
HA-CD44 signalling, and promoting breast cancermalignancy [24]. However, howOPN-CD44 and
HA-CD44 signalling are intertwined is still unknown and merits further investigation.

Signalling triggered by CD44 cleavage
The cleavage of CD44 is controlled in a cell type-dependent fashion by various stimulants and
molecules. CD44 is cleaved in two steps (Figure 2C, Box 1). First, stimulations, such as Ca2+

influx, PKC activation, and Ras oncoproteins, activate membrane-associated matrix metallopro-
teinases (MMPs), resulting in the proteolytic release of the CD44 ectodomain from themembrane.
Second, presenilin (PS)-dependent -secretase mediates intramembranous cleavage, which
breaks the transmembrane and cytoplasmic domains of CD44 [25]. When cleaved, the released
CD44 extracellular domains become soluble, causing the detachment of CD44-expressing cells
from the ECM, contributing to cell migration and adhesion. Antibody-induced shedding of CD44
is linked to the assembly of cytoskeleton, possibly by Rho family GTPase RAC1 and Cdc42
activation, because pharmacological activation of RAC1 and Cdc42 induces elevated CD44
ectodomain release and concomitantly distinct assembly of actin in primary mouse synovial
fibroblasts [26].
320 Trends in Endocrinology & Metabolism, May 2022, Vol. 33, No. 5
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Figure 2. CD44 signalling. (A) Hyaluronan (HA)-CD44 signalling. HA of different sizes binds to, and activates, CD44 on the cell membrane, which further recruits
cytoskeletal proteins, such as Ankyrin and Ezrin/Radixin/Moesin (ERM) family proteins to trigger membrane invagination and form lipid raft-like caveolae. These
caveolae further recruit intracellular signalling molecules and initiate signal cascades (e.g., Ca2+ mobilization and release, PI3K-AKT signalling, and RhoA-GTPase
signalling), regulating cellular processes, including cell proliferation, adhesion, migration, and cell–cell communication. (B) OPN-CD44 signalling. OPN activates CD44 V6-
V7 exons containing variants on the stalk domain. Upon OPN binding, activated CD44 recruits integrin family proteins, such as integrin αVβ3, and cytoskeletal proteins,
such as ERM family proteins, enhances CD44-HA binding, and activates its downstream signalling, such as PI3K-AKT, perpetuating cell survival, immune responses, and
bone and wound healing. (C) CD44 cleavage signalling. CD44 is cleaved in two steps. First, stimulations, such as Ca2+ influx and protein kinase C (PKC) activation,
activate matrix metalloproteinases (MMPs), resulting in the proteolytic release of the CD44 ectodomain from the membrane. Second, the presenilin (PS)-dependent γ-
secretase breaks the transmembrane and cytoplasmic domain (CD44ICD) of CD44. The released CD44 ectodomain becomes soluble, causing the detachment of CD44-
expressing cells from the extracellular matrix (ECM), contributing to cell migration and adhesion. CD44ICD has transcriptional activity by cooperating with the transcriptional
coactivator CBP/P300 to initiate the transcription of Cd44 or other genes, such as hypoxia-inducible factor (HIF)2a and HIF-targeted genes, such as PGK1, GLUT1, and
VEGF. Figure created with BioRender (https://biorender.com/).
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In addition to the ectodomain, CD44 cleavage also produces a 25-kDa soluble cytoplasmic
fragment (CD44ICD). These fragments provide positive feedback for CD44 expression by direct
transportation into the nucleus, where they cooperate with the transcriptional coactivator CBP/
P300 to initiate CD44 transcription. CD44ICD also regulates the expression of other genes,
such as hypoxia-inducible factor (HIF)2a, in a CBP/P300-dependent manner, indirectly regulating
HIF-targeted genes, such as those encoding phosphoglycerate kinase 1 (PGK1), glucose
transporter 1 (GLUT1), and vascular endothelial growth factor (VEGF). Indeed, CD44ICD was
reported to enhance the hypoxic response of glioma by potentiating HIF-2α, negatively impacting
the treatment of glioma [27].

CD44 signalling in metabolic regulation
The intracellular cytoskeleton rearrangements mediated by CD44 may contribute to metabolic
regulation. For example, activation of Ankyrin/Cdc42 downstream signalling Rho-associated
protein kinases (ROCKs), regulates glycogen synthase and glucose transport in peripheral
tissues by suppressing IRS-1 phosphorylation [28]. Indeed, deletion of ROCK1, an isoform of
ROCK, attenuates obesity-associated insulin resistance in adipose tissue [29]. In addition,
P21-activated kinase 1 (PAK1), another downstream component of HA-CD44-Ankyrin signalling,
is required for the maintenance of mitochondrial function and preserving β cell mass in mice and
Trends in Endocrinology & Metabolism, May 2022, Vol. 33, No. 5 321
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Box 1. Intracellular cytoskeletal rearrangement mediated by CD44

HA-CD44 signalling

Upon HA binding to CD44, activated Ankyrin stimulates intracellular Ca2+ release and mobilisation and the subse-
quent upregulation of Ca2+/calmodulin-dependent kinase II, which then phosphorylates the cytoskeletal protein
filamin, participating in cell migration [13] (see Figure 2A in the main text). Ankyrin binds to small GTP-binding
proteins, such as Cdc42 and RhoA. RhoA couples with Rho-binding kinase (ROK) and stimulates Gab-1, a member
of the insulin receptor substrate family the phosphorylation of which activates PI3K-MAPK signalling pathways and
regulates cell survival and growth [73]. Cdc42 interacts with, and activates, P21-activated kinase 1 (PAK1), and
subsequently forms a Cdc42-PAK1-filamin complex, which leads to cytoskeleton rearrangement for tumour cell
migration and invasion [12]. Cdc42 is also linked to ERK signalling via the GTPase-activating-like protein 1
(IQGAP1)-ERK2 complex for transcriptional activation in tumour cells [74]. Moreover, HA is reportedly bound to
CD44v3 and activates Vav2 (a guanine nucleotide exchange factor). The CD44v3-Vav2 complex interacts with
growth factor receptor protein 2 (Grb2), which binds to P185HER, leading to Ras activation and cell migration in ovarian can-
cer [75]. The CD44v3 exon is also required for the CD44-MMP7 interaction and formation of the CD44-MMP7 complex. This
complex processes the maturation of the heparin-binding epidermal growth factor (HB-EGF) precursor and leads to
subsequent HB-EGF interaction with its receptor, ErB4, regulating cell survival, as occurs in the postpartum uterine and
lactating gland epithelium [76].

OPN-CD44 signalling

Upon OPN binding to CD44, the interaction of gelsolin and mDia1 enhances gelsolin-related Src activity and its
downstream PI3K signalling activation (see Figure 2B in the main text). The activated Src can also promote actin filament
formation and the migration of osteoclasts, which participate in bone resorption and healing [20].

Signalling triggered by CD44 cleavage

CD44 cleavage is regulated by an intricate balance between proteases and their inhibitors, such as 1,10-phenanthroline
[77] (see Figure 2C in the main text). Ligand binding regulates CD44 cleavage, therefore modulating cell migration in
CD44-positive tumour cells. HA containing 6–14-mers, enhances CD44 cleavage in a dose-dependent manner in pancreatic
carcinoma cells [78]. Kazuki et al. showed that HA smaller than 36 kDa significantly promoted CD44 cleavage, and 6.9 kDa
(36-mers) HA induced tumour cell migration and invasion [78]. This is significant because tumour cells tend to generate small
HA fragments (10-40 kDa) by upregulating hyaluronidases, which promotes CD44 cleavage, thus providing a favourable
environment for tumour cell invasion and metastasis in many types of cancers, such as breast carcinoma, nonsmall cell lung
carcinoma, glioma, colon carcinoma, and ovarian carcinoma [79].
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human islets [30,31]. Furthermore, the CD44 and ERM-induced intracellular cytoskeleton rear-
rangement contributes to glucose-stimulated insulin granule trafficking and secretion, because
diabetic mouse islets contain less ERM that is active and overexpression of ezrin enhances in-
sulin granule production and insulin secretion [32]. Moreover, the CD44-MMP7 complex,
which processes the maturation and activation of the heparin-binding epidermal growth factor
(HB-EGF) and the CD44-OPN interaction, was implicated in adipose tissue inflammation be-
cause MMP7 and OPN were both increased in the adipose tissue of obese patients with insulin
resistance [33].

Adipose tissue undergoes active tissue remodelling in obesity while adipocyte differentiation
coordinates with the remodelling of ECM to accommodate the expanding cellular volume. Vice
versa, adipogenesis is spatially and temporally regulated by the ECM. Results show that
HA-CD44 activation contributes to adipogenesis. Indeed, a CD44+PDGFRα+ subpopulation of
preadipocytes frommice showed high proliferation and adipogenesis capacity [34]. Furthermore,
studies found spatiotemporal changes in HA levels during the differentiation of 3T3-L1
preadipocytes in vitro. Supplementation with HA promoted adipocyte differentiation, whereas
reducing HA levels inhibited adipogenesis [35].

Altogether, these studies highlight a connection betweenCD44-mediated intracellular cytoskeleton
rearrangement and systematic metabolic homeostasis. However, this remains poorly understood
and, thus, warrants future investigations.
322 Trends in Endocrinology & Metabolism, May 2022, Vol. 33, No. 5
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CD44 regulates glucose metabolism
Glucose metabolism in cancer cells
Numerous studies have focused on how CD44 affects stem cell self-proliferation and differentia-
tion, whereas its role in glucose metabolism is poorly understood. Mitochondrial oxidative
phosphorylation (OXPHOS) is the main energy generation process in normal cells. However,
cancer cells exploit anaerobic glycolysis for ATP generation regardless of the oxygen condition.
Reports identified CD44 as a key molecule determining the metabolic shift between lactate
glycolysis and OXPHOS in cancer cells (Figure 3). Lactate dehydrogenase (LDH) catalyses the
bidirectional conversion from pyruvate to lactate depending on the ratio of two LDH isoenzymes,
LDHA and LDHB, whereby a high ratio of LDHA/LDHB promotes lactate glycolysis, whereas
a low ratio causes a shift to OXPHOS [36]. Silencing or ablation of CD44 suppressed the
LDHA/LDHB ratio, promoting the OXPHOS pathway, while CD44 overexpression increased the
LDHA/LDHB ratio, promoting lactate glycolysis in breast cancer cells [36]. Furthermore, the endog-
enous cellular oxygen consumption rate increased in CD44-knockdown breast cancer cells and
colorectal cancer cells, suggesting improved mitochondrial OXPHOS [36,37]. It is proposed that
CD44 achieves these effects via HIF-1α and the AMPKα/mTOR pathways. CD44 ablation was
also found to suppress both HIF-1α expression and its binding to the LDHA promoter, while
increasing LDHB expression [36,38].

6-Phosphofructo-2-kinase/fructose-2, 6-biphosphatase 4 (PFKFB4) is another bi-functional
enzyme that catalyses 6-phosphofructose (F6P) to fructose-2, 6-biphosphate (F-2,6-BP) and
TrendsTrends inin EndocrinologyEndocrinology & MetabolismMetabolism

Figure 3. CD44 regulates glucose
metabolism in cancer cells. CD44
regulates the metabolic shift between
lactate glycolysis and oxidative
phosphorylation (OXPHOS) either by
CD44ICD-promoted glycolysis or by
regulating the ratio of lactate
dehydrogenase A (LDHA) and lactate
dehydrogenase B (LDHB). CD44ICD
directly binds to 6-phosphofructo-2-
kinase/fructose-2,6-biphosphatase 4
(PFKFB4) and promotes its expression
PFKFB4 is a key bi-functional enzyme
that catalyses 6-phosphofructose (F6P
to fructose-2,6-biphosphate (F-2,6-BP
during glycolysis. CD44 regulates the
ratio of LDHA and LDHB through the
AMPKα/mTOR and HIF-1α signalling
pathways. Figure created with BioRende
(https://biorender.com/).
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vice versa during glycolysis. Studies reported that CD44ICD promoted glycolysis via upregulation
of PFKFB4 expression [39]. CD44ICD ectopic expression increased glucose consumption and
lactate production in breast cancer cells [39]. Chromatin immunoprecipitation (ChIP) assays
revealed that this occurred through the interaction of CD44ICD with the PFKFB4 promoter
region. In addition, the interaction of CD44ICD with PFKFB4 is suppressed by the silencing of
transcription factor cAMP response element-binding protein (CREB) [40]. Thus, CD44ICD may
function as a co-transcription factor and interact with CREB to regulate PFKFB4 transcription,
regulating glycolysis in cancer cells.

Glucose metabolism in metabolic tissues
The global epidemic of obesity and overnutrition is associated with an increased risk of many
metabolic conditions, including diabetes, fatty liver disease, and cardiovascular diseases, imposing
a significant health-economic burden on individuals and public health systems. With obesity, glu-
cose metabolism is disrupted in multiple tissues and restoration of normal glucose metabolism
has been identified as a therapeutic target for obesity and obesity-related cardiometabolic
diseases. There is growing evidence suggesting that CD44 is involved in the regulation of glucose
metabolism in metabolic tissues (Box 2); however, the underlying mechanism is still largely
unknown.

In the pancreas
The pancreas secretes insulin and glucagon to regulate blood glucose levels. Research suggests
a key role of the HA-CD44 interaction in the pancreas in both type 1 and type 2 diabetes mellitus
[8,41,42] (Figure 4). CD44 expression and HA deposition are increased in pancreatic islets of non-
obese diabetic (NOD) mice [43]. In NOD mice, CD44 upregulation trigged by LMW-HA renders β
cells more susceptible to autoimmune attack and apoptosis, impairs glucose-stimulated insulin
secretion, and worsens hyperglycaemia [41]. Indeed, disrupting the HA-CD44 interaction with
anti-CD44 monoclonal antibody or hyaluronidase administration induced anti-diabetogenic
effects in NOD mice by decreasing the inflammatory cascade involved in islet destruction [43].
Moreover, a recent in vitro study demonstrated that CD44v deletion in mouse β cells resulted
in increased insulin biosynthesis and secretion by inhibiting L-type amino acid transporter
LAT1-mediated amino acid uptake [42]. Increased expression of CD44v is also reported in islets
of different diabetic mouse models (db/db, ob/ob, and Akita), further accentuating its functional
role in the pathophysiology of diabetes [42].

In the adipose tissue
CD44 expression in adipose tissue is elevated in obesity and type 2 diabetes mellitus [44,45]. A gene
expression-based genome-wide association study (eGWAS) implicatedCD44 in the molecular path-
ogenesis of type 2 diabetes mellitus [46]. In humans, serum CD44 levels are positively corrected with
insulin resistance and glycaemic control [46]. In mice, both genetic and pharmacological inhibition
Box 2. The importance of CD44 as a metabolic regulator

CD44, with a key role as the surface marker of cancer stem cells, represents an attractive therapy target to treat multiple
forms of cancers due to its metastatic properties and involvement in cancer initiation. However, few studies have assessed
its role in metabolism. By considering cancer as a metabolic disease with disturbed cellular energy balance, this review
may inform future studies of the role of CD44 in the immunometabolism of cancer. Indeed, CD44 has been identified as
a key molecule determining the metabolic shift between lactate glycolysis and oxidative phosphorylation in cancer cells
[36,37]. Furthermore, the intracellular fragment of CD44 cleavage, CD44ICD, has been shown to be a co-transcription fac-
tor initiating PFKFB4 transcription, which catalyses 6-phosphofructose (F6P) to fructose-2,6-biphosphate (F-2,6-BP) dur-
ing glycolysis in cancer cells [39]. Recent studies implicated CD44 and its ligands, HA and OPN, in the pathogenesis of
obesity and diabetes [43–45,47,51,52,70,71]. Taken together, these studies highlight possible connections between can-
cer and metabolic diseases in the context of CD44, which may inform potential interdisciplinary therapeutic approaches.
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Figure 4. CD44 regulates glucose and lipid metabolism in metabolic tissues. CD44 and hyaluronan (HA) deposition
are increased in pancreatic islets of non-obese diabetic mouse models, which renders pancreatic β cells more susceptible to
autoimmune attack-induced apoptosis, and impairs glucose-stimulated insulin secretion, at least partly, by inhibiting insulin
biosynthesis [8,30–32,41–43]. In liver, obesity induces HA and osteopontin (OPN) accumulation, and increases CD44
expression, triggering immune cell infiltration, and upregulating fibrogenesis and hepatic steatosis [44,47,49,52,53]. In
muscle, obesity induces HA deposition and CD44 expression, which contribute to skeletal muscle insulin resistance
possibly by decreasing muscle vascularisation and subsequently impairing glucose and insulin delivery [7,51]. In adipose
tissue, obesity induces increased HA and OPN deposition and increased CD44 expression, thereby increasing
inflammation, immune cell infiltration, and lipid accumulation, and impairing adipogenesis and adipocyte insulin sensitivity
[7,33,44–47,49,50,52,53,70,71]. Taken together, increased CD44 works by binding to HA and OPN to disrupt glucose
and lipid homeostasis in multiple metabolic tissues, culminating in insulin resistance and diabetes.
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of CD44 have been shown to reduce adipose tissue immune cell infiltration and expression of mac-
rophage markers and proinflammatory cytokines, in turn protecting diet-induced obese mice against
insulin resistance and glucose intolerance [44,46,47]. It is proposed that CD44 regulates glucoseme-
tabolism in adipose tissue via its interaction with ligands. HA is upregulated in adipose tissue of obese
mice and obese patients with type 2 diabetes [44,48]; it also modulates adipogenesis and the inflam-
matory status of adipose tissue. Similar to CD44-deficient mice [44,46], pharmacological degradation
of HAby hyaluronidasePH-20 decreased the adiposity and expression of proinflammatorymarkers in
the adipose tissue of diet-induced insulin-resistant mice [7]. Moreover, diet-induced obese mice also
exhibit increased OPN expression in adipose tissue and increased plasma OPN levels accompanied
by elevated adipose tissue macrophage infiltration [49]. Genetic OPN ablation improved insulin
sensitivity, increased energy expenditure, and decreased adiposity in diet-induced obese mice [49].
Indeed, in vitro studies suggest that secreted OPN, but not intracellular OPN, promotes adipogenesis
in a PI3K-AKT signalling-dependentmanner via the CD44 receptor [50]. However, how theHA-CD44
and OPN-CD44 axes regulate glucose metabolism in adipose tissue remains unknown.

In the muscle
Increasedmuscle HA deposition and CD44 expression contribute to skeletal muscle insulin resis-
tance [51]. Hasib et al. demonstrated that CD44-null mice were less susceptible to diet-induced
skeletal muscle insulin resistance and exhibited increased muscle vascularisation compared with
Trends in Endocrinology & Metabolism, May 2022, Vol. 33, No. 5 325

Image of Figure 4
CellPress logo


Trends in Endocrinology &Metabolism
OPEN ACCESS
wild-type mice [51]. Through pharmacological intervention, the authors further confirmed
that HA-mediated insulin resistance post high-fat diet (HFD) feeding required the presence of
CD44 receptors, possibly mediated via pathways involved in modulating vascular glucose and in-
sulin delivery [51]. Similar to HA, the other CD44 ligand, OPN, also mediated glucose intoler-
ance and insulin resistance in HFD-fed obese mice [52], yet its specific role in skeletal muscle
insulin resistance remains to be studied.

In the liver
CD44 is increased in the liver of obese mice, and its genetic deletion attenuated hepatic
steatosis, inflammation, and fibrosis in HFD-induced insulin-resistant mice [44]. Insulin inhibits
endogenous glucose production in the liver. CD44-null mice displayed increased rates of
suppression of endogenous glucose production by insulin during a hyperinsulinemic–
euglycemic clamp, indicative of an improved hepatic insulin sensitivity [51]. In addition, anti-
CD44 antibody treatment in obese mice reduced fasting blood glucose levels, weight gain,
hepatic steatosis, and insulin resistance to levels comparable to, or better than, treatment
with metformin and pioglitazone [47]. Furthermore, CD44 deletion decreased hepatic OPN
expression in obese mice [44]. Increased hepatic OPN expression in obese patients and
mice is implicated in the progression of liver injury and insulin resistance, owing to its possible
involvement in regulating c-Jun/AP-1 (a transcription factor)-mediated liver fibrosis [53].
Indeed, animal work from global OPN-deficient mice showed attenuated hepatic fibrosis in
HFD-fed mice [49]. Neutralisation of OPN using monoclonal antibodies in obese mice
decreased hepatic inflammation and downregulated the expression of hepatic gluconeogenic
markers through STAT3 signalling, leading to improved systemic insulin resistance [52].
Although OPN and CD44 represent interesting targets for the treatment of obesity-
associated hepatic steatosis, fibrosis, inflammation, and insulin resistance, few studies have
focussed on their role in regulating hepatic glucose metabolism (glycogen storage,
gluconeogenesis etc.) and hepatic insulin resistance, which warrant further investigation.

Despite the importance of CD44 in the metabolic shift between OXPHOS and lactate glycolysis in
cancer cells, this remains unknown in metabolic tissues. It is well established that the oxidative
capacity of skeletal muscle and adipose tissue is reduced in obese patients and those with dia-
betes and that type 2 diabetes mellitus is associated with increased blood lactate levels
[54,55]. Given that CD44 expression is increased in muscle and adipose tissue of patients with
obesity and diabetes, it is reasonable to assume that CD44 might also determine the metabolic
switch in these tissues, driving it from OXPHOS toward less-efficient anaerobic glycolysis during
metabolic diseases. However, further evidence is required to fully ascertain this.

CD44 regulates lipid metabolism
Lipid metabolism in metabolic tissues
Recent studies highlight a potential role of CD44 in regulating lipid metabolism in the liver and
adipose tissue of patients with obesity (Figure 4). CD44 promotes lipid accumulation in the liver
of HFD-fed obese mice [44]. HFD-fed CD44-deficient mice have suppressed hepatic steatosis,
mainly resulting from decreased hepatic triglyceride levels rather than from hepatic cholesterols.
Decreased triglyceride levels result from decreased expression of genes involved in lipogenesis,
fatty acid synthesis and transport, and triglyceride synthesis rather than from changes in genes
involved in lipid oxidation, lipolysis, or gluconeogenesis [44]. Treatment with anti-CD44 monoclo-
nal antibodies in diet-induced obese mice was shown to reduce hepatic steatosis to levels com-
parable with those treated with oral diabetic drugs (i.e., metformin and pioglitazone) [47]. In
contrast to the liver, HFD-fed CD44-knockout mice exhibited increased lipid accumulation in
adipose tissue, evidenced by increased adiposity and upregulated lipogenic gene expression
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(e.g., Fabp1, Elovel6, andMogat2) [44]. Other studies revealed that CD44 in adipocytes regulates
interorgan communication in obesity. When free fatty acid synthesis was inhibited in the liver,
CD44 in adipocytes could sense messenger molecules secreted from the liver (i.e., glycoprotein
non-metastatic melanoma protein B) and stimulate lipogenesis through AKT-SREBP1c signalling
in adipocytes, exacerbating diet-induced obesity and insulin resistance [56]. Consistent with this,
an in vitro study showed that CD44 promotes brown adipogenesis in 3T3-L1 preadipocytes
upon activation of its ligand OPN by enhancing expression of adipocyte-browning genes,
PRDM16, UCP1, and PGC1a [50]. Although these studies clearly indicate a role of CD44 in lipid
metabolism in metabolic tissues, it is difficult to ascertain with only a handful of studies how
CD44 executes its action, especially upon different extracellular stimulation, such as HA or OPN.

Lipid metabolism in other cells
Studies show that CD44 deficiency increased lipid accumulation in alveolar macrophages (AMs)
and increased surfactant lipids, resulting in impaired lung lipid homeostasis [57]. Transcriptome
data from CD44-deficient AMs revealed that cd44 ablation affected lipid homeostasis through a
variety of pathways, including sterol/cholesterol synthesis and protein phosphorylation-related
signalling pathways. Further lipidome investigations revealed that 52 out of 429 lipid moieties
were significantly changed by 1.5-fold or more in the lung of CD44-knockout mice, with moieties
of the primary phosphatidylcholine (PC) and lysophosphatidylglycerol (LPG) among the most-
changed lipids [57]. PPARγ is a master regulator in both lipid accumulation and AM survival and
maturation [58]. Although the mRNA level of PPARγ was not changed in CD44-deficient AMs, its
expression and activation in the nucleus was decreased, potentially contributing to the accumulation
of lipids in CD44-deficient AMs [57]. Furthermore, studies in skin revealed that CD44 suppressed
lipid synthesis in sebaceous glands in hamsters and humans in vivo and in vitro [59]. Upon CD44
activation with HA incubation, the sebaceous gland cells exhibited decreased accumulation of
triglyceride, cholesterol squalene, and sebum, while knocking down of CD44 reversed the effects
on lipogenesis [59]. This is consistent with findings that CD44 deficiency increased lipid accumula-
tion in AMs [57]. Further studies suggested that CD44 suppressed lipid synthesis via RhoA/AKT
signalling because CD44 activation by HA significantly decreased RhoA, SREBP1c, and phosphor-
ylation of AKT [59]. Clinical studies targeting CD44 by HA injection also showed attenuated sebum
excretion in oily skins; thus, indirectly abrogating CD44 with its ligand HA could have clinical benefits
for treating oily skin [59].

Clinical trials of CD44-targeted therapies
CD44 is a well-established cancer stem cell marker and has been extensively investigated for its
role in cancer metastasis, proliferation, and drug resistance [3,5]. Several approaches have been
developed to inhibit CD44 for cancer therapy, including HA nanoparticles, small-molecule inhib-
itors, and anti-CD44 monoclonal antibodies [60]. Preclinical studies using anti-CD44 antibodies
to treat cancer have shown promising results [61]. However, clinical trials examining the safety
and efficacy of anti-CD44 therapies have seen limited success (Table 1).

Across several Phase I trials, intravenously administered anti-CD44 monoclonal antibodies
consistently demonstrated selective localisation at tumours in patients with cancer; however,
they failed to significantly improve overall or progression-free survival or to reduce tumour volume
[62–65]. Indeed, one Phase I clinical trial evaluating the efficacy of mertansine, a tubulin inhibitor,
conjugated to an anti-CD44 antibody bivatuzumab, was terminated due to severe adverse side
effects and the death of one patient [64]. In other Phase I trials, anti-CD44 monoclonal therapy
alone demonstrated a positive safety profile with few adverse side effects, suggesting that
these adverse side effects might be due to inappropriate off-tumour targeting of the antibody–
drug conjugate.
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Table 1. Clinical trials that target CD44

Trial type and objectivesa Participants Key findings Refs

Phase I study to determine safety, biodistribution, and
pharmacokinetics of the 186Re-labeled anti-Cd44v6
chimeric monoclonal antibody (cmAb) U36

13 patients with recurrent or
metastatic head and neck
squamous cell carcinoma

U36 was well tolerated and showed high accumulation in
tumours with dose-limiting myelotoxicity, offering the
possibility for selection of a safe radioimmunotherapy dose

[84]

Phase I trial to assess safety and biodistribution of the
anti-CD44v6 mAb BIWA1

12 patients with head and
neck squamous cell
carcinoma

No adverse side effects observed; high tumour uptake
(8.4% of injected dose), suggesting a positive safety profile

[85]

Phase I trial to assess maximum tolerated dose of U36 Nine patients with recurrent
or metastatic squamous cell
head and neck carcinoma

Mean biological half-life of U36 in blood was 72.6±16.0 h.
Stable disease was achieved in five out of nine patients with
no myelotoxicity beyond grade 3

[86]

Phase I trial to assess safety and efficacy of humanized
anti-CD44v6 mAb BIWA4 (bivatuzumab)

20 patients with head and
neck squamous cell
carcinoma

Drug was well tolerated and selectively targeted tumours.
Stable disease was observed in three out of six patients
receiving maximum tolerated dose, suggesting that BIWA4
is safe

[87]

Phase I trial to assess safety and tolerability of
186Re-labeled bivatuzumab

20 patients with recurrent or
metastatic squamous cell
carcinoma

Antibodies accumulated at tumour site and several other
organs, particularly the kidneys. Treatment was well
tolerated with an acceptable safety profile

[88]

Phase I trial to assess safety, biodistribution and
pharmacokinetics of bivatuzumab

Nine patients with
early-stage breast cancer

Bivatuzumab was well tolerated and taken up by some
tumours. Antibody accumulation did not correlate with
CD44v6 expression. Bivatuzumab has limitations for
radioimmunotherapy in patients with breast cancer

[62]

Phase I study to evaluate safety and tolerability of A6 Healthy male A6 was rapidly absorbed, eliminated in urine, and well
tolerated with no serious side effects or early immunogenic
responses

[89]

Phase I study to evaluate safety and tolerability of A6 Patients with advanced
gynaecological cancers

A6 was well tolerated with no serious side effects. No
maximum tolerated dosage observed

[66]

Phase I trial to assess efficacy and safety of
bivatuzumab in patients with breast cancer

24 patients with
CD44v6-positive metastatic
breast cancer

Study terminated early because treatment failed to produce
antitumour response and had serious side-effects

[64]

Phase I trial to assess efficacy and safety of
bivatuzumab mertansine

Patients with incurable head
and neck squamous cell
carcinoma

Most patients received 23 consecutive, weekly doses and
achieved stable disease, while developing toxic epidermal
necrolysis, leading to study cancellation

[63]

Phase II trial to assess efficacy of A6 against epithelial
ovarian cancer

24 patients with epithelial
ovarian cancer

A6 showed significant delay in time to clinical tumour
progression and was well tolerated

[90]

Phase II trial to assess safety, tolerability, and
anticancer effects of A6

31 patients with epithelial
ovarian cancer

A6 was well tolerated but had minimal antitumour activity.
CD44 was not correlated with progression-free survival

[67]

Phase I trial to determine safety and tolerability of
anti-CD44 humanized mAb RG7356

65 patients with several
CD44+ cancer types who
were unresponsive to therapy

RG7356 was well tolerated with no severe side effects; 21%
of patients had disease stabilisation for a median of
12 weeks

[65]

aA6, an 8-amino acid peptide that shares sequence homology with CD44 on conserved HA-binding domains; U36, RG7356, BIWA1, and BIWA4 (bivatuzumab) are
monoclonal antibodies that target CD44v6 variants.
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In addition, other CD44-targeted therapies have progressed to Phase I clinical trials, such as the
small peptide A6 [66]. A6 is an eight-amino acid peptide that binds to CD44 and shares sequence
homology with the highly conserved HA binding domain at a region that is critical for HA recogni-
tion. However, A6 enhances HA binding and the phosphorylation of downstreamCD44 signalling
components, such as focal adhesion kinase (FAK) and MEK in vitro, therefore acting as a CD44
agonist. Interestingly, despite previous studies suggesting CD44 as a positive regulator of cell
migration, A6 treatment reduced migration of cancer cells in vitro and demonstrated increased
progression-free survival in patients with ovarian cancer with a positive safety profile [67].

Another small peptide, A5G27, is a synthetic peptide homologous to the laminin α5 chain globular
domain, which binds to CD44 at the glycosaminoglycan side-chains in the extracellular domain of
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Box 3. Multifaceted CD44

Although numerous studies have suggested that CD44 is a marker of tumour progression and metastasis in several
cancers, including colorectal and breast cancer, there is also considerable evidence suggesting that CD44 has multifaceted
roles in regulating cell migration and tumour initiation and progression. CD44 can both promote and inhibit cell migration and
suppress or promote tumour initiation and progression depending upon the context [80–82]. It is hypothesised that these
discrepant effects might be due to molecular redundancy. This redundancy might be attributed to alternative splicing,
whereby differential variants show distinct properties in communicating with different extracellular cues in the context of
various pathophysiological conditions. Alternatively, the redundancy may derive from other adhesion molecules, such
as HA-mediated motility receptor (RHAMM). Indeed, studies show that RHAMM compensates for CD44 in inflamed
CD44-knockout mice in a collagen-induced arthritis model, in which CD44 deletion enables HA binding to RHAMM, thus
leading to augmented inflammatory signals through RHAMM [82,83]. However, few studies have looked at the functional
redundancy of CD44, which may provide a rationale for the lack of clinical success.
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Outstanding questions
How does CD44, together with its
ligands HA and OPN, regulate adipose
tissue, liver, pancreas, and muscle
function?

How does CD44 regulate cross-organ
communication?

How does CD44 regulate glycogen
storage and gluconeogenesis in
hepatocytes?

What are the regulators of CD44 and
its downstream signalling nodes
through which CD44 regulates lipid
and glucose homeostasis?

Can we repurpose CD44-targeted
therapies for the treatment of meta-
bolic diseases?

How can we develop specific and
effective small-molecule inhibitors of
CD44?
CD44 [68]. GFP-tagged A5G27 nanoparticles were efficiently internalised by CD44+ cell lines,
and internalisation of A5G27 was abrogated by anti-CD44 monoclonal antibody treatment.
Additionally, A5G27 did not significantly affect cell viability [69], suggesting the drug to be nontoxic
to cells; however, the clinical efficacy of A5G27 has not yet been explored.

Overall, CD44-targeted therapies have seen limited clinical success for treating cancer, which
might be attributed to the multifaceted roles of CD44 given the considerable evidence that
CD44 can also inhibit cell migration and suppress the initiation and progression of tumours
depending upon the extracellular environment (Box 3). Nevertheless, repurposing anti-CD44
therapy for the treatment of metabolic disorders, such as type 2 diabetes mellitus, may prove
to be more promising. This is because preclinical studies have shown that anti-CD44 monoclonal
antibody treatment in obese mice protected against diet-induced weight gain and improved
systemic insulin sensitivity comparable with the current standard-of-care drug metformin [47].
Furthermore, treatment of HFD-fed mice with HA nanoparticles that block the HA-CD44 interac-
tion improved insulin sensitivity, reduced body weight, and reduced inflammatory markers in the
adipose tissue [70]. A follow-up study demonstrated that HA nanoparticles suppressed
adipogenic and lipogenic gene expression in adipose tissue in a CD44-dependent manner [71].
These data warrant further investigation into the clinical use of anti-CD44 therapy for treating
obesity and type 2 diabetes mellitus. However, CD44-targeted therapies may be premature until
it is clear whether CD44 also regulatesmetabolism differentially upon different extracellular environ-
ment as it does in cancer, which will improve the clinical efficacy of such therapies (Box 4).

Concluding remarks
CD44 has been identified and studied for many years and much is now understood about its
regulatory role in stem cell biology, carcinogenesis, immune responses, and cell migration and
metastasis, while its role in metabolic regulation was only recently recognised and remains largely
unknown. Here, we reviewed the role of CD44 and its main ligands, HA and OPN, in regulating
metabolism, especially glucose and lipid homeostasis in metabolic tissues in the context of
Box 4. CD44-targeted therapies have limited success

Given its significant role in cancer metastasis and drug resistance, therapies targeting CD44 have been designed and
developed to treat various cancers, including head and neck, breast, gynaecological, and ovarian cancers. However,
clinical trials examining the safety and efficacy of these approaches have seen limited success. This is probably not surprising
due to the multifaceted roles of CD44 in regulating cell migration and cancer initiation and progression, as discussed in Box 3
and in themain text. CD44 inhibition can suppress or promote tumour growth depending upon the extracellular environment.
In addition, the metabolic consequences of CD44 therapies in patients in these trials have not been assessed. These studies
indicate the need for increased knowledge of CD44 to improve efficacy. Moreover, similar to the role of CD44 in cancer, it is
possible that its dual function applies to metabolic regulation. Therefore, targeting CD44 may be premature until further
understanding of this important receptor.

Trends in Endocrinolo
gy & Metabolism, May 2022, Vol. 33, No. 5 329

CellPress logo


Trends in Endocrinology &Metabolism
OPEN ACCESS
obesity and diabetes. Given that the functional role of CD44 varies in different organs and path-
ological conditions, further in-depth investigations into its role in metabolic diseases are needed
(see Outstanding questions). Moreover, no effective CD44 inhibitors have been developed thus
far [72], perhaps partly due to the difficulties of targeting a protein receptor on the dynamic cellular
membrane. Therefore, targeting regulators of CD44 or its downstream signalling nodes might
help identify novel therapeutic targets and facilitate better drug design for obesity and its related
cardiometabolic complications.
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