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ABSTRACT

The reception and integration of the plethora of signals a cell receives from its microenvironment
determines the cell’s fate. CD44 functions as a receptor for hyaluronan and many other extracellular
matrix components, aswell as a cofactor for growth factors andcytokines, and thus, CD44 is a signaling
platform that integrates cellular microenvironmental cues with growth factor and cytokine signals
and transduces signals to membrane-associated cytoskeletal proteins or to the nucleus to regulate
a variety of gene expression levels related to cell-matrix adhesion, cell migration, proliferation, dif-
ferentiation, and survival. Accumulating evidence indicates that CD44, especially CD44v isoforms, are
cancer stem cell (CSC) markers and critical players in regulating the properties of CSCs, including self-
renewal, tumor initiation, metastasis, and chemoradioresistance. Furthermore, there is ample evi-
dence that CD44, especially CD44v isoforms, are valuable prognostic markers in various types of
tumors. Therefore, therapies that target CD44 may destroy the CSC population, and this holds great
promise for the cure of life-threatening cancers. However, many challenges remain to determining
howbest to use CD44 as a biomarker and therapeutic target. Herewe summarize the current findings
concerning the critical role of CD44/CD44v in the regulation of cancer stemness and the research
status of CD44/CD44v as biomarkers and therapeutic targets in cancer. We also discuss the current
challenges and future directions that may lead to the best use of CD44/CD44v for clinical appli-
cations. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1033–1043

SIGNIFICANCE

Mounting evidence indicates that cancer stem cells (CSCs) are mainly responsible for cancer aggres-
siveness, drug resistance, and tumor relapse. CD44, especially CD44v isoforms, have been identified
as CSC surfacemarkers for isolating and enriching CSCs in different types of cancers. The current find-
ings concerning the critical role of CD44/CD44v in regulation of cancer stemness and the research
status of CD44/CD44v as biomarkers and therapeutic targets in cancer are summarized. The current
challenges and future directions thatmay lead to best use of CD44/CD44v for clinical applications are
also discussed.

INTRODUCTION

Despite recent progress in cancer therapy and
increased knowledge of tumor biology, cancer
remains a very common and lethal disease world-
wide. Cancer-associated mortality is primarily
caused by cancer recurrence and metastasis. Re-
cent advances in cancer stem cell (CSC) research
have indicated that CSCs, a type of cancer cell that
can self-renew and differentiate into multiple cell
types, are responsible for tumor initiation, recur-
rence, andmetastasis [1, 2]. Therapies that specif-
ically target CSCs hold great promise for improving
survival and quality of life for cancer patients.

Solid tumors are regarded as “organs” that
are made up of cancer cells and the tumor

microenvironment. The tumor microenviron-
ment is the cellular environment in which the
tumor exists, including the extracellular matrix
(ECM),mesenchymal stem cells, endothelial cells,
and signaling molecules such as growth factors
andcytokines. The tumorand the surroundingmi-
croenvironment are interacting constantly. The
special microenvironment surrounding CSCs is
called the CSC niche, and this microenvironment
largely governs the cellular fate of CSCs [3–5].
(CD44, a multistructural and multifunctional
transmembrane glycoprotein, is a receptor for
hyaluronan (also called hyaluronic acid [HA]),
a major component of the ECM, and a coreceptor
for many growth factors and cytokines. CD44 has
attracted considerable attention because of its
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important functions in mediating cell-cell and cell-matrix interac-
tions and association with malignant process, particularly in can-
cerdissemination [6, 7]. Recentworkhas revealed thatCD44 is the
most common CSC surfacemarker and plays a pivotal role in CSCs
in communicatingwith themicroenvironment and regulating CSC
stemness properties. Increasing evidence suggests that CD44, or
more specifically, CD44v is a promising prognostic biomarker and
therapeutic target formany cancers. Althoughmuch progress has
been made in our understanding of the molecular structures and
functions of CD44 and its various isoforms, most of them are pro-
vided by normal stem cells and cancer cells in general rather than
by CSCs, and thus, many challenges are still ahead.

MOLECULAR STRUCTURE AND FUNCTIONAL BASIS OF CD44 AND
ITS SPLICING VARIANTS

CD44 is encoded by the highly conserved CD44 gene on chromo-
some 11 in humans [8]. The full-length CD44 gene consists of 20
exons and 19 introns. Ten of these exons are expressed in all iso-
forms (knownas “constant”exons). The ten central exons (known
as “variable” exons) undergo extensive alternative splicing via
excision or inclusion in various combinations in the membrane-
proximal stem region to generate splicing variants (CD44v
isoforms), which accounts for the heterogeneity of this protein
family (Fig. 1A). The smallest or standard isoform (CD44s) lacking
all variant exons in the extracellular domains, is expressed on
most vertebrate cells, whereas CD44v isoforms are expressed
only on some cells under specific conditions. Most strikingly,
CD44v isoforms are expressed in a variety of cancers, particularly
those in advanced stages [9].

CD44 protein consists of three functional domains, including
an extracellular domain (or ectodomain), a transmembrane
(TM) domain, and an intracellular domain (ICD) (Fig. 1B) [8].
The first five exons of CD44 encode an amino-terminal globular
protein domain containing motifs that function as ligand-
binding receptors primarily for HA, an anionic, nonsulfated gly-
cosaminoglycan that is one of themajor components of the ECM
[10]. Other CD44 ligands include the ECM components collagen,
osteopontin, integrin, fibronectin, laminin, matrix metallopro-
teinases (MMPs), and others [11, 12]. The N-terminal globular
domain of the CD44s isoform is separated from the plasma
membrane by a short stem structure, which contains putative
proteolytic cleavage sites [13].

The ectodomain is the most diverse region of the CD44 mol-
ecule. Sequences encoded by exons v1–v10 in different combina-
tions throughalternative splicing are insertedat a single site in the
stemregion [8]. The introductionofnewexons into this regionhas
been found to modulate HA-binding affinity by inducing confor-
mational changes or allowing CD44 isoforms to have a new func-
tion as a coreceptor by generating new binding sites for many
growth factors, receptors, and nonreceptor protein-tyrosine
kinases; thus, theCD44v isoformsare involved in specific signaling
pathways (see Table 3 in [12]). For example, the sequence
encoded by exon v3 contains a heparin-sulfate site, which allows
CD44v3 to bind several heparan sulfate-binding growth factors
such as fibroblast growth factors (FGFs) and heparin-binding epi-
dermal growth factor (EGF), whereas the sequence encoded by
exon v6 contains a binding site for hepatocyte growth factor
(HGF) and vascular endothelial growth factor (VEGF) [12, 14,
15]. It has been shown that the binding of HGFwith CD44v6 indu-
ces CD44v6/HGF/cMet complex formation, leading to c-Met or

HGF-induced Ras signaling activation [16, 17]. The inclusion of var-
iant exons has been found to be dependent, at least in part, on
mitogenic or oncogenic signals that regulate alternative splicing
[18–20, 21]. Therefore, cancer cells often express a large variety of
CD44 variants, particularly when the cancer is in an advanced stage.

The CD44 TM domain is a single-pass TM domain that pro-
vides a platform for CD44/CD44v oligomer formation or coupling
to cofactors, adaptor proteins, receptor tyrosine kinases, or non-
receptor protein-tyrosine kinases tomediate CD44 activation sig-
naling [22]. CD44-ICD is also crucial for the function of CD44 in
signaling transduction. CD44-ICD contains a nuclear localization
signal that is located immediately following the TM domain. Sim-
ilar to the generationofNotch-ICD, CD44-ICD canbe cleaved from
the membrane by the presenilin-g-secretase and then translo-
cated into the nucleus, where it can transcriptionally regulate
the expression of a number of genes through the formation of
a complex with CBP/p300 or stat3 [23]. The target genes that
CD44-ICD regulates include CD44, cyclin D1, MMP-9, HIF-2a,
c-myc, and Twist1 [23–26]. Binding of the cytoskeletal proteins
ankyrin and ERM (ezrin, radixin, andmoesin) to the cytoplasmic tail
of CD44 links CD44 to the actin-cytoskeleton and remodels the actin
cytoskeletonwith functions involved in the regulation of epithelial-
mesenchymal transition (EMT), HA-dependent cell adhesion and
motility, and cell migration and invasion [27]. The recruitment of
ERM proteins to the cytoplasmic tail of CD44v6 is required to me-
diate cMet/HGF-dependent Ras signaling activation [16, 17, 28]. In
contrast, the tumor suppressor protein Merlin (also called neurofi-
bromin 2), which is related to the ERM family, also binds to the ERM-
binding motif in the cytoplasmic tail of CD44 [27], but this binding
seems to inhibit CD44 interaction with HA, leading to a tumor-
suppressor function rather than an actin cross-linking function [29].

The complexity of the CD44 protein family and functions is
further increased by post-translational modifications, including
N- andO-linked glycosylation, phosphorylation, sulfation, anddo-
main cleavage. For example, theproinflammatory cytokine tumor
necrosis factor-a (TNF-a) was found to convert CD44 from its in-
active, nonbinding form to its active form by inducing the sulfa-
tion of CD44 [30]. Membrane-bound CD44 can be cleaved by
membrane-associated metalloproteases such as MT1-MMP,
ADAM10, or MMP-9 at the membrane-proximal region of the
ectodomain. This cleavage is required for CD44-ECM interactions
during cell migration [31, 32], and the cleaved CD44 ectodomain
may prevent attachment of cells to ECM or inhibit tumor growth
by interfering with the membrane-bound CD44.

CELL SURFACEMARKER ANDMULTIFUNCTIONAL ROLES OF CD44
IN CSCS

CD44 Acts as a Cell Surface Marker of CSCs

Recently, it was found that CD44 expression is associated with in-
creased potential for tumor initiation and progression. For exam-
ple, in a gastric cancer mouse model of K19-Wnt1/C2Me (Gan
mouse, inwhichbothWntandprostaglandinE2signalingpathways
are activated in the gastric mucosa), CD44+/+ animals developed
large gastric tumors and became moribund around 30–50 weeks
of age [33], and increased CD44 gene expression (mostly of variant
isoformsCD44v8–10)was associatedwith gastric tumorigenesis. In
contrast, CD442/2Ganmice developedmuch smaller tumors with
histologically confirmed hyperplastic lesions [33], suggesting that
CD44 expression is required for gastric cancer initiation and pro-
gression. Similarly, in a mouse model of glioma, CD44+/+ animals
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developed significantly more high-grade gliomas than CD44+/2

and CD442/2 mice and had much shorter survival durations [25].
All of these results clearly link CD44 to cancer stemness features.

Significantly, CD44has been identified as a typical CSC surface
marker, individually or in combination with other marker(s) such
asCD24,CD133,andCD34, forenrichingCSCs invarious typesof can-
cer (Table 1). For example, initially, Al-Hajj et al. [34] identified and
isolated the tumorigenic cells as CD44+CD242/lowLineage2 in breast
cancer tissues from eight of nine patients. As few as 100 cells with
this phenotype were able to form tumors in immunocompromised
mice, whereas tens of thousands of cells carrying alternate pheno-
types failed to form tumors. The tumorigenic subpopulation could
be serially passaged, and the new tumors generated in each round
of passage contain additional CD44+CD242/lowLineage2 tumorigenic
cells, as well as the phenotypically diverse mixed populations
of nontumorigenic cells. This was the first demonstration that
a subset of CD44+/CD242/low cells is prospective breast CSCs.
Later on, gastric cancer-initiating cells were identified from
a panel of human gastric cancer cell lines using cell surface
marker CD44. CD44+ cells showed spheroid colony formation
in serum-free medium in vitro, as well as tumorigenic ability
when injected into stomach and skin of severe combined immu-
nodeficient (SCID) mice in vivo. The CD44+ gastric cancer cells
showed the stem cell properties of self-renewal and the ability
to form differentiated progeny and gave rise to CD442 cells.
Also, the CD44+ gastric cancer cells showed increased resistance
for chemotherapy- or radiation-induced cell death. On the con-
trary, CD44 knockdown resulted in much reduced spheroid col-
ony formation and smaller tumor production in SCID mice, and
the CD442 populations had significantly reduced tumorigenic
ability in vitro and in vivo, whereas other potential CSCmarkers,
such as CD24, CD133, CD166, stage-specific embryonic antigen-1
(SSEA-1), and SSEA-4, or sorting for side population did not show
any correlationwith tumorigenicity in vitro or in vivo. These results
support the existence of gastric CSCs and identified CD44 as a reli-
able cell surface marker for gastric CSCs [35]. Recently, stem-like
glioma cells have also been enriched experimentally based on
the expressionof CD44 [25].More convincingly, the functional role
of CD44 as a CSC marker was demonstrated by CD44 direct tran-
scriptional reprogramming of CD442 colon cancer cells to CD44+

stem-like cancer cells [23, 36], whereas CD44 downregulation
had the opposite effect in head and neck cancer cells [37].

Given that many CD44v isoforms are preferentially expressed
on cancer cells and required for tumorigenesis and progression,
CD44v isoforms presumably might be better CSC markers than
the CD44s isoform. Experiments using knockin mice expressing ei-
ther CD44v4–10 or CD44s isoform have demonstrated that CD44v
isoform, but not the CD44s isoform, promote adenoma initiation in
Apc(Min/+) mice [38]. Supporting this conclusion are findings that
CD44v6 predicts poor prognosis and is amarker of constitutive and
reprogrammedCSCs driving colon cancermetastasis [39], aswell as
findings that CD44v8–10 is a specificmarker for gastric CSCs [40] and
CD44v3 is a specific CSC marker of head and neck cancers [41, 42].

CD44 Integrates Environmental and Cellular Signaling
Critical for Regulation of Cancer Stemness

The stemcell niche surroundingCSCsprovides a regulatorymicro-
environment for CSCs, allowing them to regenerate the most tu-
mor cells while maintaining self-renewal potential [3, 5, 12]. The
molecular structure of CD44 functions as a receptor for HA and
other ECM components, enabling CSCs to sense environmental
changes and mediate signaling transduction to regulate CSC
stemness properties. For example, binding of CD44 to HA and
other ECM molecules such as osteopontin, the main component
of metastatic niche, has been shown to activate the Nanog-Stat3,
Oct4-Sox2-Nanog, or c-Src kinase signaling pathways, leading to
upregulation of miR-21 or downregulation of miR-203 [43, 44].
Consequently, CD44 binding regulates CSC survival, self-
renewal, maintenance, and chemoresistance [26, 44–46], which
at least in part explains why CD44 is critical for disseminated can-
cer cells to adapt to new environments and why CD44 is required
for metastatic colonization [3, 12, 47, 48].

CSCs are regulated by complex interactions with compo-
nents of the tumor microenvironment, in which growth factors
and cytokines play pivotal roles in intercellular communication.
Acting as a coreceptor for many growth factors and cytokines
produced by cells in the tumor microenvironment, including
EGF, FGF, HGF, VEGF, transforming growth factor b (TGF-b),
andMMPs, CD44mediates the growth factor or cytokine signal-
ing preferentially transduced into CD44-positive tumor cells to

Figure 1. Diagrammatic structure of CD44 gene and protein. (A): Schematic structures of CD44 gene and pre-mRNAs. CD44 consists of several
exons (top panel); some are constant region exons that are used in every CD44mRNA and protein (yellow boxes), and others are variant exons
(pink boxes) that are used in the CD44 splicing variant (CD44v) mRNAs and proteins (lower three panels), whereas the standard CD44 (CD44s)
does not contain any variant exon. (B): CD44 protein structural domains. The CD44 protein is composed of an extracellular link domain; a stalk-
like region in the extracellular domain close to the transmembrane region, where the variant exon products (red) are inserted; the TM; and the
ICD. Abbreviations: ICD, intracellular cytoplasmic domain; TM, transmembrane region; UTR, untranslated region.
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stimulate CSC self-renewal and promote tumor cell invasion and
metastasis. The essential role of growth factors in regulating CSCs
has been demonstrated by the fact that EGF and FGF are required
as essential supplements for in vitro spheroid culture and enrich-
ment of various types of CSCs. It has been demonstrated that
CD44v3 functions as a coreceptor for FGF and VEGF, and CD44v6
functions as a coreceptor for EGF and HGF by forming a complexwith
related receptors to potentiate receptor tyrosine kinase-mediated
or CD44-mediated signaling critical for CSC stemness [11, 49].

Hypoxia is one of the fundamental biological phenomena as-
sociatedwith a variety of solid tumors. Thehypoxicmicroenviron-
ment has been shown to maintain glioblastoma stem cells and
promote reprogramming toward a CSC phenotype, in which
hypoxia-induced HIF-2a expression is essential only in CSCs,
and multiple HIF-regulated genes such as such as OCT4, NANOG,
and c-MYC are preferentially expressed in CSCs compared with
differentiated tumor cells [50]. The importance ofHIF-2awas fur-
ther supported by findings that forced expression of nondegrad-
able HIF-2a induced a CSC-like phenotype and augmented
tumorigenic potential in a nonstem population and that HIF-2a
colocalized with CSCmarkers in tumor specimens [51, 52].Mech-
anistically, osteopontin-CD44 signaling was found to regulate
HIF-2a expression via the g-secretase-regulated CD44-ICD in a
CBP/p300-dependentmechanism in glioma,whichpromotedaggres-
sive glioma growth in vivo and stem cell-like phenotypes [25]. In
contrast, hypoxia-induced HIF-1a expression, which is primarily
responsible for upregulating glycolytic genes and promoting an-
giogenesis [50], was found to upregulate CD44 and variant
CD44v6 and CD44v7/8 expression [53], suggesting that CD44
plays a central role in signaling regulation circuits for the mainte-
nance of cancer stemness under hypoxic conditions.

CD44 Acts as a Critical Regulator of EMT

Recent evidence shows that tumor cells that undergo EMT ac-
quire stem cell-like properties and metastatic potential [54,
55]. HA binding to CD44 induces EMT, whereas blockage of HA
synthesis reduces EMTandmetastasis formation [56], and the ag-
gressiveness of breast cancer cells with an EMTphenotype can be
inhibited by CD44-specific antibodies [57]. Moreover, a recent
study elegantly demonstrated the critical role of CD44 and EMT
in relation to stem-like properties, in which gastric epithelial cells

were cocultured with a cagA-positive Helicobacter pylori strain.
CagA oncoprotein has been demonstrated to be responsible for
a particular cell phenotype in vitro, the “hummingbird” pheno-
type, which corresponds to an elongation of the cells, mimicking
EMT. Cell-sorting experiments showed that only the cells with
high expression of CD44 induced by H. pylori infection displayed
the mesenchymal phenotype and CSC properties in vitro, and
these cells had higher tumorigenic properties than cells with
low CD44 expression in mouse xenografts [58].

TGF-b is a ubiquitous cytokine that is often elevated in the tu-
mor microenvironment. TGF-b elicits tumor-promoting effects
through its ability to induce EMT and increase the number of
CSCs, and CSC phenotypes can be abrogated by the novel TGF-b-
targeting peptides [59]. It has been found that TGF-b receptor
type I (RI) contains a CD44-binding site. The binding of HA to CD44
induces a complex between CD44 and TGF-bRI and stimulates
TGF-bRI serine/threonine kinase activity, which in turn increases
Smad2/Smad3 phosphorylation and activates downstream sig-
naling pathways. More interestingly, TGF-bRI kinase activated
by HA phosphorylates CD44, which enhances the interaction of
CD44 with the cytoskeletal protein ankyrin, thus potentiating
HA-CD44 signaling [60]. Functionally, in the setting of CD44sover-
expression, treatment with TGF-b1 induced the mesenchymal
phenotype in hepatocellular carcinoma cells, which was charac-
terized by low E-cadherin and high vimentin expression. Loss of
CD44s inhibited TGF-b-mediated vimentin expression, mesen-
chymal spindle-like morphology, and tumor invasiveness [61].
TNF-a, a common cytokine in the tumor microenvironment,
was found to upregulate CD44v3 and CD44v6 expression through
the JNKorp38pathwayand resulted in increasedmigrationability
of breast cancer cells in vitro [62]. Similarly, TNF-a was found to
up-regulate CD44 and, more significantly, CD44v expression in
andpromotemigration, invasion, andEMTphenotypeof clear cell
renal cell carcinomas [63].

CD44 Acts as a Critical Regulator of ROS Metabolism
in CSCs

In adult stem cells and CSCs, low reactive oxygen species (ROS)
levels have been associated with the formation of a proliferation-
permissive intracellular environment and with perseverance
of self-renewal capacities [64, 65]. CSCs possess enhanced

Table 1. CD44 as a cancer stem cell marker in various cancer types

Cancer type CD44 type Reference nos. (PMID)

Pancreas CD44s+ 24397969, 18539950

Salivary gland Pan-CD44 (high) 21858056

Laryngeal, nasopharyngeal Pan-CD44+ 22887934, 21376257, 21357442

Head and neck Pan-CD44+, CD44v3 17210912, 24348826, 20848440, 18396788, 21617876, 20861165,
25081533, 22847005

Stomach Pan-CD44+, CD44v9+, v8–10+ 23778530, 23478146, 24947926, 24618343, 23833643,19415765

Colon Pan-CD44+, CD44v2+, v6+, v9+ 24921913, 23002207, 24607406, 23800986, 18980968, 21701559,

Glioma Pan-CD44 (high) 21156287, 24607407, 23877317

Lung Pan-CD44 24595209, 25335738, 21124918

Breast CD44v+ 22673910

Ovarian Pan-CD44+ 22610780

Prostate Pan-CD44, CD44v6 21240262, 19189306, 16449977, 24615685

Leukemia/lymphoma Pan-CD44 (high) 25448402

Abbreviations: CD44s, CD44 standard; CD44v, CD44 variant; pan-CD44, all CD44 isoforms.
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mechanisms of protection fromstress induced byROS.One of the
significant characteristics of cancer cells differentiating them
from normal cells is that cancer cells use glycolysis to produce
ATP regardless of local availability of molecular oxygen (theWar-
burg effect), and pyruvate kinase isoenzyme type M2 (PKM2)
plays a critical role in this process [66, 67]. It has been found that
the PKM2 expression and low PKM2 activity promote the conver-
sionofpyruvate to lactate and the flowofglycolytic intermediates
into biosynthesis for the generation of reduced form of nicotin-
amide adenine dinucleotide phosphate (NADPH) [67]. NADPH
provides the reducing equivalents for biosynthetic reactions
and the oxidation reduction involved in protecting the cell against
the toxicity of ROS, allowing the regeneration of reduced glutathi-
one (GSH). Expression of CD44, especially CD44v isoforms, con-
tributes to ROS defense through two different mechanisms.
First, CD44 (CD44-ICD) interacts with PKM2 and suppresses
PKM2 activity by increasing PKM2 phosphorylation, thereby pro-
moting the glycolytic pathway, leading to antioxidant status (in-
creased GSH, reduced ROS) in CSCs [68]. Second, CD44v isoforms
interact with and stabilize xCT, a subunit of the cystine-glutamate
transporter xc ([minus]), thereby promoting cystine uptake
for GSH synthesis [33]. Thus, CD44 and CD44v isoforms protect
CSCs often exposed to high levels of ROS in the tumor
microenvironment.

CLINICAL SIGNIFICANCE OF CD44 IN CANCER

CD44 as a Valuable Biomarker

Given that overexpression of CD44, particularly CD44v isoforms,
is common in various cancers, tremendous efforts have been fo-
cused on studying the diagnostic and prognostic value of CD44
and CD44v isoforms in cancer. Ample evidence now suggests that
both CD44s and CD44v isoforms can be valuable diagnostic or
prognostic markers in many cancers (Table 2). For example, a re-
cent study showed that among 290 patients with gastric cancer,
the overall survival rate was significantly higher in those whose
tumors did not express CD44 than in those with tumors express-
ing CD44, and CD44 expression was an independent prognostic
factor in gastric cancer [69]. Similarly, in a meta-analysis of 16
published studies with a total of 2,403 patients with gastric can-
cer, CD44 expression was associated with TNM stage, lymph
node, and distant metastasis and reduced overall survival rates
[70]. CD44 has also been found to function as a prognosticmarker
in many other tumors, including lung, colorectal, breast, hepato-
cellular, head, neck, and hypopharyngeal squamous cell carcinoma.
CD44 expression predicts local recurrence after radiotherapy in la-
ryngeal cancer, and the presence of CD44-positive circulating tumor
cells is an independent predictor of recurrence for gastric cancer
(Table 1).

Because CD44v is more specifically expressed in CSCs than
CD44, the prognostic value of CD44v isoforms has drawn much
attention. A recent study showed that CD44v6 is a marker of con-
stitutive and reprogrammed CSCs driving colon cancer metasta-
sis, and low levels of CD44v6 predict increased probability of
survival [39]. Consistently, CD44v6 is associated with poor prog-
nosis in several cancers, including prostate cancer, pancreatic
cancer, non-small cell lung cancer, uterine adenocarcinoma,
gastric cancer, acute myeloid leukemia, esophageal squamous
cell carcinoma, and laryngeal cancer (Table 2). Furthermore,
CD44v2, CD44v3, CD44v5, CD44v9, CD44v10, and CD44v8–10

have also been reported to have prognostic value in different can-
cers (Table 2). For example, CD44v9 expression in primary early
gastric cancer is a predictive marker for recurrence [71], and
the presence of CD44v9-positive circulating cancer cells is
strongly associated with refractory disease, recurrence, and poor
survival rates in colorectal cancer [72].

However, the prognostic value of CD44s and CD44v isoforms
seems to vary by cancer type, and expression of CD44s does not
always indicate an increased likelihood of tumor promotion. One
report showed that the loss of CD44s expression in cancer cells in
thedeepest invadedareawas agoodmarker for predicting poten-
tial metastasis to the lymph nodes and liver in colorectal cancer
with invasion into the subserosal layer. A meta-analysis including
a total of 3,098 patients showed that CD44 is not a prognostic
marker in colorectal cancer in terms of 5-year overall survival
rates, histologic grade, and metastasis, whereas CD44v6 is asso-
ciatedwith increased severity of histologic grade and poor overall
survival [73]. Similar observations were made in non-small cell
lung cancer [74]. However, another report showed that patients
with colorectal cancer with high expression of CD44v2 had
a poorer prognosis than patients with other CD44v isoforms
[75]. The discrepancy in prognostic value between CD44s and
CD44v isoforms among different reports and in different tumor
types awaits further clarification.

CD44 as a Therapeutic Target

Themultifunctional roles of CD44 in the cross-talk with the tumor
microenvironment and in the regulation of cancer stemness, as
well as thedemonstrated prognostic value of CD44 in various can-
cers, indicate that targeting CD44 is a promising approach with
the potential to eliminate CSCs [76]. However, therapeutic design
by targeting CD44 should consider (a) the existence of the CD44s
on many normal cells, (b) the expressing levels of CD44s/CD44v
on tumor cells, and (c) the resemblancebetweenCD44s andother
molecules like lyve1 [77].Up tonow, variousCD44 targeting strat-
egies have been developed (see Table 1 in [76] and Fig. 2 in [78]),
among which targeting tumor specific CD44v strategies have
been extensively studied.

Antibody-Based Strategies Against CD44

Over the past several years, various monoclonal antibodies and
antibody constructs against CD44 or CD44v isoforms have been
demonstrated to exhibit significant antitumor activity in vitro
and in preclinical animal models of human xenograft tumors.
H90 is a mouse monoclonal antibody directed against human
CD44. In vivo administration of this antibody to immune-
deficient mice transplanted with human acute myelogenous leu-
kemia markedly reduced leukemic repopulation. The absence of
leukemia in serially transplanted mice demonstrated that this
monoclonal antibody directly targets acute myelogenous leuke-
mic stem cells with mechanisms involved in inducing terminal
differentiation and inhibiting engraftment, homing, and self-
renewal [79]. This study was the first to demonstrate that CD44
is a key regulator of leukemic stem cell function that is essential
for proper homing of the cells to microenvironmental niches and
formaintaining the cells in aprimitive state. Another exciting find-
ing is that administration of the human CD44 monoclonal anti-
body p245 significantly reduced tumor growth in xenograft
mice bearing human triple-negative basal-like breast cancer. Fur-
thermore, tumor relapse,mediated by the residual CD44-positive
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breast CSCs, occurred4–6weeks after completehistologic regres-
sion resulting from combination chemotherapy, and this relapse
could be effectively prevented when p245 was systemically ad-
ministrated during the tumor regression period [80]. The results
from this study further support the concept that CD44plays a crit-
ical role in CSCs.

On the basis of promising preclinical antitumor studies, biva-
tuzumab, a humanized monoclonal antibody against CD44v6, la-
beled with 186Re or conjugated with the toxin mertansine, was
first selected for clinical trials in patientswith incurable squamous
cell carcinoma of the head and neck or esophagus [81]. These tri-
als showed that bivatuzumab had promising antitumor effects.
However, the studieswere abruptly endedafter thedeathof a pa-
tient. Immunogenic accumulation of the antibody in nontumor
areas (skin keratinocytes) limited the use of this antibody for can-
cer therapy [82]. Recently, RO5429083, a humanized CD44 anti-
body developed by Roche (Indianapolis, IN, http://www.roche.
com) that targets a glycosylated, conformation-dependent epi-
tope of CD44 to inhibit the binding of HA to CD44, was entered
into clinical trials to treat patients with metastatic or locally ad-
vanced CD44-expressingmalignant solid tumors or acutemyelog-
enous leukemia (NCT01358903 and NCT01641250). Currently,
a number of new humanized anti-CD44 or anti-CD44v antibodies
are under preclinical investigation for anti-CSC therapy.

HA-CD44 Interaction-Based Strategies

HA binding to the CD44 ectodomain activates CD44-mediated
oncogenic signaling, microRNA functions, and chemoradiore-
sistance in cancer cells, leading to tumor progression. There-
fore, interference with the binding of HA to CD44 expressed
on tumor cells using soluble CD44 ectodomain or peptides as
a competitor is expected to have antitumor effects. Indeed,
local administration of CD44 ectodomain inhibited humanmel-
anoma growth in mice, whereas administration of a mutant,
non-HA-binding CD44 ectodomain had no significant effect
on tumor growth [83].

Interestingly, a peptide of A5G27 (RLVSYNGIIFFLK) identi-
fied in a synthetic peptide screening for cell attachment activ-
ity and confirmed to bind CD44 was demonstrated to have
inhibitory effects on tumor growth and lung metastatic coloni-
zation of B16-F10mousemelanoma cells [84].Mutational anal-
ysis identified three amino acids in the exon v6 coding region
that are absolutely required for CD44v6 coreceptor function
for Met and VEGFR-2. Peptides comprising these three amino
acids (the smallest containing only five amino acids) efficiently
act as competitors to block ligand-dependent activation ofMet
or Ron and inhibit the migration and angiogenesis of cancer
cells [15, 85].

Another peptide, A6, which is an 8-amino acid peptide (acetyl-
KPSSPPEE-amino) derived from human urokinase plasminogen ac-
tivator that acts in a urokinase plasminogen activator–independent
pathway to inhibit migration, invasion, and metastasis of cancer
cells [86], was found to bind specifically to CD44 [87]. On the basis
of preclinical antitumor activities, A6 was advanced into clinical
trials. In one study, conducted in ovarian cancer patients with
early biochemical relapse, treatment with A6 was associated with
prolongation of progression-free survival [88].

(pro)MMP-9 binds to chronic lymphocytic leukemia cells
through the promatrix metalloproteinase-9 hemopexin (PEX9)
domain and contributes to chronic lymphocytic leukemia pro-
gression. A novel peptide identified from the PEX9 domain

impairs adhesion and migration of chronic lymphocytic leukemia
cells by binding to CD44 [89], suggesting that this peptide has
therapeutic potential.

By using phage display technology to screen the peptide li-
brary, researchers have identified several other CD44-binding
peptides that exhibited similar binding affinity to that of the
CD44 antibody to breast cancer stem cell-specific surface marker
CD44 [90]. It is speculated that these peptides could have both
diagnostic and therapeutic value.

HA has the unique features of biodegradability, biocompat-
ibility, and nonimmunogenicity, and it contains multiple func-
tional (hydroxyl and carboxylic acid) residues on its backbone.
In addition, HA binding to CD44 can lead to internalization of
the HA [91], which makes HA an ideal carrier for targeted deliv-
ery of therapeutic agents specifically to cancer cells because HA
has high affinity toward CD44. The internalization of HA by can-
cer cells through highly expressed CD44 receptors enhances
specific delivery of drugs, including chemical drugs, siRNA,
shRNA, and microRNA [92, 93], to cancer cells, particularly
CD44-positive and drug-resistant CSCs, via conjugation to HA
or entrapment in HA-modified nanoparticles or micelles. This
results in improved therapeutic efficacy with HA compared with
conventional anticancer agents in different types of tumor
model systems [94–96].

One of the significant advances in the study of CD44 is the de-
velopment of a cell-specific delivery approach by targeting the
HA/CD44v6-induced signaling pathway in colon cancer cells, in
which two DNA plasmids of U6-promoter-loxP-CMV-GFP-STOP-
loxP-CD44v6-shRNA and colon-specific (Fabpl) promoter-GFP-
Cre are packaged in transferrin-coated PEG-PEI nanoparticles
[97]. The successful delivery of CD44v6-shRNAwas demonstrated
by specific inhibition of CD44v6 expression in colon tumor cells
and by perturbation of HA /CD44v6 signaling, as reflected in a re-
duced number of adenomas and reduced tumor growth in Apc
Min/+mice [97]. This approach has several advantages over other
targeting strategies and may be easily designed to target other
CD44v-expressing cancer cells. Other CD44-targeting strategies
have also been investigated, such as targeting the CD44v-xCT sys-
tem and using CD44v as a DNA vaccine [33, 98, 99]; these strate-
gies deserve further attention.

CURRENT CHALLENGES AND FUTURE DIRECTIONS

Identification of Novel CD44v Isoforms in CSCs

CD44 is one of the most complicated genes, possibly containing
more than 1,000 isoforms owing to free inclusion or exclusion
of 10 alternative exons in a central tandem array [100]. To date,
only very few of these potential CD44v isoforms have been iden-
tified because of technical limitations [101], and few studies have
used stem cells or CSCs for systemic analysis owing to the diffi-
culty in obtaining sufficient cells [12]. The unique expression
and function ofCD44v isoforms in cancer cellsmakes it highly nec-
essary to identify novel CD44v isoforms in cancers, particularly in
CSCs. Recent advances in next-generation RNA sequencing and
stem cell technology to enrich and isolate CSCs provide excellent
opportunities to discover previously unidentified CD44v isoforms
in CSCs [102]. Such research will not only further our understand-
ing of the critical role of CD44v isoforms in cancers but also open
up new avenues to use the identified CD44v isoforms as diagnos-
tic and prognostic markers or therapeutic targets in cancer.
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Understanding the Transcriptional Regulation of
CD44 Expression

Increased transcription of CD44 at the RNA level is the fundamen-
tal basis for the high levels of CD44s or CD44v protein expression
in various cancer cells. It is highly clinically significant to under-
stand the molecular mechanisms by which CD44 transcription
is regulated. Over the past few decades, tremendous efforts have
been made toward defining CD44s and CD44v protein structure
and function and the underlying signaling pathways [11, 12, 39,
71, 76, 103].More recently, the effects ofmicroRNAs on CD44 ex-
pression have also been studied [104–106], but few studies have
examined transcriptional regulation of CD44 expression, though
the magnitude of CD44s and CD44v isoform expression is critical
for CD44 function in cancer. Fortunately, it was found that p53
transcriptionally suppresses CD44 expression and tumor growth
[107], and a positive feedback loop couples Ras activation and
CD44expression [18]. These seminal findingsmay, at least in part,
explain why CD44 is overexpressed in cancer cells.

However, we are still facing many challenges regarding the
fundamental questions of CD44 expression in cancer and CSCs.
For example, why do tumors contain both CD44-positive (or
-high) and CD44-negative (or -low) subpopulations of cells?
How and when do cancer cells gain CD44 expression when they
change into stem-like cells? How do CSCs lose CD44 expression
when differentiated? How do genetic and epigenetic factors
cross-talk to regulate CD44 transcriptional expression in cancer
andCSCs?Theanswers to thesequestionsmayhelpdevelopmore
effective strategies that simultaneously inhibit CD44 transcrip-
tion andblock CD44sor CD44vprotein function to generate a syn-
ergistic effect.

Understanding the Molecular Regulation of CD44
Alternative Splicing

Compared with the ubiquitous expression of CD44s, the expres-
sion of CD44v isoforms seems to be restricted to cancer cells.
Mounting clinical data clearly demonstrate that CD44v isoforms
are associated with aggressive cancers and poor prognosis. Iso-
form switching from CD44s to CD44v is a critical event during
EMT, and EMT is an important step in the metastatic process
and acquisition of stemness in cancer cells [54, 55, 103, 108]. Al-
though CD44 exons are not chosen at random [100], the reason
cancer cells but not nontumor cells express a large variety of
CD44v isoforms remains largely unknown [9]. One possible expla-
nation is that cancer cells express a variety of functionally diverse
CD44v isoforms, providing the cancer cells with a flexible and
quick means to adapt to or cope with their constantly changing
environment. Thus, it is a great challenge to investigate how
environmental or epigenetic signals regulate CD44 alternative
splicing or CD44v isoform switching, particularly during the
reprograming of cancer cells to CSCs and CSC differentiation.

Unfortunately, little progress has been made in the past sev-
eral years in our understanding the molecular mechanisms by
which CD44 alternative splicing is regulated in CSCs [21], partially
owing to the high complexity of CD44 splicing variants and tech-
nical difficulties in direct RNA transcript detection, analysis, and
manipulation. Recently, the powerful clustered regulatory inter-
spaced short palindromic repeat (CRISPR) and CRISPR-associated
protein 9 (Cas9) system for genome engineering and gene regu-
lation has been successfully programmed to target RNA [109]
in which specially designed protospacer adjacent motif

(PAM)-presenting oligonucleotides, or PAMmers, are used to di-
rect the CRISPR/Cas9 complex (called RNA-targeting CRISPR/
Cas9 complex, or RCas9) to bind or cut specific RNA targetswhile
avoiding corresponding DNA sequences [110]. It is expected
that RCsa9, when fused to select protein domains, could pro-
mote or exclude specific introns or exons, and RCas9 could
cut or bind RNA in a sequence-specific manner. Thus, the appli-
cation of the RCas9 technique will open up a new era for the
mechanistic study of CD44 alternative splicing regulation. For
example, in combination with the minigene report system
[111], the RCas9 technique might enable us to know which
transacting splicing factor is important for expression of a spe-
cific CD44v isoform, which cis-element in pre-CD44 mRNA is re-
quired for the binding of a specific transacting splicing factor,
and which signaling pathway is important to activate specific
transacting splicing factor(s) to regulate the expression of spe-
cific CD44v isoforms in CSCs. It is anticipated that identifying the
mechanisms by which specific CD44v isoforms are preferentially
expressed in CSCs or differentiated CSCs could allow these isoforms
to be used to develop strategies to eliminate CSCs.

Developing Key CD44 Reagents and Standardizing
Protocols for Experimental and Clinical Applications

Although hundreds of studies have been published on CD44 over
the last two decades, CD44v isoforms have not been thoroughly
studied. One of themain reasons is lack of the critical reagents for
characterizing, detecting, and targeting CD44v isoforms. For ex-
ample, only limited antibodies to the variable CD44v exon prod-
ucts are commercially available, and no primers and probe sets
are commercially available to cover all possible CD44v isoforms
for the detection of CD44v expression at the mRNA level. Many
studies have examined the clinical significance of specific CD4v
isoforms in various cancers; however, discrepancies or controver-
sial results have been reported even within the same tumor type
[112–115], and the discrepancies or controversiesmay be caused
by using different sources of antibodies or assay protocols [7].
Therefore, commercially available CD44 assay kits containing
well-characterized CD44s and various CD44v antibodies with stan-
dardized assay protocols are urgently needed for clinical studies
and for comparison among different studies or different laboratories
to reach general conclusions. It has been suggested that detection of
CD44 expression in clinical cancer tissues using both immunohisto-
chemistry and reverse transcription-polymerase chain reaction (or
insituRNAhybridization)methodswould leadtomorereliableresults.

The heterogenetic nature of cancer and the highly compli-
cated and context-dependent expression of CD44v isoforms sub-
stantiate the necessity for personalized screening of unique
CD44v isoforms and the use of these isoforms as prognostic bio-
markers or therapeutic targets. For example, pan-CD44 was pre-
viously identified as a gastric CSC marker (IM7 antibody) [35].
However, in a recent study using 28 paired primary tumor and ad-
jacent nontumor gastric tissue samples to screen for cell surface
protein expression, CD44v8–10 was identified as the predomi-
nant CD44v isoform expressed in gastric cancer cells and was
found to function as a gastric CSC marker [40]. Consistent with
previous observations in the Gan gastric cancer mouse model
[33], this finding suggests that CD44v8–10 is both an ideal bio-
marker for early detection of gastric cancer and an ideal target
for developing clinical therapeutics against gastric CSCs. Addition-
ally, the limitations demonstrated in previous clinical trials of
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anti-CD44 therapies also highlight the need for developing better
anti-CD44v reagents such as high-affinity anti-CD44v peptides to
replace highly immunogenic antibodies [90], as well as the use of
CSC-specific CD44v peptides for cancer vaccines on the basis of
promising CD44 DNA vaccine studies in animal models [99, 116].

CONCLUSION

CD44, especially CD44v isoforms, have been identified as CSC
markers and critical players in regulating the properties of CSCs
in many types of tumors. With better understanding of the fun-
damental basis of howCD44andCD44v expressions are regulated
and identification of novel and unique CD44v isoforms in CSCs,
effective therapeutic strategies that aim to eliminate CSCs by tar-
geting CSC-specific CD44 isoform(s) may be developed that will
bring new hope to patients with life-threatening cancer.
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