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Abstract

Cellular plasticity lies at the core of cancer progression, metastasis, and resistance to treatment. 

Stemness and epithelial-mesenchymal plasticity in cancer are concepts that represent a cancer 

cell’s ability to coopt and adapt normal developmental programs to promote survival and 

expansion. The cancer stem cell model states that a small subset of cancer cells with stem cell-like 

properties are responsible for driving tumorigenesis and metastasis while remaining especially 

resistant to common chemotherapeutic drugs. Epithelial-mesenchymal plasticity describes a cancer 

cell’s ability to transition between epithelial and mesenchymal phenotypes which drives invasion 

and metastasis. Recent research supports the existence of stable epithelial/mesenchymal hybrid 

phenotypes which represent highly plastic states with cancer stem cell characteristics. The 

cell adhesion molecule CD44 is a widely accepted marker for cancer stem cells, and it lies 

at a functional intersection between signaling networks regulating both stemness and epithelial-

mesenchymal plasticity. CD44 expression is complex, with alternative splicing producing many 

isoforms. Interestingly, not only does the pattern of isoform expression change during transitions 

between epithelial and mesenchymal phenotypes in cancer, but these isoforms have distinct effects 

on cell behavior including the promotion of metastasis and stemness. The role of CD44 both 

downstream and upstream of signaling pathways regulating epithelial-mesenchymal plasticity and 

stemness make this protein a valuable target for further research and therapeutic intervention.
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Introduction

Cancer is an extremely complex collection of diseases. Although it has been recognized 

and characterized since ancient times, the details of its origin and progression are still 

not completely understood. One major challenge in treating cancer concerns the plasticity 

underlying cancer progression, metastasis, and resistance to treatment. Cell stemness and 

epithelial-mesenchymal plasticity (EMP) are phenotypic and transcriptional constructs from 

normal cell biology that have been adapted by cancer cells to improve proliferation and 

survival. Both are complex expressions of cellular plasticity driven by multiple intersecting 

signaling pathways. The cell adhesion protein CD44 plays a unique role in many cancers in 

that it is both regulated by these signaling pathways and plays an active role in influencing 

both EMP and stem-like properties.

The cancer stem cell model-one of the most widely accepted models of cancer development

— hypothesizes the existence of a small subset of cells within the tumor called tumor 

initiating cells, or cancer stem cells (CSCs); these are analogous to normal stem cells in 

that they undergo self-renewal as well as asymmetric division to produce more differentiated 

progeny [1]. The theoretical framework around the stem cell analogy in cancer was proposed 

by Reya et al. in 2001, and CSCs were soon thereafter discovered and characterized in a 

variety of solid tumors including colorectal cancer and pancreatic cancer [1–3]. Because 

these cells are thought to drive tumor growth and lead to metastasis, they are attractive 

targets for treatment; however, CSC cells are difficult to target due to their plasticity and 

heterogeneity, the latter of which has been revealed through single-cell sequencing [4–6]. 

Adding yet another layer of complication, non-CSCs have been shown to spontaneously 

convert into CSCs [7]. Understanding the mechanisms underlying this plasticity and the 

processes that drive the development of cancer cells with stem-like characteristics is vital to 

the effective treatment of this disease.

Epithelial-mesenchymal transition (EMT) is an important process during both development 

and tissue remodeling, and it exemplifies a type of normal phenotypic plasticity that is 

hijacked during oncogenesis [8]. Recently, the transition from an epithelial to mesenchymal 

phenotype and vice versa (mesenchymal-epithelial transition; MET) is being viewed as 

less of a binary transformation between two discrete states and more of gradual transition 

involving a spectrum of hybrid epithelial/mesenchymal (hybrid E/M) states in a process 

known as epithelial-mesenchymal plasticity (EMP) [9, 10].

Research has begun to show that EMP and cancer stemness share more than just a 

superficial relationship as manifestations of cellular plasticity. In fact, they share many 

of the same transcriptional programs and may be intimately related both genetically and 

phenotypically [11]. Studies have shown that the induction of EMT leads to an increase 

in stem cell markers and traits [11–13]. EMP and hybrid E/M states may be key to 

understanding the plasticity important for cancer development, metastasis, and cancer 

stemness [14, 15].

The expression of the cell adhesion protein CD44 serves as a useful illustration of the 

intersection between EMP and stemness. It is a canonical marker for CSCs in multiple 
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cancer types, and its expression is specifically affected during transitions between epithelial 

and mesenchymal phenotypes, leading to changes in cell behavior [16, 17]. CD44 expression 

is complex, with one gene producing multiple splice variants [17]. It is more accurate and 

more constructive to think about CD44 as a collection of related proteins with overlapping 

but distinct physiological impacts. Patterns in CD44 isoform expression change according 

to shifts along the epithelial-mesenchymal axis, and individual isoforms have different 

phenotypic consequences. The roles of CD44 in cell adhesion and as an interactor in several 

signaling pathways important for migration and stemness make it an ideal focal point for 

studying the relationship between EMP and the CSC phenotype.

Studies on EMP and stemness using controlled in vitro models have often failed to translate 

to in vivo models or into effective treatments because they do not capture the level of 

plasticity and heterogeneity in tumors. As we increase our ability to resolve characteristics 

on a single-cell level, our understanding of EMP and stemness has become more nuanced 

and complex. Studies of CD44 offer intriguing evidence of isoform shifts related to EMP 

and stemness, but the techniques used have lacked the resolution capable of capturing 

the full spectrum of isoform expression. Given this evidence, a deeper and more detailed 

understanding of CD44 splice variant expression may offer new mechanistic insights and 

treatment options.

EMT, EMP, and Metastasis

Research has produced competing theories and contradictory evidence regarding the 

relevance of EMT to cancer progression and metastasis [18]. While many studies have 

pointed to EMT as a potent driver of metastasis, others have shown that a reciprocal process 

called mesenchymal-epithelial transition (MET) is necessary for metastasis [19–23]. The 

role of EMT in metastasis remains ambiguous because the mechanistic details have been 

difficult to study under physiologically relevant conditions. Much of the research has been 

conducted on cancer cell lines or manipulated cells, and it is less clear as to whether 

or when EMT occurs in relation to metastasis under normal conditions in vivo [9, 18]. 

EMT is a transient process occurring in relatively few cells at any given time making it 

difficult to detect in vivo or in patient samples. Also, since EMT is a complex process 

driven by multiple signaling pathways, studies focusing on specific markers or transcription 

factors may overlook other relevant factors. For example, while one study focusing on EMT 

transcription factors (EMT-TFs) Snail1 and Twist in the KPC mouse model concluded that 

EMT was dispensable for metastasis, a follow-up study by another group found that the 

knockdown of a different EMT-TF Zeb1 strongly inhibited metastasis [24, 25].

Addressing this contradictory evidence has led to a shift in our understanding of EMT 

and MET from a transformation between two discrete states to a more nuanced and 

context-dependent transitional process referred to as EMP involving multiple hybrid states 

and signaling pathways [10, 26]. The concept of EMP captures the cell’s ability to move 

freely back and forth along a theoretical epithelial-mesenchymal axis, with EMT and MET 

describing directional shifts along this spectrum (Figure 1) [26, 27]. Hybrid epithelial/

mesenchymal cells display aspects of both epithelial and mesenchymal cells including the 

simultaneous expression of well-established markers for both end states. These hybrid cells 
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have been detected in multiple carcinomas and can be both transitory and stable in nature 

[14, 22, 28–32]. Recent studies using single cell RNA sequencing have provided evidence 

for a range of transitory, hybrid E/M phenotypes which are context-dependent, driven by 

multiple signaling pathways, and have different metastatic and tumorigenic capacities [29, 

30, 33]. At this level of detail, EMT or MET are viewed as a multi-step combination 

of discrete transcriptional events with a large variation in differentially expressed genes 

and activated transcription factor networks. In one study of 12 distinct EMT time course 

experiments using different cancer cell lines and inducers of EMT, only 22% of response 

genes were shared between any two conditions [33]. In other words, there is not a single 

master transcriptional program responsible for driving EMT even within individual cancers, 

but several signaling and transcriptional networks that determine the E/M phenotype. 

Pastushenko et al. used spontaneous mouse models of skin and mammary gland cancers 

to show that hybrid E/M states exist in vivo; furthermore, it was demonstrated that cells 

displaying hybrid E/M states are heterogenous, with differences in cellular plasticity, 

invasiveness, and metastatic potential [34, 35].

Importantly, hybrid E/M states have also shown to be more tumorigenic than cells that are 

either fully epithelial or mesenchymal, with evidence suggesting that the plasticity seen 

in hybrid E/M states promotes increased metastatic potential and stemness characteristics 

[28, 34, 36]. In fact, a transcriptional profile developed to detect a high level of epithelial-

mesenchymal plasticity was associated with poor prognosis in cancers of the prostate, breast, 

and lung, demonstrating that this concept is also clinically relevant across different cancer 

types [37].

EMP in Metastasis

Studies have shown that while EMT allows for invasion, intravasation, and the dissemination 

of cancer cells throughout the body, fully mesenchymal cells are less able to establish 

distant metastases [38–40]. In these studies, a reversion to an epithelial phenotype through 

MET was necessary for colonization and proliferation. In other words, cells must acquire 

mesenchymal characteristics to detach and migrate, but must then reacquire epithelial traits 

in order to establish macrometastatic lesions. Multiple experimental models have provided 

evidence that this dynamic occurs during metastasis [19–22, 38, 39, 41–43]. For example, 

in prostate cancer, cells exhibiting mesenchymal properties were more invasive and capable 

of escaping the primary tumor, while cells with more epithelial characteristics displayed 

increased tumor-initiating capacity and established more distant metastases [42]. Beerling 

et al. demonstrated evidence of cells undergoing EMT followed by MET during metastasis 

in vivo using a spontaneous ductal mammary carcinoma mouse model [41]. Importantly, 

these cells were not artificially induced to initiate EMT. This study showed that a small 

population of epithelial cancer cells within a tumor undergo spontaneous EMT to become 

more invasive and migratory, but that once established at a distant metastatic site, they 

revert to an epithelial state within one or two cell divisions. Another study by Li et al. 

used a novel variation on Cre-loxP lineage tracing to permanently label cells from a specific 

lineage (in this case, c-Kit+ mammary luminal epithelial cells) in a spontaneous mammary 

carcinoma mouse model which have undergone EMT [43]. In this study, a majority of lung 

metastases had been labeled by the activation of N-cadherin. Interestingly, N-cadherin itself 
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was no longer expressed in the lung metastases, providing further evidence that EMT is 

a transient process, and that MET is necessary for colonization. In addition, knocking out 

N-cadherin in this model significantly reduced metastasis to the lungs, providing evidence 

that the transitory activation of N-cadherin in these cells during EMT is necessary for 

metastasis. These studies are significant because they provide direct evidence for epithelial-

mesenchymal plasticity in metastasis while at the same time demonstrating that artificial 

EMT induction may fail to recapitulate the transient and dynamic nature of the process since 

the overexpression of EMT-TFs may inhibit plasticity.

The key to understanding EMP and metastatic potential lies within the plasticity inherent 

to hybrid E/M states as well as extracellular factors present in the primary tumor or 

metastatic niche [9]. Studies have shown that circulating tumor cells as well as cells from 

metastasizing tumors exhibit mixed epithelial and mesenchymal traits and that these are 

dynamic, reversible states [34, 44]. Evidence from in silico, in vitro, and in vivo studies 

support the idea that hybrid E/M phenotypes have much higher metastatic potential than 

cells at either end of the EMT spectrum [45].

EMP and Stemness

Similar to metastatic potential, the role of EMT in stemness is still debated [9]. 

Multiple studies have shown a connection between EMT and the acquisition of stem-like 

characteristics [11, 12, 46–48]. In these studies, the induction of EMT using EMT-TFs such 

as Snail, Twist, or Zeb1 increase the expression of CSC markers, sphere-forming ability, and 

tumorigenicity. However, other studies have challenged this notion by showing that a fully 

mesenchymal phenotype is associated with a decrease in stemness and that knocking down 

EMT-TFs can increase stemness in these cases [38, 42].

Models built around epithelial-mesenchymal plasticity attempt to unify these seemingly 

conflicting findings [9, 10]. Rather than linking either EMT or MET with the acquisition 

of stem cell characteristics, studies have shown that hybrid E/M states represent the highest 

level of plasticity and promote stemness characteristics [32, 34, 36, 49]. In these studies, 

cells displaying characteristics of both epithelial and mesenchymal cells exhibit higher levels 

of stem cell markers and tumor-forming abilities. In basal breast cancer, Kroger et al. 

showed that tumorigenicity and stemness were associated with a stable subpopulation of 

cells displaying a mixture of both epithelial and mesenchymal markers [36]. This phenotype 

was driven by both Snail and canonical Wnt signaling. Interestingly, they also showed that 

driving these cells towards a fully mesenchymal phenotype through the overexpression of 

Zeb-1 was associated with the loss of stemness. This supports the idea that stemness is 

linked to the flexibility inherent to hybrid E/M states and that stemness is lost during full 

transdifferentiation. Strauss et al. found that a subset of ovarian cancer cells with this hybrid 

phenotype had a capacity for self-renewal as well as the ability to differentiate into either 

epithelial or mesenchymal-type cells depending on the external factors such as stress or 

co-culture with epithelial or mesenchymal cells [32]. Again, this transdifferentiation into 

either fully epithelial or mesenchymal states led to a loss of stemness. Pastuskenko et al. 

showed that several subpopulations of distinct hybrid E/M phenotypes with varying levels 

of tumorigenicity and stemness exist within skin and mammary tumors [34]. In clusters of 
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circulating tumor cells, Quan et al. showed that 60% of CSCs leading collective invasion 

displayed a hybrid E/M phenotype [49].

Another theory proposes that heterogenous CSC populations are generated through 

epithelial-mesenchymal plasticity, producing populations of cycling and non-cycling CSCs 

[50, 51]. In this model, cycling CSCs display a more epithelial phenotype, undergo 

self-renew, are more proliferative, and differentiate into diverse cancer cells to form 

the bulk tumor. Non-cycling CSCs display a more mesenchymal phenotype, are more 

invasive and metastatic, have higher levels of macroautophagy, and are more resistant to 

therapeutic intervention [50]. In this way, these two cell types fulfill different roles in tumor 

development, and epithelial-mesenchymal plasticity allows for flexibility in responding to 

different environmental challenges such as nutrient stress or treatment-induced toxicity.

Targeting EMP

Given the early research connecting EMT to metastasis and resistance to therapy, there 

has been extensive translational research into targeting EMT [52]. However, given the 

plasticity of cancer cells outlined by the EMP model, therapies aimed at reversing EMT 

can have unwanted consequences [18]. For example, the epithelization of the tumor at a 

metastatic site can promote proliferation and colonization. On the other hand, targeting 

metastatic colonization by inhibiting MET may lead to a more invasive, mesenchymal 

phenotype. In addition, many common treatment regimens can induce EMP, often leading 

to an enrichment in EMT markers. For example, a combination of docetaxel and hormonal 

therapy can induce EMT in prostate cancer and lead to relapse [53]. This phenomenon 

was also seen in breast cancer after chemotherapy [54, 55] In these cases, chemotherapies 

which target highly-proliferative epithelial-like cells induce a shift towards a more resistant, 

mesenchymal phenotype. In effect, targeting either the epithelial or mesenchymal end state 

can induce EMP, leading to a more plastic, stem-like state.

Directly targeting cells which exist in hybrid E/M states would arrest cells that are the most 

resistant to conventional treatments and have the highest metastatic potential; however, there 

is no consistent marker for this hybrid state that could serve as a therapeutic target. Several 

studies have begun to characterize the unique and dynamic nature of CD44 expression 

during transitions between epithelial and mesenchymal states. The complex regulation of 

CD44 isoforms is driven by the same transcriptional and signaling networks that control 

EMP. Identifying isoforms which are specific or enriched in this hybrid state could serve as 

an attractive target for therapy.

CD44 in EMP and Stemness

CD44 is a cell surface adhesion molecule that was first discovered by Gallatin et al. as 

a lymphocyte homing receptor in 1983 [56]. It is a non-kinase, class-I transmembrane 

glycoprotein that is expressed in various isoforms across most vertebrate cell types. It 

is highly expressed in embryonic stem cells and is involved in normal developmental 

processes such as organogenesis. In adult tissues, it is involved in hematopoiesis, various 

immune functions such as lymphocytic homing and activation, and mediates interactions 

between cells and their microenvironment [57, 58]. The physiological role of CD44 is 
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carried out through multiple mechanisms: interaction with components of the extracellular 

matrix, functioning as a binding platform for growth factors and matrix metalloproteinases, 

acting as a coreceptor for receptor tyrosine kinases (RTKs), and through interaction with 

elements of the cytoskeleton [57]. In other words, CD44 acts as a connection between the 

extracellular matrix and the cytoskeleton as well as an organizing element for signaling 

platforms on the plasma membrane. Through these mechanisms, it is involved in cell 

growth, survival, differentiation, cell-cell interactions, migration, and adhesion (Table 1) 

[57, 59]. In the context of cancer, CD44 promotes EMT, motility, resistance to apoptosis, 

and drug resistance. These characteristics make it not only a marker for stemness, but a 

functional contributor to the stem cell phenotype [59]. The aberrant expression of CD44 

has been implicated in the progression of several cancers including of the breast, colon, and 

pancreas, and it is broadly recognized as a marker for the CSC phenotype [2, 3, 59–61].

Several recent studies as detailed in the following section and summarized in Table 2 have 

demonstrated the role of CD44 in EMP, metastasis, and cell stemness across multiple cancer 

types. There are consistent and predictable patterns of change in the expression of CD44 

isoforms during shifts between epithelial and mesenchymal states which themselves affect 

cellular phenotype (including stemness). It is important to note that while most studies 

focused solely on EMT and the early stages of metastasis, those that looked at metastatic 

colonization identified a reversion to CD44 variant isoforms in line with a transition to 

a more epithelial phenotype [40, 62]. Together, these results suggest CD44s is associated 

with EMT and early events in metastasis (i.e., invasion and migration); however, cells must 

undergo a reciprocal MET involving an isoform switch to CD44v in order to establish new 

metastatic sites and proliferate. This mirrors patterns seen in studies of EMP in metastasis.

CD44 Gene Structure and Isoform Expression

The expression of CD44 is complex, with one highly conserved gene capable of being 

diversely expressed as multiple splice variants (Figure 2a) [63]. This complexity has resulted 

in different nomenclature and exon numbering systems for CD44 across the literature and 

genomic databases [64]. The exons are commonly numbered based on the homologous 

CD44 gene in mice which encodes 20 exons, including ten standard exons (exons 1–5 and 

exons 16–20) and 10 variable exons (exons v1–v10). In the human CD44 gene, the v1 

exon (exon 6) is present, but contains a mutation resulting in a stop codon after the 17th 

amino acid and is not found in translated protein [65]. As a result, only 9 variant exons are 

encoded in humans, and the largest CD44 isoform contains variant exons v2–10. In addition, 

although it is often not addressed in the literature, alternative splicing also occurs in exons 

19 and 20 due to a premature stop codon occurring in exon 19, resulting in two versions of 

the intracellular c-terminal region. Most isoforms include exon 20 with exon 19 spliced out, 

while a truncated version of the intracellular domain containing only exon 19 is found in 

an isoform called CD44st [63, 64]. As a result, there is no isoform that contains both exons 

19 and 20. Exons 7–15 (v2–v10) may be included into an extracellular juxtamembrane stem 

region of the protein through alternative splicing to create different translated variants. The 

“standard” version of CD44 (CD44s) contains no variant exons in the stem region and is 

expressed across most cell types, while larger variant isoforms (collectively referred to as 
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CD44v) are expressed primarily in limited epithelial cells such as keratinocytes as well as in 

many cancer cells [66].

Alternative splicing results in hundreds of different possible exon combinations and 

isoforms being transcribed from a single gene, and each isoform may have specific 

physiological functions [67]. The control of alternative splicing is multifaceted, and it 

involves a collection of interacting elements within the spliceosome complex, each of which 

is subject to regulation [68]. In CD44, there are many factors that control the alternative 

splicing of specific variant exons [69]. For example, epithelial splicing regulatory proteins 

(ESRPs) play a role in the regulation of variable exons v6–v10 and can be regulated 

by EMT-related transcription factors such as Zeb1 and Snail [70–72]. ESRP1/2 bind to 

cis-regulatory elements in mRNA and coordinate with other RNA-binding proteins and 

splicing elements in a combinatorial manner to induce changes in exon inclusion [70]. 

The position of the ESRP binding sites relative to an exon determine whether the exon 

is included or skipped, and CD44 pre-mRNA contains several ESRP1 binding sites which 

mediate exon inclusion [72, 73]. The serine/arginine repetitive matrix protein SRm160 can 

regulate the inclusion of exons v2 to v9 and can be regulated in a Ras-dependent manner 

[74]. Transformer-2 protein homolog beta, Tra2B1, specifically regulates the inclusion of 

v4 and v5 [75]. The serine-arginine RNA-binding protein SC35 promotes v6 inclusion by 

recognizing SC35 response elements in the v6 exon and flanking introns [76]. In addition 

to these RNA-binding proteins, epigenetic factors such as histone modifications can also 

influence exon inclusion [69]. In summary, CD44 variant expression is driven by the sum of 

multiple influences converging on the spliceosome complex. As detailed elsewhere in this 

review, alternative splicing plays a major role in epithelial-mesenchymal plasticity in cancer.

CD44 Protein Structure

The CD44 protein is composed of four domains: a globular amino-terminal domain 

(exons 1–5), an extracellular stem region (exons 16 and 17 plus any variant exons), 

a transmembrane region (exon 18), and a c-terminal cytoplasmic tail (exon 19 or 20) 

(Figure 2b) [57]. In the standard CD44s isoform, the amino-terminal domain is linked to 

the transmembrane segment by a short 46-amino acid stem structure [57]. In alternatively-

spliced variants, the stem structure may contain up to an additional 381 amino acids [77].

The amino-terminal domain is responsible for interactions with elements of the extracellular 

matrix. While hyaluronic acid (HA) is the most specific ligand for CD44, it can also bind 

and interact with other elements of the extracellular matrix such as collagen, chondroitin, 

fibronectin, and osteopontin [17]. Conformational changes induced by ligand binding lead to 

changes in interactions with the cytoskeleton and other signaling molecules.

The variable region of the stem domain confers a wide range of functional variation 

on CD44 as summarized in Table 1. For example, the v3 exon can be modified with 

the glycosaminoglycan heparin sulfate which allows it to bind heparin-binding growth 

factors such as heparin-binding epidermal growth factor, vascular endothelial growth factor, 

hepatocyte growth factor (HGF), basic fibroblast growth factor, keratinocyte growth factor, 

and amphiregulin which can in turn impact RTK signaling [67, 78]. The v8–10 region 

regulates the redox status of cancer cells by interacting and stabilizing the xCT glutamate-
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cysteine transporter resulting in increased levels of glutathione [79]. The v6 exon contains 

a peptide motif which binds and sequesters HGF. This complex then activates the RTK 

c-MET in a two-step process. First, the v6/HGF complex is required for c-MET activation 

and autophosphorylation. Then, the CD44 cytoplasmic domain along with the ERM (ezrin, 

radixin and moesin) protein ezrin is necessary for signal transduction to mitogen-activated 

protein kinase kinase (MEK) and extracellular signal-regulated kinase (ERK) [80]. The 

expression of specific variant exons of CD44 is associated with cancer progression and 

metastasis in multiple types of cancer [17]. CD44v6 is known to promote metastasis in 

pancreatic adenocarcinoma, colorectal cancer, and breast cancer [81–83]. Variable exon 3 is 

associated with tumor cell growth, migration, and metastasis in head and neck cancer [84]. 

In lung cancer, CD44v8-10 enhances metastatic colonization [40].

The cytoplasmic tail of CD44 is important for interactions with elements of the cytoskeleton 

and various signaling pathways. Both ankyrin and ERM proteins—well-characterized 

cytoskeletal adaptor proteins—have binding motifs within the 70 amino acid cytoplasmic 

domain of CD44 [85, 86]. ERM proteins bind to positively-charged amino acid residues in 

the membrane-proximal region of the cytoplasmic domain just below the ankyrin-binding 

regions and link CD44 to actin filaments in the cytoskeleton [87]. Ligand binding within 

the CD44 extracellular domain leads to conformational changes in CD44 that promote 

ERM binding. ERM activation then promotes changes in the cytoskeletal structure leading 

to alterations in cell morphology and motility. In addition, these proteins enable crosstalk 

with multiple signaling pathways such as PI3K/Akt and Ras-activated MAPK which are 

important proliferation and survival pathways relevant to cancer [17].

CD44 also undergoes extensive post-translational modification. It has many potential 

glycosylation sites including several within the variable exons which can affect functions 

such as its ability to bind HA or growth factors in the extracellular environment [57, 88]. 

In fact, due to heavy glycosylation, the apparent molecular weight of CD44s is around 80 

kDa in gel electrophoresis despite the fact that its calculated weight is only 39 kDa [64, 77]. 

These extensive post-transcriptional and post-translational modifications allow this widely 

expressed protein to perform a variety of functions in response to diverse physiological and 

pathological situations.

CD44 Isoform Switching in EMP and Stemness

CD44 plays an integral role in the EMT process and operates both upstream and downstream 

of EMT-related transcriptional programs [17, 62]. Increased expression of CD44 can induce 

the expression of EMT-related transcription factors such as Zeb1 and Snail [89]. In addition, 

Snail itself can induce the expression of CD44 [46]. Interestingly, it has been demonstrated 

in several forms of cancer that during EMT, CD44 undergoes a switch from the expression 

of the variant forms of the protein (CD44v) which are associated with a more epithelial 

phenotype to the smaller standard form (CD44s), as illustrated in Figure 3 and summarized 

in Table 2 [90]. In the context of EMT, multiple studies have implicated ESRP1 as a 

major regulator CD44 isoform expression, and its activity leads to the inclusion of variant 

exons into the stem region of the protein [70, 90]. Both ESPR1 and ESPR2 regulate the 

post-transcriptional processing of a large network of proteins important for maintaining 
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an epithelial phenotype, and their global loss results in EMT [73, 91]. Reinke et al. have 

shown that the transcription factor Snail drives EMT by repressing the transcription of 

ESRP1 and altering the splicing of several mRNA species including CD44 [72]. Importantly, 

ESRP1 overexpression inhibited Snail-induced EMT, and this was rescued by the ectopic 

expression of CD44s, suggesting that EMT is in fact mediated in some cases through 

the alternative splicing of CD44. Transforming growth factor β (TGF-β), a key driver of 

EMT, has also been shown to induce isoform switching to CD44s through the inhibition 

of ESRPs [92]. In addition, TGF-β can also regulate CD44 isoform switching through 

an interaction between SMAD3 and the RNA-binding protein poly-(rC) binding protein 

1 (PCBP1) [93, 94]. Changes in CD44 isoform expression during transitions between 

epithelial and mesenchymal phenotypes have been documented across multiple types of 

cancer.

In ovarian cancer, CD44 is associated with both EMT and stemness, and it regulates EMT 

transcription factors including Snail and Zeb1 [89]. A follow-up study specifically identified 

the standard isoform of CD44 as a driver of EMT and stemness [95]. TGF-β treatment 

led to a downregulation of ESRP1 with a subsequent shift from CD44v to CD44s, and 

the expression of CD44s was associated with properties of stemness including stem cell 

marker expression, increased aldehyde dehydrogenase activity, a quiescent metabolic state, 

and increased efflux ability.

In lung cancer as well, Zeb1 was shown to promote EMT by directly binding to E-box 

elements of the ESRP1 promotor and repressing its expression [96]. The loss of ESRP1 

resulted in a shift from CD44v isoforms to CD44s which led to an increase in cell-

surface expression of CD44, increased tumorigenicity, and increased invasive potential. 

Interestingly, Zeb1 was also able to promote EMT through this mechanism in immortalized 

human bronchial epithelial cells (HBEC) in addition to transformed cell lines [96].

In a proteomic analysis of prostate CSCs isolated after TGF-β treatment, PCBP-1 was 

highly downregulated when compared to normal cells [97]. It was subsequently shown that 

its downregulation was important for the maintenance of the prostate CSC populations. 

The downregulation of PCBP1 led to a shift from CD44 variants to CD44s, and this was 

essential for both EMT and the increased expression of stem cell markers as a result of 

TGF-β treatment [94]. CD44 knockdown not only inhibited EMT after TGF-β treatment, 

the phenotype was rescued specifically by CD44s expression but not CD44v expression. In 

addition, CD44s, but not CD44v, promoted proliferation, migration, and invasion both in 
vitro and in vivo.

In hepatocellular carcinoma (HCC), the standard isoform is also associated with a 

mesenchymal phenotype. In one study, CD44s correlated with EMT marker expression 

and increased invasiveness, and EMT induced by TGF-β stimulation increased CD44s [98]. 

Interestingly, CD44s knockdown inhibited TGF-β-induced EMT, suggesting that CD44s 

is an essential downstream element in this process. Clinically, high CD44s expression in 

HCC tumors was correlated with a more mesenchymal phenotype and poor prognosis. 

Further investigation revealed a connection between CD44s, EMT, and the CSC phenotype 

[99]. In this study, CD44 expression was high in circulating tumor cells compared to 
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the primary tumor and was associated with EMT. Analysis showed that CD44s is the 

primary isoform in HCC, and the expression of this isoform contributes to EMT as well 

as CSC characteristics such as sphere-forming ability and resistance to anoikis. In addition, 

a study of HCC patient samples revealed that high CD44s expression was significantly 

associated with an EMT expression profile and was associated with local recurrence as well 

as intrahepatic dissemination after local ablation therapy [100]. Another study has shown 

that in c-Met+ HCC, tumor initiation and stemness is regulated through a c-MET/PIK3/Akt/

CD44s pathway [101].

In the NOZ gallbladder cancer cell line, cells could be separated into two populations: a 

CD44-high group and CD44-low group [102]. The CD44-high group was largely CD44s 

positive and CD44v9 negative, while the CD44-low group displayed opposite expression. 

The CD44s-positive cells displayed a more mesenchymal phenotype and were more 

invasive, while CD44v9 cells were more epithelial and more tumorigenic. In patient 

samples, both CD44s-high and CD44v9-high tumors were associated with poor prognosis, 

though high expression of CD44s was associated with less-differentiated tumors and distant 

metastasis. Overall, these data point to different functions of CD44 variants with different 

clinical implications.

In colon cancer as well, CD44 expression is associated with poor prognosis and EMT. 

A recent meta-analysis of 48 CRC patient studies showed that total CD44 expression is 

associated with poor differentiation, metastasis, and poor overall survival [103]. In SW480 

cells, increased expression of CD44 resulted in the increased expression of mesenchymal 

markers, changes in cell morphology, and invasive properties [104]. There have been several 

studies on CD44 subtypes in CRC, with sometimes conflicting conclusions as to correlations 

with metastasis and prognosis [105–109]. CD44v6 in particular has been shown to promote 

metastasis and the CSC phenotype [82]. With regard to EMT, in a study of 14 CRC cell 

lines and 150 CRC patient tumor samples, CD44 isoform switch from CD44v9 to CD44s 

was significantly associated with a mesenchymal phenotype [110]. In patient samples from 

this study, both mesenchymal phenotype and high CD44s to CD44v9 ratio were significantly 

correlated with poor survival.

In a study of pancreatic and breast cancer, it was shown that CD44s and Zeb1 regulate 

each other to promote a mesenchymal phenotype and stemness characteristics [71]. Zeb1 

represses ESRP1 which results in a shift from the variant forms of CD44 to the standard 

form. CD44s then promotes the expression of Zeb1, resulting in a sustained positive 

feedback loop which induces EMT. It should be noted that while Zeb1 expression impacted 

the relative levels of specific CD44 isoforms, it did not affect the overall expression of 

CD44. Importantly, this increase in Zeb1 and CD44s expression resulted in increased 

sphere-forming ability, increased resistance to cytotoxic drugs, and was correlated with an 

increase in tumor recurrence in clinical samples; these effects were specific to the standard 

isoform. In another study using breast cancer cells, however, increased expression of CD44 

variants was associated with enhanced colonization and metastasis formation in the lungs 

[40]. Combined, the results of these two breast cancer studies align well with the current 

model of EMP and metastasis—with CD44s being associated with EMT and invasion while 

CD44v is associated with an epithelial phenotype and colonization.
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In pancreatic adenocarcinoma, both the level and pattern of CD44 isoform expression 

determine phenotypic and tumorigenic properties [62]. Cells expressing the CD44s isoform 

had a more mesenchymal phenotype and were more invasive, resistant to gemcitabine, and 

enriched for stem cell markers and stem cell characteristics such as sphere-forming ability. 

Interestingly, the in vivo model revealed that 6 weeks after engraftment, tumors reverted 

to a more epithelial phenotype, with higher expression of E-cadherin and CD44v. This is 

evidence of a CD44 isoform shift during the MET that is required for rapid proliferation and 

colonization.

Regulation of CD44 Beyond Splicing in EMP

Many of the same signaling networks that regulate EMP and stemness also regulate CD44 

expression itself. For example, NF-kB is known to promote the expression of EMT-TFs 

such as Twist1, Slug, and Zeb2/Sip1 [111]. CD44 also contains NF-kB binding elements 

in a regulatory region upstream of its promotor which drives its expression [112, 113]. 

In addition, the Wnt/B-catenin pathway is a known activator of both EMT and the CSC 

phenotype, and the Wnt effector TCF4 binds to the promotor of CD44 and activates its 

expression [114–116].

Reciprocally, CD44 itself interacts with signaling pathways that impact EMP and stemness. 

Through its interactions with RTKs and ERM proteins, CD44 can affect MAPK, PI3K/Akt, 

and Wnt signaling [17]. CD44 positively regulates Wnt signaling by physically associating 

with LRP6 and modulating its membrane localization [117]. A recent study has shown 

that Fat 1 loss-of-function in squamous cell carcinoma promotes a hybrid E/M state and 

increased stemness through a CAMK2–CD44–SRC–YAP–ZEB1 axis [35]. In addition, as 

detailed earlier, specific CD44 variants can impact downstream signaling in different ways. 

CD44s has been shown to activate the PI3K/Akt pathway which in turn promotes EMT 

and stemness programs [90, 118, 119]. CD44 isoforms containing the variant exons 3 or 6 

can promote EMT and stemness characteristics through its interaction with different growth 

factors or growth factor receptors [57, 67, 78, 120].

CD44 is unique in that it is regulated on both transcriptional and post-transcriptional 

levels during transitions between epithelial and mesenchymal phenotypes, and the resulting 

isoforms have differing effects on cell behavior which can enhance both metastasis and 

stem cell-like features. While new technologies have begun to discriminate differences in 

the molecular mechanisms underlying EMP and tumor-initiating ability, they share many 

important regulatory networks [34, 35, 41]. Jolly et al. have created a mathematical model 

describing interconnected feedback loops with CD44, Zeb1, ESRP1, and hyaluronic acid 

synthase 2 which help to drive EMP and maintain hybrid E/M states [121]. This model 

ascribes different activities to CD44s and CD44v isoforms based on an earlier study by 

Preca et al. (CD44s promotes Zeb1 expression while CD44v inhibits it), and the fine-tuning 

of their expression is integral to promoting different metastatic and stemness properties 

[71, 121]. The overall pattern of CD44 isoform expression fits well into the framework 

of EMP, and understanding the specific expression patterns of CD44 isoforms in hybrid 

E/M phenotypes may help to clarify the enhanced metastatic potential and stemness 

characteristics of these cells. To date, many studies have characterized general changes in 

Primeaux et al. Page 12

Clin Exp Metastasis. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



total CD44 expression or shifts in overall splicing patterns during EMT or MET, but few 

have detailed the specific isoforms beyond investigations into particular variant exons such 

as v3 or v6. More sophisticated techniques must be used to understand the spatiotemporal 

regulation of CD44 isoform expression in hybrid states.

CD44 as a Therapeutic Target

The role of CD44 and its variants during the EMT process make it a potential candidate for 

identifying the hybrid E/M state. Moreover, its expression on the membrane and its variant 

regions in the extracellular domain make it an easily accessible therapeutic target [122, 

123]. The potential of CD44 as a target in cancer has long been recognized, and several 

strategies have been developed including monoclonal antibodies (mAb), pharmacological 

inhibitors, peptides and aptamers, decoys, and HA oligomers as summarized in Table 3 

[124]. Anti-CD44 mAbs in various stages of testing and development include Bivatuzumab 

and U36 (both specific for CD44v6) as well as pan-CD44 mAbs such as RG7356 and 

RO5429083 [17, 125–127]. In addition, in vitro studies have shown the effectiveness of 

specifically blocking CD44-HA interactions in cancer cells using the mAbs IM7 and KM201 

[128, 129]. The compound silibinin has been shown to decrease CD44 promotor activity and 

can act as a competitive antagonist for CD44-HA binding [130, 131]. Peptides and aptamers 

have also been developed to inhibit the expression of CD44 or its interaction with other 

proteins and have been used to target specific regions such as the v10 exon in breast cancer 

[132–134]. Decoys such as soluble CD44 HA-binding domain or HA oligomers have also 

been used to interfere with CD44 interactions with the extracellular matrix or other proteins 

in cancer cells [135, 136].

Although each of these strategies have shown promise, CD44 isoforms are widely expressed 

in tissues throughout the body, and a lack of specificity has led to off-target effects. Even 

treatments designed to target a specific variant exon known to be highly expressed in cancer 

cells such as v6 can have undesired effects. Clinical trials of Bivatuzumab conjugated to the 

cytotoxic agent mertansine were halted after off-target binding to keratinocytes led to serious 

reactions and one fatal outcome [137]. Rather than targeting either pan-CD44 or specific 

variant exons which can exist in multiple isoforms including those normally transcribed in 

the body, a more promising strategy would be to target more specific epitopes on isoforms 

that are found only in cancer cells. Moreover, attacking isoforms which are present on cells 

exhibiting a hybrid E/M phenotype could specifically target cells which are least sensitive to 

traditional treatment and most likely to lead to metastasis and relapse.

Limitations in the Study of CD44

Understanding the role of CD44 expression in cancer is complicated by limitations in 

characterizing the heterogeneous nature of CD44 variant expression. Alternative splicing 

can produce hundreds of different possible exon combinations in the variable stem region 

[67]. Commercial antibodies and primers often target regions of the protein that are common 

to all isoforms, and caution must therefore be exercised when drawing conclusions about 

the overall expression of CD44 without consideration of the specific variants involved. 

Immunoblotting with pan-CD44 antibodies allows for a gross distinction between low 

molecular weight isoforms such as CD44s and higher molecular weight forms that include 
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multiple variant exons; however, changes in molecular weight are much smaller when 

fewer variant exons are included, and post-translational modifications such as glycosylation 

can confound conclusions based on small changes in molecular weight alone. In addition, 

antibodies that are targeted towards specific variant exons do not provide information about 

additional variant exons that are expressed along with the target. Given that these variable 

regions have different functional impacts in the cell, it is important to dissect and understand 

the details of CD44 expression. Studies using RT-PCR and sequencing have begun to give 

a more nuanced view of CD44 heterogeneity [67, 138]. For example, in a detailed study 

of CD44 isoform expression in colorectal cancer cell lines, 26 different splice variants 

were found [67]. Interestingly, this study also found that splicing patterns change during 

metastasis, specifically in the expression of variant exons 3 and 6, without changes in overall 

CD44 expression. Studies that are limited to the investigation of overall CD44 expression 

will fail to detect these subtle shifts.

Conclusion

The connection between CD44 expression and EMP, and its resulting impacts on metastasis 

and stemness, make CD44 an ideal candidate for study as well as for targeted treatment. 

As detailed in this review, there is evidence for changes in the expression of CD44 

isoforms during cancer progression and metastasis in diverse cancers. Many studies have 

demonstrated that a shift in CD44 expression from variant forms to the standard isoform 

is associated with invasion, a more mesenchymal phenotype, and CSC-like characteristics. 

On the other hand, other studies have shown that variant forms of CD44 are associated 

with metastatic colonization and stemness characteristics. Although these findings seem 

contradictory at first, they align well with the more dynamic concept of EMP and hybrid 

E/M states. Shifts towards CD44s may be associated with EMT and the early stages 

of metastasis, while a reversion towards variant isoforms may be important for MET, 

colonization, and proliferation. Many cancer cells display a mixed expression of CD44 

isoforms, and more detailed study is needed to elucidate the dynamic of CD44 isoform 

expression as it relates specifically to plasticity, hybrid E/M states, and stemness.
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Implications and Future Directions

A detailed investigation of the patterns of CD44 isoform expression during cancer 

development and metastasis is needed to understand the relationship between the 

expression of specific CD44 variants and important events during carcinogenesis. Much 

like how single-cell studies have revolutionized our understanding of EMP, a higher-

resolution survey of CD44 expression across different cancers and cellular phenotypes 

may reveal new dimensions to its role in promoting aggressive and resistant disease. 

Technical challenges remain in fully characterizing CD44 expression at a single-cell level 

in larger cell populations, but studies using traditional reverse-transcription PCR along 

with sequencing hint at unique patterns of expression involving dozens of splice variants 

in cells with different behavioral characteristics. The expression of individual variant 

exons has been associated with aggressive or metastatic disease in some cancers, but the 

study of individual exons does not capture the full heterogeneity of expression. CD44 

isoform expression is known to change as cancer cells undergo shifts between epithelial 

and mesenchymal phenotypes during metastasis; however, the details of expression in 

intermediate hybrid E/M states are unknown. Technologies such as full-length single cell 

transcriptomics may help to correlate specific isoform expression patterns with particular 

cellular phenotypes including hybrid E/M cells. Ultimately, this knowledge could lead to 

new opportunities for treatment.

Importantly, the variable region of CD44 is exposed to the extracellular environment 

and could easily be targeted with antibody-based therapies. Some isoforms of CD44 are 

widely expressed in normal cells, but if unique combinations of variant exon splicing 

exist in hybrid E/M phenotypes, this could lead to targeted therapies aimed specifically at 

cells exhibiting increased levels of stemness and/or metastatic characteristics associated 

with highly plastic hybrid epithelial/mesenchymal states while avoiding unwanted off-

target effects.
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Fig. 1. Epithelial-Mesenchymal Plasticity
Epithelial-mesenchymal plasticity describes a cell’s ability to transition between epithelial 

and mesenchymal phenotypes. Epithelial cells are traditionally marked by the expression 

of junctional proteins such as E-cadherin and claudins while mesenchymal cells are 

characterized by the expression of N-cadherin and vimentin along with decreased levels of 

E-cadherin. The transition between these phenotypic end points includes intermediate stages 

referred to as hybrid epithelial/mesenchymal (E/M) states which display mixed epithelial 

and mesenchymal markers and characteristics. These hybrid E/M states are associated with 

increased metastatic potential and cancer stem cell properties. Created with BioRender.com
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Fig. 2. Structures of the CD44 gene and protein
(a) The full structure of the human CD44 gene. Exons 1–5 and exons 16–18 are 

constitutively expressed while exons v2–v10 and exons 19–20 undergo alternative splicing. 

Exons 1–17 encode the extracellular domain, exon 18 encodes the transmembrane domain 

(TM), and exons 19–20 are alternatively spliced to form the intracellular domain (ICD). 

Exon v1 is present in the human gene, but a mutation resulting in a premature termination 

codon prevents this exon from being expressed. Exon 19 contains a premature termination 

codon which blocks the downstream translation of exon 20 and is spliced out in most 

isoforms but is retained in CD44st. (b) A schematic of the CD44s isoform and a generalized 

CD44v isoform which includes additional amino acid sequences in the stem region. Created 

with BioRender.com
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Fig. 3. Schematic representation of CD44 expression in the context of epithelial-mesenchymal 
plasticity
In cancer, CD44v isoforms are associated with a more epithelial phenotype while CD44s 

is associated with mesenchymal characteristics. Changes in CD44 splicing lead to shifts 

in isoform expression during EMT and MET. These shifts in isoform expression in 

turn promote changes in metastatic potential and stemness characteristics. Created with 

BioRender.com
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Table 1.

Known Physiological Roles of CD44 Isoforms

CD44 Isoform Physiological Role Role in Cancer References

CD44s Regulates cell growth, survival, differentiation, cell-cell 
interactions, migration, and adhesion

Overexpression promotes metastatic potential 
and stemness.

[17, 57, 59]

CD44v3 Binds heparin-binding growth factors which can impact 
receptor tyrosine kinase signaling

Promotes tumor growth, migration, and 
metastasis in head and neck cancer.

[67, 78, 84]

CD44v6 Binds and sequesters hepatocyte growth factor to activate 
the receptor tyrosine kinase c-MET.

Promotes metastasis in pancreatic 
adenocarcinoma, colorectal cancer, and breast 
cancer.

[80–83]

CD44v8-10 Interacts with xCT glutamate-cysteine transporter to 
regulate glutathione levels and redox status

Enhances metastatic colonization in lung 
cancer

[40]
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Table 2.

CD44 Isoform Switching in Cancer

Cancer Type Isoform Switching Role of CD44 Reference

Ovarian cancer CD44v to CD44s in 
EMT

• CD44s regulates Snail and ZEB1

• Isoform switch leads to mesenchymal phenotype as well as an 
increase in stemness and chemoresistance.

• TGF-β downregulates ESRP1 to induce CD44 isoform switch

[89, 95]

Lung cancer CD44v to CD44s in 
EMT

• ZEB1 represses ESRP1 to induce CD44 isoform switch.

• Isoform switch leads to increased tumorigenicity and invasiveness

[96]

Prostate cancer CD44v to CD44s in 
EMT

• TGF-β downregulates PCBP1 leading to CD44 isoform switch

• CD44s is essential for EMT and increased stemness due to TGF-β 
treatment

[94, 97]

Hepatocellular 
carcinoma

CD44v to CD44s in 
EMT

• CD44s is essential for TGF-β-induced EMT.

• CD44s expression contributes to EMT and CSC characteristics

• Tumor initiation and stemness is regulated through c-Met/
PI3K/AKT/CD44s signaling in c-Met+ HCC.

[99, 100, 
139, 140]

Gallbladder 
cancer

CD44v9 to CD44s 
in EMT

• Increased ZEB1 and ZEB2 downregulate ESRP1 and correlate 
with a CD44 isoform switch and mesenchymal phenotype.

• CD44s is associated with invasiveness and distant metastasis 
while CD44v9-positive cells are more epithelial and tumorigenic.

• Both CD44s and CD44v are associated with poor prognosis.

[102]

Colon cancer CD44v9 to CD44s 
in EMT

• Correlates with mesenchymal phenotype and poor survival. [104]

Pancreatic cancer CD44v to CD44s in 
EMT 
CD44s to CD44v in 
MET

• ZEB1 represses ESRP1 to induce CD44 isoform switch.

• CD44s in turn promotes ZEB1 expression

• ZEB1 impacts CD44 isoforms, not CD44 levels.

• Isoform switch is associated with increased chemoresistance and 
CSC characteristics.

• CD44v associated with MET and colonization at metastatic site.

[62, 71]

Breast cancer CD44v to CD44s in 
EMT
CD44s to CD44v in 
MET

• ZEB1 represses ESRP1 to induce CD44 isoform switch.

• CD44s in turn promotes ZEB1 expression

• ZEB-1 impacts CD44 isoforms, not CD44 levels.

• Isoform switch associated with increased chemoresistance and 
CSC characteristics.

• CD44s is associated with EMT and invasion while CD44v is 
associated with an epithelial phenotype and colonization at a 
metastatic site.

[40, 71]
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Table 3.

CD44 as a Therapeutic Target

Therapies Targeted 
isoform

Cancers studied Mode of action References

Monoclonal 
antibodies

Chimeric mAb 
U36 (cmAb U36)

CD44v6 Head and neck 
squamous cell 
carcinoma

Radiolabeled cmAbU36 showed anti-tumor effect by binding 
and internalization in tumor cells.

[125, 126]

Humanized mAb 
BIWA 4 
(bivatuzumab)

CD44v6 Head and neck 
squamous cell 
carcinoma

Radiolabeled bivatuzumab showed anti-tumor effect by 
binding and internalization in tumor cells.

[126]

Bivatuzumab 
mertansine

CD44v6 Head and neck 
squamous cell 
carcinoma

• Prodrug mertansine covalently conjugated to 
bivatuzumab.

• Mertansine inhibits tubulin polymerization, 
thereby disrupting microtubule assembly

[141]

RG7356 Pan-CD44 Phase I trial 
in several solid 
malignancies

• Recombinant anti-CD44 immunoglobulin G1 
humanized monoclonal antibody

• Selectively binds near the HA-binding region of 
the extracellular domain of all CD44 isoforms.

• Demonstrated growth inhibition of several 
CD44-expressing tumor xenografts.

• Phagocytosis of CD44− positive cancer cells,

[127]

RO5429083 Pan-CD44 Phase I trial 
in several solid 
malignancies

• Immunomodulating and antineoplastic activity.

• Binds to the constant region of the extracellular 
domain of CD44 and prevents the activation 
of various CD44-mediated signal transduction 
pathways

[142]

mAbs IM7 Pan-CD44 Breast cancer cells Blocks CD44-HA interaction. Induces CD44 shedding from 
the cell surface.

[128]

LA-chitosan-IM7 Pan-CD44 Ovarian cancer Blocks CD44-HA interaction and CD44-mediated 
proliferation. Effective in treating cancers in vitro and in vivo 
while reducing the toxicity of mAbs IM7.

[143]

KM201 Pan-CD44 Human vascular 
endothelial cells

Blocks CD44-HA interaction [129]

Natural 
compound

Silibinin CD44v7-10 Prostate cancer Blocks CD44-HA interaction [130]

Silibinin Cd44v6 Colon cancer Attenuates stemness of colon cancer stem cells [144]

Aptamers

DNA aptamer CD44v10 Breast cancer Inhibits breast cancer cell migration [132]

RNA aptamers Pan-CD44 Breast Cancer Targets CD44-positive cells, including cancer stem cells, for 
detection, sorting, enrichment, and drug delivery purposes.

[133]
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