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Abstract

Cell outer membranes contain glycosphingolipids and protein receptors, which are integrated into 

glycoprotein microdomains, known as lipid rafts, that float freely in the membrane bilayer. These 

structures play an important role in assembling signaling molecules (e.g., Rac-1, RhoH, and Lyn) 

together with surface receptors, such as the CXCR4 receptor for α-chemokine stromal-derived 

factor 1 (SDF-1), the α1β4 integrin receptor (VLA-4) for vascular cell adhesion molecule-1 

(VCAM-1), and the c-kit receptor for stem cell factor (SCF), which together regulate several 

aspects of hematopoietic stem/progenitor cell (HSPC) biology. Here, we discuss the role of lipid 

raft integrity in the retention and quiescence of normal HSPCs in bone marrow niches as well as in 

regulating HSPC mobilization and homing. We will also discuss the pathological consequences of 

the defect in lipid raft integrity seen in paroxysmal nocturnal hemoglobinuria (PNH) and the 

emerging evidence for the involvement of lipid rafts in hematological malignancies.
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Introduction

The cell (or cytoplasmic) membrane is a selectively permeable structure that separates the 

interior of the cell from the outside environment.1 It consists of a phospholipid bilayer with 

embedded proteins that is held together via non-covalent interactions between the 

hydrophobic tails. Under physiological conditions, phospholipid molecules in the cell 

membrane are in a liquid crystalline state; however, the cytoplasmic membranes of cells also 

contain combinations of glycosphingolipids and protein receptors organized into 

glycoprotein microdomains, called lipid rafts.2,3 Two types of lipid rafts have been proposed 

to occur in cell membranes: planar lipid rafts and invaginated lipid rafts, called caveolae.4,5 

Planar lipid rafts and caveolae are examples of cholesterol-enriched microdomains in the 
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cell membrane, and cholesterol can be envisioned as a kind of molecular glue that holds the 

components of lipid rafts together and is important for their integrity.

A vast amount of evidence has accumulated that lipid rafts play an important role in several 

processes regulating cell biology.4–10 Specifically, from an historical point of view, these 

microscopic cholesterol-enriched structures are important in assembling signaling molecules 

together with cell surface receptors and have been identified as playing a primary role in 

signaling through the immunoglobulin E receptor, T cell antigen receptor, and B cell antigen 

receptor.11–13 Moreover, recent evidence indicates that lipid rafts are also involved in 

signaling through many other receptors that have intrinsic tyrosine kinase activity (e.g., c-kit, 

insulin receptor, and epidermal growth factor receptor) as well as G protein-coupled 

receptors (e.g., CXCR4).6,14 Lipid rafts also play an important role in cell adhesion and 

ensure the proper function of integrin receptors (e.g., VLA-4) and their assembly with the 

cytoskeleton. Moreover, lipid rafts are located in cell membrane areas from which important 

cell–cell communication structures known as extracellular microvesicles (ExMV) are 

generated.15,16 Finally, lipid rafts are also often involved in intracellular entry of both non-

enveloped and enveloped viruses.17

Evidence has also accumulated that lipid rafts regulate several aspects of hematopoietic 

stem/progenitor cell (HSPC) biology. In this review, we will discuss the role of lipid rafts in 

the retention and quiescence of normal HSPCs in bone marrow niches as well as in 

regulating their migration, mobilization, and homing. Underpinning these roles are the 

CXCR4 receptor for α-chemokine stromal-derived factor 1 (SDF-1), the α1β4 integrin 

receptor (VLA-4) for vascular adhesion molecule 1 (VCAM-1), as well as the complement 

cascade-inhibiting cell surface receptors CD55 and CD59. The absence of CD55 and CD59 

on the cell surface combined with a defect in lipid raft formation and their association with 

CXCR4 and VLA-4 is responsible for the onset of paroxysmal nocturnal hemoglobinuria 

(PNH),18,19 which can be considered as a disease model of lipid raft integrity. Lipid rafts are 

also required for c-kit signaling, which regulates cell survival and proliferation after 

stimulation by stem cell factor (SCF).6 Evidence also indicates that lipid rafts may play a 

role in hematological malignancies.20–24

Visualization and detection of the presence of lipid rafts in cell membranes

Generally, lipid rafts are small microdomains ranging from 10–200 nm in size, which is 

below the diffraction limit of classical light microscopes, and thus they cannot be directly 

visualized by conventional light microscopy. This problem could potentially be solved by 

using a super-resolution microscopy, such as stimulated emission depletion (STED) or 

structured illumination microscopy. Currently, lipid rafts can be visualized and studied by 

employing fluorescence microscopy after labelling of the cell surface with fluorescence-

conjugated cholera toxin B subunit, which binds to a lipid raft constituent and marker, the 

ganglioside GM1.25,26 Examples of other optical techniques for detecting the presence of 

lipid rafts in cell membranes include fluorescence correlation and cross-correlation 

spectroscopy (FCS/FCCS) or fluorescence resonance energy transfer (FRET), which detect 

either the mobility of the fluorochrome in the membrane or its distribution.3
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Lipid rafts can also be studied by employing western blotting after separation of cell 

membrane fractions enriched in lipid rafts and colocalizing these fractions with proteins that 

are components of lipid rafts (e.g., CXCR4, VLA-4, c-kit, and Lyn).6,14,25,26 Another 

experimental strategy is to deplete cholesterol from lipid rafts by employing i) methyl-β-

cyclodextrin (MβCD), ii) inhibitors of cholesterol synthesis (statins), or iii) drugs that 

sequester cholesterol, such as nystatin and amphotericin.25,26 These membrane cholesterol-

targeted experimental manipulations destroy lipid raft structure and negatively affect its 

biological effects.

The integrity of lipid rafts may also be perturbed by exposing cell membranes to 

phospholipase C, a granulocyte-derived enzyme that targets glycosylophosphatidylinositol 

glycolipid anchor (GPI-A), which is attached during posttranslantional modification to the 

C-terminus of certain proteins that are included in lipid rafts.27 The most important of these 

proteins are the complement cascade inhibitors CD55 and CD59; the truncated isoform of 

the homing molecule VCAM-1, which is a ligand for the VLA-4 receptor expressed on 

murine HSPCs; as well as other GPI-anchored cell surface proteins, such as uPAR, the 

Thy-1 marker, acetylocholinesterase, and placental alkaline phosphatases.28,29 These 

proteins are thought to be preferentially located in lipid rafts, suggesting a high level of 

organization within these plasma membrane microdomains.

Interestingly, while CXCR4 and VLA-4 do not contain GPI-A within their molecular 

structure, a defect in GPI-A expression due to mutation of the PIGA gene (which is 

responsible for GPI-A biosynthesis and is mutated in PNH patient cells18,19), GPI-A 

depletion from HSPCs after exposure to phospholipase Cβ2 (PLC-β2), or cholesterol 

depletion in membrane lipid rafts by MβCD all lead to impaired function of CXCR4 and 

VLA-4 receptors, which are so important for bone marrow retention and migration of 

HSPCs.30–34 Similarly, it has been demonstrated that survival and proliferation signals 

mediated in HSPCs upon stimulation by SCF requires the presence of the c-kit receptor in 

membrane lipid rafts.6

All the experimental strategies described above have been employed to study the role of 

lipid rafts in regulating several aspects of HSPC biology.

Lipid rafts and the retention of HSPCs in bone marrow niches

HSPCs are retained in BM hematopoietic niches due to active interactions between CXCR4 

and VLA-4 expressed on their surface and the corresponding ligands, SDF-1 and VCAM-1, 

present on cells that comprise hematopoietic stem cell niches.30–36 While in mice the 

truncated isoform of VCAM-1, as mentioned above, is a GPI-anchored protein, SDF-1, 

which is mainly expressed in CXCL12 (another name for SDF-1)-abundant reticular (CAR) 

cells in the BM microenvironment as well as by osteoblasts in osteoblastic niches and 

endothelial cells in endothelial stem cell niches, is not associated with GPI-A.29–37.

Importantly, since both CXCR4 and VLA-4 receptors are lipid raft-associated proteins, their 

optimal biological function depends on their inclusion in these small membrane domains 

(Figure 1 panel A). Specifically, their inclusion in lipid rafts is required for optimal 
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association with members of the Rho guanosine triphosphate (GTPase) subfamily of the Ras 

superfamily, such as RhoH and Rac-1, which are crucial in regulating the actin cytoskeleton 

as well as adhesion and chemotaxis of HSPCs.7,14 Interestingly, it has been postulated that 

the calveolin proteins, present in caveolae, and flotillin proteins, expressed in planar 

membrane lipid rafts, have the ability to recruit a variety of signaling molecules into lipid 

rafts.4,5

An important biological effect of the assembly of several receptors, adhesion molecules, and 

signaling molecules into lipid rafts is maintaining the dormancy of HSPCs and preventing 

them from undergoing apoptosis. As demonstrated in an elegant study, 8 lipid raft clustering 

plays an important role in regulating dormancy of the most primitive hematopoietic stem 

cells (HSCs). Specifically, while CD34–Kit+Sca-1+Lin– HSCs freshly isolated from murine 

BM lack lipid raft clustering, in CD34+ KSL Kit+Sca-1+Lin– hematopoietic progenitor cells, 

the c-kit receptor is condensed in lipid raft clusters.8 Moreover cytokine stimulation 

promoted lipid raft formation and activated downstream signaling pathways, including 

PI3K–Akt–FOXO.8 This latter effect is supported by the observation that the integrity of 

lipid rafts causes sustained nuclear accumulation of FOXO transcription factors, which 

regulate genes involved in metabolism and redox control that antagonize apoptosis in 

dormant stem cells.8 On the other hand, as reported by another group of investigators, c-kit 

receptor recruitment to lipid rafts is required for optimal activation of PI3K–Akt and Src 

family kinase signaling pathways and SCF-mediated proliferation.6 Based on this finding, 

lipid raft reorganization appears to be indispensable for CD34–Kit+Sca-1+Lin– HSCs to 

move from the hibernation state back into the cell cycle.8 In support of this latter notion, 

when stimulated with cytokines in the presence of the membrane lipid raft inhibitor MβCD, 

the vast majority of CD34–Kit+Sca-1+Lin– HSCs freshly isolated from murine BM remained 

in the G0 phase of the cell cycle.8

While most of the studies with lipid rafts and hematopoietic cells were performed on cells 

isolated from BM niches, more work is needed to understand the role of lipid rafts in 

regulating HSPCs when these cells reside in their specific niches. Moreover, while there are 

several studies on the role of lipid rafts expressed on the surface of HSPCs, lipid rafts could 

also play a role in integrating homing molecules on the surface of cells lining the stem cell 

niches (e.g., osteoblasts or CAR cells) to provide proper signals for HSPCs. Thus, studies 

are needed to investigate whether, in addition to VCAM-1, optimal exposure of HSPCs to 

membrane-bound SCF or SDF-1 also depends on lipid raft assembly on osteoblasts or CAR 

cells.

Lipid raft disassembly and mobilization of HSPCs

The retention of HSPCs seems to be an active process involving the normal function of lipid 

rafts in counteracting the gradients of bioactive phosphosphingolipids, such as 

sphingosine-1-phosphate (S1P) and ceramide-1-phosphate (C1P), which are potent 

chemotactic factors for HSPCs in blood. Even under steady-state conditions, their levels are 

sufficient to promote egress from BM into PB.38–42
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The number of HSPCs increases in circulating blood in response to infection, tissue or organ 

damage, and strenuous exercise and can be enhanced up to 100 fold by pharmacology-

induced mobilization due to administration of certain pro-mobilizing drugs, such as 

granulocyte-colony stimulating factor (G-CSF), the CXCR4 inhibitor plerixafor 

(AMD3100), or the VLA-4 inhibitor BIO4860.30–36,43

While the phenomenon of stem cell mobilization is still not completely understood, it is 

known that an early event involves activation of the complement cascade and induction of a 

proteolytic microenvironment in bone marrow due to release of several proteolytic enzymes 

from granulocytes and monocytes residing in marrow tissue (e.g., elastase, cathepsin G, and 

the metalloproteinases MMP-2 and MMP-9).30–36 These proteolytic enzymes collectively 

digest CXCR4–SDF-1 and VCAM-1–VLA-4 proteins and thus attenuate the membrane lipid 

raft-dependent receptor–ligand interaction axes that retain HSPCs in their bone marrow 

niches.34 Moreover, as recently reported, proteins of the membrane type 1 MMP (MT1-

MMP) protein subfamily are incorporated into membrane lipid rafts in response to G-CSF 

stimulation and contribute to conversion of pro-metalloproteinase 2 into MMP-2, which 

facilitates the HSPC mobilization process.44

On the other hand, it is well known that, in addition to proteolytic enzymes, granulocytes 

and monocytes are sources of phospholipase Cβ2 (PLC-β2), and we observed its release 

from neutrophils during the mobilization process. PLC-β2 is an enzyme that targets GPI-A, 

which is important for maintaining the integrity of lipid rafts and optimal signaling from 

CXCR4 and VLA-4 receptors, and removes several types of GPI-anchored molecules, such 

as the truncated isoform of VCAM-1, CD55, CD59, and uPAR, from the cell membrane.27

Thus, PLC-β2 released during the mobilization of HSPCs facilitates stem cell detachment 

from their niches by perturbing the membrane lipid raft integrity required for optimal bone 

marrow-retention signaling through the CXCR4 and VLA-4 receptors (Figure 1 panel B). 

An additional PLC-β2 pro-mobilizing effect in mice is due to removal of the GPI-anchored 

truncated isoform of VCAM-1, which is involved in BM retention by cells comprising the 

stem cell niche, and due to decreasing expression of the complement inhibitors CD55 and 

CD59 on the surface of cells, which leads to enhanced activation of the mobilization-

promoting complement cascade in the BM microenvironment.27 As already reported, we 

directly confirmed the pro-mobilizing role of this lipolytic enzyme, which is involved in the 

disintegration of membrane lipid rafts, by employing PLCβ2−/− mice.27

Based on this mechanism, disassembly of lipid rafts due to PLCβ2-mediated enzymatic 

removal of GPI-anchored proteins from cell membranes (Figure 1 panel B) or lack of GPI-A 

due to an acquired mutation in the PIG-A gene, as seen in PNH (Figure 1 panel C), 

facilitates the egress of stem cells from bone marrow into circulating blood.

The role of lipid rafts in the homing of HSPCs

Homing of HSPCs from circulating blood to bone marrow is the reverse process to 

mobilization and precedes HSPC engraftment.33 A crucial role in this process is played by 

chemoattractants released in the bone marrow microenvironment in response to 
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myeloablative conditioning by radio or chemotherapy, which is employed to eliminate 

recipient hematopoiesis.

It is widely accepted that SDF-1 is a major chemoattractant that is upregulated in BM 

conditioned by myeloblative treatment. Despite the important role of this α-chemokine, 

several observations indicate the involvement of other factors in this process.46–48 

Interestingly, we observed that the proteolytic microenvironment induced by myeloablative 

conditioning for transplantation may also enzymatically degrade the SDF-1 protein, which 

suggests the involvement of other supportive mechanisms.38,49

To explain these observations, we have to consider the presence of alternative homing 

pathways. These alternative pathways include, on the one hand, the involvement of bioactive 

phosphosphingolipids (S1P and C1P) and extracellularly released nucleotides (e.g., UTP and 

ATP), which may support or even replace SDF-1–CXCR4-mediated homing, as seen in 

transplants of CXCR4−/− fetal liver HSPCs.41,49,50 Another possibility highly relevant to the 

topic of this review is the modulation of lipid raft integrity by certain soluble factors released 

in the bone marrow microenvironment after conditioning for transplantation. Specifically, 

certain small molecules related to inflammation, such as cleavage fragments (C3a 

and desArgC3a) of the third component of the complement cascade (C3); cathelicidin (LL-37) 

and β2-defensin, released by bone marrow stromal cells; as well as hyaluronic acid, 

fibronectin, and soluble VCAM-1, ICAM-1, and uPAR, may enhance the responsiveness of 

HSPCs to a shallow SDF-1 gradient.14,25,26,51,52 This phenomenon is known in the literature 

as the HSPC priming effect (Figure 1 panel D).

At the molecular level, this priming phenomenon is based on the fact that at least some of 

the priming factors (e.g., LL-37 and C3a) promote physical incorporation of the CXCR4 

receptor into membrane lipid rafts.14,25,26 This has been demonstrated in cells exposed to 

C3a or LL-37 by the presence of both these receptors (CXCR4 and VLA-4) in membrane 

fractions enriched for lipid rafts. Specifically, western blotting and confocal microscopy 

were employed to show colocalization of CXCR4 and VLA-4 with a marker of lipid rafts, 

the ganglioside GM1.14,25,26 This priming phenomenon facilitates optimal signaling and the 

chemotactic responsiveness of HSPCs to an SDF-1 gradient. At the same time, however, the 

same phenomenon occurs in the case of VLA-4, which, if incorporated into lipid rafts, 

assures optimal retention of HSPCs in the bone marrow microenvironment by interacting 

with VCAM-1 in the stem cell niche.

Based on what has been presented so far, the disassembly of receptors and signaling 

molecules from lipid rafts should promote egress of HSPCs from bone marrow into blood, 

and, by contrast, their physical assembly into lipid rafts is important in homing and retention 

of HSPCs in bone marrow. Therefore, strategies that enhance incorporation of CXCR4 and 

VLA-4 into membrane lipid rafts could find practical application in enhancing the homing 

of HSPCs.14,25,26,41

Optimal homing is particularly important in cases when the number of HSPCs is limited and 

is crucial, for example, in umbilical cord blood (UCB) transplants. To explore this 

possibility, a clinical trial to prime UCB by a short ex vivo exposure to C3a before infusion 
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into the patient has recently been initiated.53 Another interesting strategy to enhance homing 

of HSPCs by modulation of lipid raft-mediated mechanisms has recently been proposed by 

another group.54 Specifically, a short, mild heat treatment (39.5°C) primes human CD34+ 

umbilical cord blood cells for migration up an SDF-1 gradient and enhances engraftment of 

these cells in an immunodeficient mouse model. This treatment was associated with 

increased expression of CXCR4 on CD34+ cells and enhanced colocalization of CXCR4 

within lipid raft domains with Rac1, a GTPase that is crucial for cell migration and 

adhesion, with CXCR4 recruitment to the lipid raft essential for this effect. Based on this 

intriguing observation, mild heating of UCB-derived HSPCs before transplantation may be a 

simple and inexpensive strategy to enhance engraftment.54

PNH as a model lipid raft integrity disorder

As mentioned above, a defect in lipid raft formation and integrity plays a major role in 

paroxysmal nocturnal hemoglobinuria (PNH). From the clinical and molecular points of 

view, it is an acquired hemolytic anemia and stem cell disease due to a somatic mutation in 

the PIGA gene, which is responsible for GPI-A biosynthesis.18 PNH-affected HSPCs, in 

which GPI-A is missing, produce red blood cells, leucocytes, and platelets, which are 

susceptible to complement-mediated lysis because of the lack of CD55 and CD59 

complement cascade inhibitory proteins on erythroid cells.18 Over time, the mutated stem 

cell clone that produces GPI-A-deficient cells repopulates the entire hematopoietic system 

and outgrows normal HSPCs.

Since GPI-A is not a potential tumor suppressor gene, the reason why PNH-affected HSPCs 

expand over time in BM and outgrow normal hematopoietic cells is still poorly understood. 

To explain this phenomenon, several theories have been proposed but none explains the 

pathogenesis of this disorder in a fully convincing way.18

Based on our work with lipid rafts and knowing that the presence of GPI-A is critical in lipid 

raft integrity and thus optimal CXCR4- and VLA-4-based retention of HSPCs in bone 

marrow, we hypothesized that PNH starts with a primary lipid raft formation defect that, in 

the course of this disease, precipitates other events involved in its pathogenesis (Figure 1 

panel C).19

By employing direct visualization using confocal microscopy, we have also demonstrated 

that BM-purified CD34+ PNH cells show a defect in incorporation of both CXCR4 and 

VLA-4 into membrane lipid rafts, respond weakly to SDF-1 stimulation, and show impaired 

adhesion and chemotaxis in response to an SDF-1 gradient.55 By contrast, these cells 

respond robustly to an S1P gradient. In addition to primary patient cells, similar results were 

obtained with the human GPI-A-deficient Jurkat T cell line.55

Our findings explain the expansion of PNH-mutated HSPCs in BM in a novel way.19 

Specifically, since PNH-mutated HSPCs have defective adhesion due to a defect in lipid raft 

integrity, they are more mobile in the BM microenvironment and over time expand and 

outcompete normal HSPCs from their stem cell niches. These cells, however, respond 

normally to S1P, which under physiological concentrations is a major chemotactic factor for 
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HSPCs.38–40 Of note, erythrocytes are highly enriched in this active phospho-sphingolipid 

and release it into the blood during lysis. The S1P level is already high in blood under 

steady-state conditions and is additionally increased during complement-mediated 

hemolysis.19,55

The role of lipid rafts in hematopoietic malignancies

Evidence has accumulated that lipid rafts also play an important role in malignant 

hematopoiesis. Thus, it is important to explore in more detail whether changes in the 

composition of lipid rafts between normal and malignant hematopoietic cells could be used 

in developing new adjuvant anti-leukemic therapies.20–22 It has been demonstrated, for 

example, that constitutive localization of death receptor 4 (DR4) is mandatory for TRAIL-

induced apoptosis in B cell hematopoietic malignancies. In a similar way, the induction of 

apoptosis in acute myeloid leukemia cells by CD44 ligation with A3D8 antibody also 

requires the presence of CD44 in lipid rafts.21,22 Furthermore, differences between 

individuals with B cell lymphomas with respect to the therapeutic effect of rituximab may 

also depend on the membrane cholesterol content, which promotes lipid raft formation. 

Specifically, rituximab may, in some patients, have a paradoxical anti-apoptotic effect 

related to recruitment and activation of Syk and Akt kinases in membrane lipid rafts.24 

Cholesterol depletion in such cases leads to an enhanced therapeutic effect by rituximab. 

Thus, modulation of lipid rafts could provide a new strategy for enhancing the anti-

lymphoma action of this antibody.24

Finally, an important question to be addressed is also how certain drugs or dietary habits 

truly influence lipid raft integrity. For example, it has been proposed that omega-3 

polyunsaturated fatty acids affect formation of membrane lipid rafts.56,57 It would also be 

interesting to see whether certain pro-mobilization effects of endothelial progenitor cells and 

other stem cells in patients treated with statins could be explained by the effect of these 

drugs on cholesterol availability for proper lipid raft formation and thus retention of stem 

cells in BM niches.58 Similarly, statins administered to leukemic patients could also 

potentially modulate the responsiveness of leukemic blasts to therapeutic agents, and further 

studies are needed to address the significance of this phenomenon.24 As discussed above, 

lipid rafts could also be crucial in maintaining the dormancy of normal HSPCs and in 

inhibiting apoptosis.

Overall, we expect that ex vivo strategies based on enhancement of lipid raft formation in 

HSPCs prepared for transplantation would be beneficial for better homing and subsequent 

engraftment of HSPCs. On the other hand, strategies facilitating lipid raft disassembly would 

improve mobilization and thus the harvesting of HSPCs for transplantation. In the case of 

malignant hematopoietic cells, any strategies to modulate lipid raft expression should be 

individually assessed, depending on the mechanism by which they modulate the therapeutic 

response to potential treatments.20–22,24,59–62
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Future studies and conclusions

The mechanisms behind lipid raft formation and their role in biological processes need 

further clarification. While a vast amount of direct and indirect evidence indicates their 

presence in cell membranes, there is no consensus about their ultimate size, the timescale of 

their existence, and even their existence.

The overall concept of lipid rafts is still evolving, and more investigations are needed to fully 

understand their structure and function. The membrane lipid raft model is mainly built upon 

the existence of line tension, which minimizes the free energy between immiscible 

disordered and ordered liquid phases. This line tension is observed in membrane models, but 

so far it has not been readily observed in cell systems. There is also still a lack of consensus 

on lipid raft size and the timescale of their existence. It has even been proposed that some of 

the effects of cholesterol depletion, which is used to determine lipid raft function, may be 

related to the disruption of another lipid, PI(4,5)P2, that regulates the cytoskeleton.63 

Interestingly, it has even been proposed that proteins and not lipids are primarily involved in 

the formation of lipid rafts.56

Despite all these concerns, membrane lipid rafts seem to explain several biological processes 

that play an important role in the retention of HSPCs in BM niches. Their integrity is also 

crucial in maintaining HSPC quiescence and in homing of transplanted cells into the BM 

microenvironment. On the other hand, the disintegration of lipid rafts, which is induced after 

administration of mobilizing agents or by mutation of GPI-A, as seen in PNH patients, 

facilitates egress of HSPCs into the blood. Based on this effect, pharmacological modulation 

of lipid raft function may lead to development of better HSPC mobilization and homing 

protocols. Further studies are also needed to better understand the roles of lipid rafts in drug 

resistance in hematopoietic malignancies and in differentially regulating long-term 

hematopoietic stem cells compared with more differentiated hematopoietic progenitors.6,8
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Figure 1. 
Panel A. The role of lipid rafts in retention of HSPCs in stem cell niches. Membrane 

lipid rafts, shown as gray areas in the cell membrane, assemble with several cell surface 

receptors involved in retention of HSPCs in bone marrow niches (e.g., CXCR4 and VLA-4) 

or inhibition of the complement cascade (CD55 and CD59). As shown, CD55, CD59 and the 

murine truncated isoform of VCAM-1 are GPI-anchored proteins. While the role of lipid 

rafts is well described for cell membranes present in HSPCs, more studies are needed to 

determine whether bone marrow-retention ligands for HSPCs in stem cell niches, such as 

SDF-1 and VCAM-1, are also concentrated in lipid rafts in cells lining stem cell niches (e.g., 

osteoblasts, endothelial cells, and CAR cells). Panels B and C. Disassembly of lipid rafts 
and the egress of HSPCs into blood. Lipid raft disassembly results in the weakening of 

CXCR4–SDF-1 and VLA-4–VCAM-1 retention signals for HSPCs in bone marrow stem 

cell niches and facilitates mobilization. This effect is observed during pharmacological 

mobilization due to the release of phospholipase Cβ2 from granulocytes and monocytes 

(panel B) or in paroxysmal nocturnal hemoglobinuria (PNH) patients due to lack of 

expression of GPI-A and thus lack of GPI-anchored proteins (panel C). Disassembly of 

lipid rafts in HSPCs, as shown, weakens the interaction of both receptors with downstream 

signaling molecules involved in bone marrow retention. While in the case of HSPC 

mobilization a pivotal role is played by enzymatic digestion of GPI-anchored proteins by 

PLC-Cβ2, PNH results from an acquired mutation for the gene encoding GPI-A. Panel D. 
CXCR4 and VLA-4 inclusion in lipid rafts facilitates homing of HSPCs. Incorporation 

of the crucial BM homing receptors CXCR4 and VLA-4 into lipid rafts may be enhanced by 

exposure of HSPCs to certain molecules related to innate immunity, such as the C3a 

complement cascade cleavage fragment, LL-37 (cathelicidin), or β2-defensin, released from 

bone marrow stromal cells after radiochemotherapy-induced conditioning for 

transplantation. Incorporation of the CXCR4 receptor into lipid rafts sensitizes the 

responsiveness of HSPCs to an SDF-1 gradient. Colocalization of VLA-4 in membrane lipid 
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rafts also plays an important role in tethering HSPCs to VCAM-1 in BM niches. As shown, 

lipid rafts facilitate the interaction of both receptors expressed on HSPCs with several 

downstream signaling molecules involved in migration, homing, and cell survival.

For simplicity, the interaction of lipid raft-associated c-kit receptor, which inhibits apoptosis 

and regulates proliferation of HSPCs, with its ligand, membrane-bound or soluble SCF, is 

not shown in the figure.
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