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Wnt3a nanodisks promote 
ex�vivo expansion of�hematopoietic stem 
and�progenitor cells
Nahal R. Lalefar1,2, Andrzej Witkowski1, Jens B. Simonsen1,3 and Robert O. Ryan1*

Abstract 
Background:  Wnt proteins modulate development, stem cell fate and cancer through interactions with cell surface 
receptors. Wnts are cysteine-rich, glycosylated, lipid modi�ed, two domain proteins that are prone to aggregation. The 
culprit responsible for this behavior is a covalently bound palmitoleoyl moiety in the N-terminal domain.
Results:  By combining murine Wnt3a with phospholipid and apolipoprotein A-I, ternary complexes termed nano-
disks (ND) were generated. ND-associated Wnt3a is soluble in the absence of detergent micelles and gel �ltration 
chromatography revealed that Wnt3a co-elutes with ND. In signaling assays, Wnt3a ND induced �-catenin stabiliza-
tion in mouse �broblasts as well as hematopoietic stem and progenitor cells (HSPC). Prolonged exposure of HSPC to 
Wnt3a ND stimulated proliferation and expansion of Lin� Sca-1� c-Kit� cells. Surprisingly, ND lacking Wnt3a contrib-
uted to Lin� Sca-1� c-Kit� cell expansion, an e�ect that was not mediated through �-catenin.
Conclusions:  The data indicate Wnt3a ND constitute a water-soluble transport vehicle capable of promoting ex vivo 
expansion of HSPC.
Keywords:  Murine Wnt3a, Nanodisk, Reconstituted high-density lipoprotein, Hematopoietic stem and progenitor 
cell, �-Catenin, Lipid-modi�ed proteins

' 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Members of the Wnt protein family are morphogens that 
signal cell populations distant from their site of synthesis 
in a concentration-dependent manner. In canonical Wnt 
signaling, an anti-apoptotic cascade is initiated upon Wnt 
binding to cell surface co-receptors, the seven-pass trans-
membrane protein, frizzled, and closely related mem-
bers of the low density lipoprotein receptor family, LRP 
5/6 [1]. Upon engaging its co-receptors, Wnt triggers a 
series of intracellular events that lead to accumulation of 
�-catenin, which migrates to the nucleus and binds to the 
Tcf/Lef family of DNA binding-proteins, transiently con-
verting them into transcriptional activators that induce 
target gene expression. Wnt signaling has been shown 
to be critical in hematopoietic stem cell homeostasis 

by inducing proliferation and reducing di�erentiation, 
thereby promoting functional self-renewal [2].

Each of the nineteen human Wnt proteins and a myriad 
of others from distant species share structural features 
that are essential to function. With few exceptions [3], 
these include a secretory signal sequence, multiple gly-
cosylation sites, numerous cysteine residues that form 
disul�de bonds and a unique serine residue that serves 
as the site for covalent attachment of a long chain fatty 
acid [4]. Murine Wnt3a is fatty acylated with palmitoleic 
acid on serine 209 [5�7]. Replacement of this serine with 
another amino acid abolishes Wnt lipidation and inter-
feres with intracellular processing and secretion of the 
protein [5�7].

Fatty acylation imparts hydrophobicity to Wnt pro-
teins, reducing their aqueous solubility. �is behavior 
may be explained by the highly exposed nature of this 
fatty acid within the context of the overall Wnt structure 
[8]. As a result, all acylated Wnt preparations require 
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detergent micelles to maintain solubility and prevent 
aggregation. Whereas zwitterionic detergents, such as 
CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-
1-propanesulfonate), e�ectively confer solubility to iso-
lated Wnt preparations, they can elicit negative e�ects 
on cell membrane integrity, potentially compromising 
studies of Wnt biological activity [9]. To circumvent this, 
strategies designed to maintain Wnt solubility in the 
absence of detergent micelles have been pursued. �ese 
include incorporating Wnt into liposomes [10], interac-
tion with a lipocalin protein [11] or sequestration of the 
exposed fatty acid by �-methyl cyclodextrin [12].

In the present study, isolated recombinant murine 
Wnt3a has been incorporated into nanoscale reconsti-
tuted high-density lipoprotein (rHDL) particles, termed 
nanodisks (ND). ND are de�ned as rHDL formulated 
in the presence of an extraneous hydrophobic bioactive 
agent [13, 14] or transmembrane protein [15]. ND pos-
sess unique biological properties that distinguish them 
from classical rHDL [16]. Structurally, ND are disk-
shaped ternary complexes of bilayer forming lipids, 
amphipathic protein sca�old and integrated hydrophobic 
bioactive agent or protein. �e lipid moiety of ND is gen-
erally a phospholipid while the sca�old component may 
be a member of the class of exchangeable apolipoproteins 
[13], fragments thereof or a synthetic peptide [17]. As 
depicted in Fig.�1, it is hypothesized that Wnt3a associa-
tion with the bilayer membrane of ND involves insertion 
of its fatty acyl chain into the lipid milieu. �us, ND pro-
vide a membrane-like environment for Wnt3a transport 
akin to lipophorin particles that transport �Wingless�, the 
Drosophila homologue of Wnt [18]. Herein, we show that 
murine Wnt3a associates with ND in a manner that facil-
itates its presentation to target cell receptors in a biologi-
cally active state. Furthermore, the �nding that Wnt3a 
ND induce self-renewal of a population of hematopoietic 
stem and progenitor cells (HSPC), suggest in�vivo appli-
cations are feasible.

Methods
Proteins and�lipids
Murine Wnt3a was expressed in stably transfected Dros-
ophila S2 cells and isolated from conditioned media 
according to Witkowski et� al. [12]. Human apolipo-
protein (apo) A-I was expressed in E. coli and isolated 
as described elsewhere [19]. 1,2-dimyristoyl-sn-glyc-
ero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-
sn-glycero-3-phospho-(1�-rac-glycerol) (DMPG) were 
obtained from Avanti Polar Lipids Inc.

Wnt3a ND formulation
Five milligram DMPC or a mixture of 3.5�mg DMPC and 
1.5� mg DMPG were dissolved in chloroform�methanol 

(3:1, v/v) and dried under a stream of N2 gas, thereby 
coating the walls of a test tube with phospholipid. �e 
sample was further dried under vacuum to remove 
residual organic solvent. �e dried lipids were dispersed 
in 1�ml phosphate bu�ered saline (PBS; 20�mM sodium 
phosphate, pH 7.4, 150� mM NaCl) with vortexing and 
bath sonication. Whereas rHDL formation is induced by 
the addition of apoA-I to such phospholipid dispersions, 
for Wnt3a ND preparations isolated Wnt3a was intro-
duced prior to the addition of apoA-I. Two hundred to 
nine hundred nanogram of Wnt3a (in 1�% CHAPS) was 
added to 200�µg DMPC or DMPC/G mixture (�nal vol-
ume� �� 227� µl). �e �nal concentration of CHAPS was 
not higher than 1.04�mM, well below its critical micelle 
concentration (~6� mM). �e sample was incubated at 
27� °C for 1� h with shaking followed by the addition of 
80� µg apoA-I (�nal volume� �� 250� µl) with continued 
incubation at 24�°C for 45�min. Control incubations lack-
ing phospholipid, apoA-I or Wnt3a were performed in 
parallel, with all �nal sample volumes remaining iden-
tical. �e samples were then centrifuged at 10,000�g 
for 6� min at 4� °C and the recovered supernatant stored 
at 4� °C. In some cases, Wnt3a solubility was assessed 
by centrifugation at 25,000�g for 30�45� min at 4� °C 

Fig. 1  Model depiction of a Wnt ND. When combined, phospholipid 
and apoA-I interact to form discoidal rHDL complexes. When this 
reaction proceeds in the presence of Wnt3a, its covalently bound 
fatty acid is postulated to insert into the ND bilayer



Page 3 of 10Lalefar et al. J Nanobiotechnol  (2016) 14:66 

(TL100.2 rotor, Optima TL Ultracentrifuge, Beckman). 
Following centrifugation, a portion of the supernatant 
was subjected to anti-Wnt3a immunoblot analysis.

Size exclusion chromatography
Wnt3a ND (250� µl) were concentrated by centrifugal 
�ltration (Centricon 50� kDa MWCO) to 70� µl and sub-
jected to HPLC on a 9.4� �� 250� mm Zorbax GF-250 
column equilibrated in PBS plus 0.15�M NaCl. Chroma-
tography was performed on a Perkin-Elmer Series 200 
System at a �ow rate of 1�ml/min. A portion (150�µl) of 
selected fractions was precipitated with chloroform/
methanol after addition of 10�µg bovine serum albumin 
[20]. Pelleted material was solubilized in electrophoresis 
bu�er and subjected to anti-Wnt3a immunoblot.

Immunoblot analysis
Proteins were separated by sodium dodecyl sulfate pol-
yacrylamide gel electrophoresis, transferred to poly-
vinylidene �uoride membrane and probed with rabbit 
anti-mouse Wnt3a (1:6000 dilution, Abcam). Positive 
bands were detected with a horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG antibody (1:5000 dilu-
tion, Jackson Immuno Research). �e amount of Wnt3a 
present in samples was calculated from a standard curve 
generated with isolated Wnt3a [12].

Wnt3a signaling activity
Assays of canonical Wnt3a signaling were conducted 
according to Hannoush [21]. Brie�y, mouse �broblasts 
(LS/L cells) were plated in Dulbecco�s Modi�ed Eagle�s 
medium (DMEM)/10� % fetal bovine serum (FBS) in a 
96-well clear bottom, black walled plate at 25,000�50,000 
cells/well and incubated overnight at 37� °C, 5� % CO2. 
Speci�ed Wnt3a samples were added to the wells (80�
100�% con�uence) in a dilution series and incubated for 
16�18�h. �e cells were �xed in 4�% paraformaldehyde for 
1�h and washed three times with PBS (50�µl/well). Cells 
were permeabilized with PBS/0.1�% Triton X-100 (50�µl/
well) and Odyssey® blocking bu�er (LI-COR, #927-
40000) was added (50�µl/well). After 2�h, the bu�er was 
replaced with anti-mouse �-catenin (1:200; BD, #610154) 
in LI-COR blocking bu�er (20� µl/well), incubated over-
night at 4� °C and washed three times with PBS/0.1� % 
Tween-20. Infrared anti-mouse IRDye800CW second-
ary antibody (1: 200, Rockland Antibodies and Assays 
#610-131-003) and DRAQ5 Fluorescent probe (1: 10,000, 
�ermo Scienti�c, #62254) in PBS/0.5�% Tween-20 were 
then added (20� µl/well). �e plates were incubated for 
1�h at 22�°C, the wells washed three times with PBS/0.1�% 
Tween-20 and supplemented with PBS (50�µl/well). �e 
plates were covered with black seals and imaged on an 
Odyssey infrared scanner using both the 700 and 800�nm 

wavelength channels. Data were acquired using Odyssey 
software, exported and analyzed using Excel. �-Catenin 
values were background subtracted from wells treated 
with secondary antibody only and normalized to total 
DNA �uorescence signal. Activities were calculated from 
the slope of the linear portion of normalized �-catenin 
values versus the logarithm of Wnt3a concentration. 
Assays were performed in triplicate.

Isolation of�HSPC
Murine stem and progenitor cell harvest protocol 
approval was obtained from the Institutional Animal 
Care and Use Committee at Children�s Hospital Oakland 
Research Institute. C57BL/6J mice (Jackson Laborato-
ries) between 6 and 12� weeks of age were sacri�ced by 
CO2 asphyxiation. Whole bone marrow was harvested by 
crushing the femurs/tibia/humeri/pelvic bones in sterile 
PBS without calcium or magnesium, supplemented with 
2� % FBS. Red blood cells were lysed in 0.15� M NH4Cl, 
10.0� mM KHCO3, 0.1� mM EDTA and incubated on ice 
for 3�5� min. Bone marrow derived cells were sepa-
rated by �coll-paque density gradient (1.077�g/ml, Lym-
phoPrep, Stemcell Technologies) to isolate mononuclear 
cells. Mononuclear cells were then incubated with anti-
CD117 (c-kit)-labeled magnetic microbeads on ice for 
30� min. A magnetic LS column with MACS separator 
(Miltenyi Biotec) was used to collect c-kit� mononuclear 
cells according to the manufacturer�s protocol. Lineage 
staining was performed with a cocktail of biotinylated 
anti-mouse antibodies to Mac-1 (CD11b), Gr-1 (Ly-
6G/C), Ter119 (Ly-76), CD3e, and B220 (CD45R) (BioLe-
gend). For detection or sorting, c-Kit-APC, Sca-1-PE-Cy7 
and streptavidin conjugated to APC-Cy7 (BioLegend) 
were employed. Zombie UV Fixable viability kit was 
used for dead cell exclusion. A population of Lin� Sca-1� 
c-kit� (LSK) cells was obtained by analysis and sorting on 
a FACSAria (Becton�Dickinson). Data analysis was per-
formed using FlowJo v10 and BD FACSDIVA software.

Wnt3a mediated e�ects on�cellular �-catenin levels
LSK cells were seeded and cultured (1000 cells per well) 
as described below in the presence or absence of an indi-
cated Wnt3a formulation. After 24�h cells from 12 wells 
were combined, washed with PBS, lysed in RIPA bu�er 
containing protease inhibitors and subjected to immu-
noblot analysis to quantify �-catenin (mouse �-catenin 
monoclonal antibody, 1:2000, BD Transduction Labo-
ratories). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used for normalization (mouse GAPDH 
monoclonal antibody, 1:4000, Ambion). In both cases, 
signal was detected with ECL (Advansta) reagent after 
incubation with HRP-conjugated anti-mouse IgG 
(1:10,000, Pierce).
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LSK cell expansion assays
One thousand sorted LSK cells were cultured in low 
adherence, 96-well round bottom plates with 200� µl 
StemSpan media, 10�% FBS, 100 U/ml penicillin, 100�µg/
ml streptomycin and 25�ng/ml stem cell factor (SCF, Pep-
rotech). Where indicated, the medium was supplemented 
with 100� ng Wnt3a (as Wnt3a CHAPS micelles, Wnt3a 
ND or Wnt3a phospholipid). In control incubations, cells 
were incubated with PBS (alone or supplemented with 
a corresponding amount of 1� % CHAPS) or empty ND. 
Every 48�h one half of the medium was exchanged with 
fresh medium (�Wnt3a formulation). After 6�days, cells 
were collected, counted by hemocytometry and analyzed 
by FACS on a BD LSRFortessa analyzer (Additional �le�1: 
Figure S1 for a representative example). Lineage staining 
was performed with a cocktail of biotinylated anti-mouse 
antibodies as described above. For detection, c-Kit-APC, 
Sca-1-PE-Cy7 and streptavidin conjugated to FITC were 
employed. Zombie violet Fixable viability kit was used for 
dead cell exclusion.

Statistics
Values reported are the average of an indicated num-
ber of experiments and errors are standard errors of the 
mean. Paired, two-tailed Student�s t test was used to cal-
culate statistical signi�cance.

Results
E�ect of�Wnt3a and�apoA-I on�phospholipid light 
scattering intensity
When dispersed in PBS, the glycerophospholipid DMPC 
manifests an opaque, turbid appearance with signi�-
cant light scattering intensity (Fig.� 2). As shown previ-
ously [13, 22], addition of apoA-I to a DMPC dispersion 
induces formation of nanoscale-sized rHDL with reduced 
light scattering intensity. Inclusion of Wnt3a did not 
interfere with apoA-I-mediated transformation of DMPC 
into rHDL. �e �nding that Wnt3a containing reactions 
gave rise to �nal light scattering intensity values lower 
than those containing apoA-I and phospholipid may be 
due to the presence of CHAPS monomers in these sam-
ples. In all cases, when a mixture of DMPC and DMPG 
(70:30 w/w) was employed, although the initial light scat-
tering intensity was lower, similar results were obtained.

Wnt3a ND characterization
Previous studies have shown that, when ND formation is 
induced in the presence of hydrophobic bioactive agents 
or transmembrane proteins, the added components 
become embedded in the lipid milieu of the product par-
ticles [14]. �e term ND was coined to distinguish these 
ternary complexes from binary rHDL. To investigate 
whether Wnt3a physically associates with rHDL to form 

Wnt3a ND, an ultracentrifugation assay was performed. 
Upon dilution of Wnt3a CHAPS stock solution below the 
critical micelle concentration of CHAPS, very little Wnt3a 
is recovered in the supernatant following centrifugation 
(Fig.�3a). By contrast, when Wnt3a CHAPS stock solution 
was diluted into PBS containing CHAPS (1�% w/v), Wnt3a 
was recovered in the supernatant. Similarly, when apoA-I 
was added to Wnt3a and phospholipid to induce ND for-
mation, Wnt3a was recovered in the supernatant. Based 
on quantitative immunoblot analysis, 46���7 and 61���8�% 
of the starting Wnt3a was recovered in the supernatant 
of DMPC- and DMPC/DMPG- derived ND, respectively. 
By contrast, when Wnt3a was added to an aqueous dis-
persion of DMPC without apoA-I, Wnt3a pelleted upon 
ultracentrifugation [10].

Attempts to increase the amount of Wnt3a incorporated 
into a given ND preparation were impeded by the limited 
solubility of Wnt3a and the amount of CHAPS present in 
the Wnt3a stock solution. At a constant Wnt3a concentra-
tion, as the amount of phospholipid and apoA-I in the reac-
tion mix is was reduced, less Wnt3a was recovered in the 
supernatant (Fig.�3b). When the amount of Wnt3a was var-
ied at a �xed phospholipid/apoA-I concentration (Fig.�3c), 
however, a linear relationship was observed between the 
amount of Wnt3a added and the proportion recovered in 
ND. �us, the �nal working solution of Wnt3a ND used in 
experiments also contains �empty� ND. Under these condi-
tions, however, Wnt3a is protected against aggregation and 
remains soluble in aqueous solution.

Fig. 2  E�ect of apoA-I and Wnt3a on phospholipid dispersion light 
scattering intensity. DMPC (blue columns) and DMPC/DMPG (70:30, 
w/w, green columns) were dispersed in PBS (0.6 mM �nal lipid concen-
tration). The following were added to these lipid dispersions: PBS (left), 
apoA-I (middle) or apoA-I � Wnt3a (right). In the latter two cases the 
apoA-I/lipid mass ratio was 1:2.5. Following incubation, sample light 
scattering intensity was measured at 325 nm on a Perkin Elmer LS20 
UV/Vis spectrophotometer. Values reported are the average of two to 
three independent preparations
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�e size and stability of Wnt3a ND were then exam-
ined by gel �ltration chromatography (Fig.�4). Immuno-
blot analysis of a portion of selected column fractions 
revealed that Wnt3a and apoA-I co-elute from the col-
umn with an apparent molecular weight in the range of 
100�kDa. �is value is consistent with previous studies of 
ND [17, 23�25] wherein evidence of discoidal morphol-
ogy was obtained by electron microscopy or atomic force 
microscopy. By contrast, when a control sample contain-
ing apoA-I and Wnt3a, but no phospholipid, was chro-
matographed, apoA-I was recovered in the column eluate 
but Wnt3a was lost (data not shown).

Canonical Wnt signaling activity in�murine �broblasts
To compare the biological activity of di�erent Wnt3a 
formulations, murine �broblasts were incubated with 
Wnt3a CHAPS micelles, Wnt3a ND or Wnt3a phos-
pholipid vesicles. Canonical Wnt signaling activity was 
measured by quantitative infrared immuno�uorescence 
assay of cellular �-catenin levels. Wnt3a ND (DMPC) was 
2.6���0.3 times more active than Wnt3a CHAPS (Fig.�5) 
while Wnt3a ND (DMPC/DMPG) was 2.1� �� 0.3 times 
more active. Comparable values were obtained with 
Wnt3a phospholipid vesicles (no apoA-I). ND prepared 
without Wnt3a had no e�ect on �broblast �-catenin 
levels.

E�ect of�Wnt3a ND on��-catenin levels in�LSK cells
To determine the e�ect of Wnt3a ND on signal trans-
duction in murine HSPC, LSK cells were isolated and 
incubated with Wnt3a CHAPS or Wnt3a ND for 24� h. 

Following incubation the cells were lysed and �-catenin 
content measured by immunoblot. In control incubations 
of PBS plus CHAPS (no Wnt3a), �-catenin levels were 
very low (Fig.� 6). Likewise, incubation with empty ND 
had no measurable e�ect on �-catenin levels. By contrast, 
when LSK cells were incubated with Wnt3a CHAPS or 
Wnt3a ND, the cellular content of �-catenin increased, 
thereby indicating these Wnt3a formulations activate 
canonical Wnt signaling.

E�ect of�Wnt3a ND on�LSK cell proliferation/expansion 
ex�vivo
Given the e�ect of Wnt3a on LSK cell �-catenin levels, 
the e�ect of longer-term incubations with Wnt3a ND 
on proliferation/expansion of the LSK cell pool size was 
examined. All incubations included SCF, which was 
required for cell survival over the six-day culture period. 
At the end of the experiment, total cell proliferation was 
assessed by hemocytometry (Fig.�7a). Compared to LSK 
cells incubated with bu�er, Wnt3a CHAPS and Wnt3a 
ND (DMPC) increased total cell proliferation. �e cells 
were then analyzed by FACS to assess the extent of LSK 
cell expansion versus proliferation with di�erentiation. 
Compared to cells treated with bu�er, Wnt3a CHAPS did 
not change the LSK cell pool size (Fig.�7b). On the other 
hand, both Wnt3a ND preparations (DMPC and DMPC/
DMPG) increased the LSK cell pool size compared with 
Wnt3a CHAPS and bu�er-CHAPS incubations. Unex-
pectedly, compared to incubations with the correspond-
ing bu�er, incubations with empty NDs (i.e. no Wnt3a) 
increased cell proliferation and LSK cell pool size. Hence, 

Fig. 3  Aqueous solubility of Wnt3a formulations. A stock solution of Wnt3a in 1 % CHAPS was diluted into bu�er solutions containing the indicated 
concentrations of lipids and centrifuged at 25,000�g for 30 min (a) or 25,000�g for 45 min (b). A portion of each supernatant was analyzed by 
anti-Wnt3a immunoblot. The mass ratio of lipid to apoA-I was maintained at 2.5:1 and in all cases the Wnt3a concentration was 0.8 µg/ml. c Plot of 
Wnt3a concentration dependent binding to ND. The amount of Wnt3a bound to ND was determined by quantitative immunoblot and ND concen-
tration was calculated assuming two apoA-I per ND. Open circles DMPC; closed circles DMPC/DMPG. Values reported are the average of two to �ve 
independent experiments
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the response of isolated LSK cells to Wnt3a ND appears 
to be a cumulative e�ect of Wnt3a and the ND vehicle 
itself (i.e. rHDL). Although the underlying mechanism 
whereby empty ND can induce LSK cell expansion is 
unclear, evidence (Fig.� 6) indicates it is not mediated 
through �-catenin.

Discussion
�e use of rHDL to solubilize extraneous hydrophobic 
biomolecules has expanded rapidly in recent years. �e 
fact that these discoidal particles possess a planar phos-
pholipid bilayer has led to their use as miniature mem-
branes for integration of transmembrane proteins in a 
native like environment [26]. Likewise, rHDL have been 
used to solubilize a host of small hydrophobic bioactive 
compounds including amphotericin B, all trans retinoic 
acid, curcumin [14], simvastatin [27], a synthetic cati-
onic lipid [28] and cardiolipin [29]. To distinguish these 
complexes from classical rHDL, the term ND is used. 
A potential ND interaction partner that has not been 
explored is the large family of proteins that are modi-
�ed by covalent lipid attachment. �is ubiquitous pro-
tein modi�cation encompasses nearly 1000 proteins with 
wide diversity in both structure and function. Among 
the lipid moieties known to attach to proteins are fatty 

acids, isoprenoids, sterols and phospholipids. One such 
lipid modi�ed protein, whose X-ray structure has been 
solved [8], is the Wnt morphogen. Wnt proteins possess a 
fatty acyl chain that protrudes prominently from one end 
of the protein and is considered largely responsible for 
the detergent micelle requirement to maintain solubil-
ity of isolated Wnt in bu�er. Given the general property 
that lipid modi�ed proteins are attracted to membranes, 
we hypothesized that Wnt may form a stable interac-
tion with rHDL, thereby creating a Wnt ND. �e data 
presented show that, when rHDL are formulated in the 
presence of isolated recombinant murine Wnt3a, it is 
conferred with aqueous solubility in the absence of deter-
gent micelles and co-elutes with apoA-I following gel �l-
tration chromatography. Whereas the classical �detergent 
dialysis� method [15, 22] commonly used to generate 
transmembrane protein-integrated ND gave a poor yield 
of Wnt3a ND (data not shown), the direct solubilization 
method [13] was successfully employed.

In a �broblast-based assay, Wnt3a ND displayed 
enhanced biological activity compared to Wnt3a deter-
gent micelles. Likewise, when incubated with freshly 
isolated HSPC (LSK cells), Wnt3a ND induced �-catenin 
stabilization, a measure of canonical Wnt signaling. 
�ese data indicate that association of Wnt3a with ND 

Fig. 4  Gel �ltration chromatography of Wnt3a ND. A Wnt3a ND preparation was subjected to size exclusion chromatography with collection of 1 ml 
fractions (a). The elution position of standards (670, 132, 66 and 0.4 kDa) is depicted by arrows and the absorbance 280 pro�le for Wnt3a ND elution 
is shown in green. The data are representative of two independent experiments. A portion of selected fractions was analyzed by immunoblot (b) by 
probing with anti-Wnt3a (see orange line in a) and anti-apoA-I (see blue line in a)
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does not interfere with its ability to form a productive 
interaction with its co-receptors, frizzled and LRP 5/6, 
on the plasma membrane of target cells. Whereas it is 
most likely that Wnt3a association with ND involves fatty 
acyl chain insertion into the ND bilayer, it is also evi-
dent that this interaction is reversible since Wnt3a ND 
manifest biological activity. �e results of centrifugation 
experiments and gel �ltration chromatography support 
the conclusion that Wnt3a ND exist as a soluble, rela-
tively stable complex. �us, in cell-based Wnt signaling 
assays, it may be considered that dissociation of Wnt3a 
from ND is induced by exposure to the cell membrane 
or protein constituents therein and, upon exposure, the 
fatty acyl moiety is able to engage the frizzled receptor�s 
cysteine rich domain (CRD). Given the di�erential e�ects 
of Wnt3a CHAPS versus Wnt3a ND on LSK cells expan-
sion in long-term cultures (6�days), it is conceivable that 
Wnt3a ND provide a more stable environment for Wnt3a 
such that sustained pathway activation is achieved. If so, 
this may provide an explanation for the observation that, 
in short-term incubations with LSK cells (Fig.�6), Wnt3a 
CHAPS activated �-catenin to a greater extent than 
Wnt3a ND.

A major advance toward understanding the structural 
properties of Wnt proteins occurred with the report by 

Janda et� al. [8] that the palmitoleoyl moiety of Xenopus 
Wnt8 is highly exposed at one end of the protein and 
penetrates into a hydrophobic pocket of frizzled CRD. 
Insofar as the frizzled CRD employed in this study lacks 
the transmembrane segments of full length frizzled, this 
domain provides a soluble Wnt8 binding module that 
e�ectively prevents Wnt aggregation, allowing for crys-
tallization and X-Ray structure determination of the 
complex. A curious �nding from this study is that the 
N-terminal domain of Wnt8, to which the fatty acid is 
bound, contains a �saposin-like� fold. Saposins are a well-
known family of proteins that adopt a compact helix bun-
dle molecular architecture. At the same time, saposins 
possess lipid surface seeking behavior and in certain 
cases, membrane lytic activity [30].

Based on the structure of Xenopus Wnt8, it does not 
appear that monomeric Wnt is capable of self-seques-
tering its palmitoleoyl moiety from solvent exposure. 
�is implies that, following secretion from cells, Wnts 
are constantly in contact with membranes and/or spe-
ci�c transport proteins. �is contrasts with other lipid 
modi�ed proteins, such as recoverin. Studies of this 

Fig. 5  Relative ability of Wnt3a formulations to activate canonical 
Wnt signaling in mouse �broblasts. Speci�ed Wnt3a formulations 
were incubated with mouse �broblasts for 16�18 h and, following 
incubation, the cells were subjected to immuno�uorescence assay 
of �-catenin and reported as relative speci�c activity. Single and 
double asterisks indicate p < 0.001 and p < 0.02 by the Student�s t 
test when compared to Wnt3a CHAPS and Wnt3a ND (DMPC/DMPG) 
preparations, respectively. n � 5 for each Wnt3a ND preparation and 
n � 3 for average of both Wnt3a DMPC and Wnt3a DMPC/DMPG (no 
apoA-I)

Fig. 6  E�ect of Wnt3a formulations on �-catenin levels in LSK cells. 
LSK cells were incubated with speci�ed Wnt3a preparations as 
described in the �Methods� section at a �nal Wnt3a concentration of 
100 ng/ml. After 24 h the cells were collected, lysed and subjected 
to anti �-catenin or anti GAPDH (loading control) immunoblot, A 
digitized and normalized histogram depicting the relative intensity of 
the �-catenin signal is presented (upper panel). The data reported are 
representative of four independent experiments
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