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Abstract

Background: Wnt proteins modulate development, stem cell fate and cancer through interactions with cell surface
receptors. Wnts are cysteine-rich, glycosylated, lipid modified, 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-l, ternary complexes termed nano-
disks (ND) were generated. ND-associated Wnt3a is soluble in the absence of detergent micelles and gel filtration
chromatography revealed that Wnt3a co-elutes with ND. In signaling assays, Wnt3a ND induced [3-catenin stabiliza-
tion in mouse fibroblasts 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-17 c-Kit™ cell expansion, an effect that was not mediated through B-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, B-Catenin, Lipid-modified proteins

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
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by inducing proliferation and reducing differentiation,
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
disulfide 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. This 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), effectively confer solubility to iso-
lated Wnt preparations, they can elicit negative effects
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. These
include incorporating Wnt into liposomes [10], interac-
tion with a lipocalin protein [11] or sequestration of the
exposed fatty acid by f-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 defined 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 scaffold and integrated hydrophobic
bioactive agent or protein. The lipid moiety of ND is gen-
erally a phospholipid while the scaffold 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. Thus, 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 finding 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
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Fig. 1 Model depiction of a Wnt ND. When combined, phospholipid
and apoA-l 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

(3:1, v/v) and dried under a stream of N, gas, thereby
coating the walls of a test tube with phospholipid. The
sample was further dried under vacuum to remove
residual organic solvent. The dried lipids were dispersed
in 1 ml phosphate buffered 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 ug DMPC or DMPC/G mixture (final vol-
ume = 227 pl). The final concentration of CHAPS was
not higher than 1.04 mM, well below its critical micelle
concentration (~6 mM). The sample was incubated at
27 °C for 1 h with shaking followed by the addition of
80 pg apoA-I (final volume = 250 pl) with continued
incubation at 24 °C for 45 min. Control incubations lack-
ing phospholipid, apoA-I or Wnt3a were performed in
parallel, with all final sample volumes remaining iden-
tical. The samples were then centrifuged at 10,000xg
for 6 min at 4 °C and the recovered supernatant stored
at 4 °C. In some cases, Wnt3a solubility was assessed
by centrifugation at 25,000xg for 30—45 min at 4 °C
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(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 ul) were concentrated by centrifugal
filtration (Centricon 50 kDa MWCO) to 70 pl and sub-
jected to HPLC on a 9.4 x 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 flow rate of 1 ml/min. A portion (150 pl) of
selected fractions was precipitated with chloroform/
methanol after addition of 10 ug bovine serum albumin
[20]. Pelleted material was solubilized in electrophoresis
buffer and subjected to anti-Wnt3a immunoblot.

Immunoblot analysis

Proteins were separated by sodium dodecyl sulfate pol-
yacrylamide gel electrophoresis, transferred to poly-
vinylidene fluoride 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). The 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]. Briefly, mouse fibroblasts
(LS/L cells) were plated in Dulbecco’s Modified 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 % CO,.
Specified Wnt3a samples were added to the wells (80—
100 % confluence) in a dilution series and incubated for
16-18 h. The cells were fixed in 4 % paraformaldehyde for
1 h and washed three times with PBS (50 ul/well). Cells
were permeabilized with PBS/0.1 % Triton X-100 (50 ul/
well) and Odyssey® blocking buffer (LI-COR, #927-
40000) was added (50 pl/well). After 2 h, the buffer was
replaced with anti-mouse B-catenin (1:200; BD, #610154)
in LI-COR blocking buffer (20 ul/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,
Thermo Scientific, #62254) in PBS/0.5 % Tween-20 were
then added (20 ul/well). The 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 pl/well). The
plates were covered with black seals and imaged on an
Odpyssey infrared scanner using both the 700 and 800 nm
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wavelength channels. Data were acquired using Odyssey
software, exported and analyzed using Excel. B-Catenin
values were background subtracted from wells treated
with secondary antibody only and normalized to total
DNA fluorescence 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/6] mice (Jackson Laborato-
ries) between 6 and 12 weeks of age were sacrificed by
CO, 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 NH,CI,
10.0 mM KHCOs;, 0.1 mM EDTA and incubated on ice
for 3-5 min. Bone marrow derived cells were sepa-
rated by ficoll-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-17
c-kit™ (LSK) cells was obtained by analysis and sorting on
a FACSAria (Becton—Dickinson). Data analysis was per-
formed using Flow]o v10 and BD FACSDIVA software.

Wnt3a mediated effects on cellular 3-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 buffer
containing protease inhibitors and subjected to immu-
noblot analysis to quantify -catenin (mouse f-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 pl
StemSpan media, 10 % FBS, 100 U/ml penicillin, 100 pg/
ml streptomycin and 25 ng/ml stem cell factor (SCEF, 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 file 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 significance.

Results

Effect of Wnt3a and apoA-I on phospholipid light
scattering intensity

When dispersed in PBS, the glycerophospholipid DMPC
manifests an opaque, turbid appearance with signifi-
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. The finding that Wnt3a containing reactions
gave rise to final 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]. The term ND was coined to distinguish these
ternary complexes from binary rHDL. To investigate
whether Wnt3a physically associates with rHDL to form

Page 4 of 10

o o
o ©

apparent OD, 325 nm

I
Ff

wd®
wid®
wod®

Fig. 2 Effect 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 final lipid concen-
tration). The following were added to these lipid dispersions: PBS (left),
apoA-1 (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

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 fixed phospholipid/apoA-I concentration (Fig. 3c),
however, a linear relationship was observed between the
amount of Wnt3a added and the proportion recovered in
ND. Thus, the final 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.
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Fig. 3 Aqueous solubility of Wnt3a formu\atlons, A stock solution of Wnt3a in 1 % CHAPS was diluted into buffer solutions containing the indicated
concentrations of lipids and centrifuged at 25,000 x g for 30 min (@) or 25,000 x g for 45 min (b). A portion of each supernatant was analyzed by
anti-Wnt3a immunoblot. The mass ratio of lipid to apoA-l was maintained at 2.5:1 and in all cases the Wnt3a concentration was 0.8 pg/ml. ¢ 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 five

independent experiments

The size and stability of Wnt3a ND were then exam-
ined by gel filtration 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. This 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 fibroblasts

To compare the biological activity of different Wnt3a
formulations, murine fibroblasts were incubated with
Wnt3a CHAPS micelles, Wnt3a ND or Wnt3a phos-
pholipid vesicles. Canonical Wnt signaling activity was
measured by quantitative infrared immunofluorescence
assay of cellular B-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 effect on fibroblast -catenin
levels.

Effect of Wnt3a ND on B-catenin levels in LSK cells

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

Effect of Wnt3a ND on LSK cell proliferation/expansion

ex vivo

Given the effect of Wnt3a on LSK cell f-catenin levels,
the effect of longer-term incubations with Wnt3a ND
on proliferation/expansion of the LSK cell pool size was
examined. All incubations included SCEF, 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 buffer, Wnt3a CHAPS and Wnt3a
ND (DMPC) increased total cell proliferation. The cells
were then analyzed by FACS to assess the extent of LSK
cell expansion versus proliferation with differentiation.
Compared to cells treated with buffer, 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 buffer-CHAPS incubations. Unex-
pectedly, compared to incubations with the correspond-
ing buffer, incubations with empty NDs (i.e. no Wnt3a)
increased cell proliferation and LSK cell pool size. Hence,
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is shown in green. The data are representative of two independent experiments. A portion of selected fractions was analyzed by immunoblot (b) by
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the response of isolated LSK cells to Wnt3a ND appears
to be a cumulative effect 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 B-catenin.

Discussion

The use of rHDL to solubilize extraneous hydrophobic
biomolecules has expanded rapidly in recent years. The
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-
fied by covalent lipid attachment. This ubiquitous pro-
tein modification 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 modified 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 buffer. Given the general property
that lipid modified proteins are attracted to membranes,
we hypothesized that Wnt may form a stable interac-
tion with rHDL, thereby creating a Wnt ND. The 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 fil-
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 fibroblast-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.
These data indicate that association of Wnt3a with ND
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digitized and normalized histogram depicting the relative intensity of
. L . i the B-catenin signal is presented (upper panel). The data reported are
does not interfere with its ability to form a productive representative of four independent experiments

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. The results of centrifugation
experiments and gel filtration chromatography support
the conclusion that Wnt3a ND exist as a soluble, rela-
tively stable complex. Thus, 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 differential effects
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 B-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
effectively prevents Wnt aggregation, allowing for crys-
tallization and X-Ray structure determination of the
complex. A curious finding 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.
This implies that, following secretion from cells, Wnts
are constantly in contact with membranes and/or spe-
cific transport proteins. This contrasts with other lipid
modified proteins, such as recoverin. Studies of this
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Fig. 7 Effect of Wnt3a formulations on LSK cell proliferation/self-renewal. One thousand LSK cells were seeded per well and cultured as described.
After 6 days, three wells were combined, counted and analyzed by flow cytometry. Values reported are normalized to cells cultured in medium sup-
plemented with buffer only (for empty ND) or buffer containing equivalent amount of CHAPS (for Wnt3a ND and Wnt3a CHAPS). a Total cell count
by hemocytometry. Control wells contained 87,000 = 6000 (buffer only) and 76,000 4 6000 (buffer with CHAPS) cells per well. b The LSK cell count
obtained by FACS analysis [final numbers for control were 4690 + 780 (buffer only) and 3650 £ 520 (buffer with CHAPS)]. p values (versus control)

are shown above each column. The data present averages of four independent experiments

calcium-myristoyl switch protein [31] revealed its N-ter-
minal myristoyl moiety is sequestered in an internal cleft
and is exposed by a calcium-triggered conformational
change. Given current knowledge, a similar model can-
not be invoked for Wnt. As a result, isolated Wnt3a is
prone to self-association or precipitation in the absence
of detergent micelles [9, 12]. Given that Wnt’s ability to
function as a morphogen requires transit through aque-
ous media, the general consensus is that it interacts with
transport partners while navigating to its ultimate desti-
nation. A common feature of all such partners is an abil-
ity to protect the hydrophobic fatty acyl moiety from
exposure to the aqueous surroundings. Lipoproteins,
lipocalins, liposomes, cyclodextrins and frizzled CRD
each provide a unique surface/cleft that can accommo-
date a fatty acid. Likewise, detergent micelles undoubt-
edly serve a similar purpose.

If it is assumed that the fatty acyl moiety is exposed,
yet cannot be protected by the Wnt molecule to which
it is attached, it is plausible to invoke lipoprotein bind-
ing or alternate protein-mediated interactions to main-
tain solubility. A conundrum emerges however, because
the sequestered fatty acyl moiety is crucial for Wnt inter-
action with frizzled CRD and subsequent signal trans-
duction. This implies that Wnt exists in equilibrium

with transport partners yet frizzled CRD binding is the
favored interaction partner. How the fatty acyl moiety of
Wnt successfully gains access to frizzled CRD, however,
remains an unanswered question. Insofar as both frizzled
and LRP 5/6 are transmembrane proteins, membrane
contact by Wnt could play a role. For example, contact of
the saposin-like subdomain with target cell membranes
could induce conformational “opening” of its helix bun-
dle, thereby exposing a cryptic membrane interaction
site. Given the close proximity of the palmitoleic acid
moiety and the saposin-like fold, conformational change
in this segment of the protein may alter the orientation of
this fatty acid. If membrane binding via the saposin-like
fold promotes Wnt dissociation from a Wnt transport/
binding partner, then the fatty acyl chain could become
available to interact with the membrane or perhaps, friz-
zled CRD. In this case, following engagement of frizzled,
it is conceivable that the C-terminal cytokine-like domain
of Wnt becomes positioned where interaction with LRP
5/6 is favored. Once these co-receptors are engaged,
canonical Wnt signal transduction proceeds.

In the present study we have demonstrated that murine
Wnt3a interacts with ND. Advantages of ND include
nanoscale size, solubility in aqueous media and an appar-
ent ability to release bound Wnt upon presentation to cell
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surface receptors. It is likely that Wnt association with
ND is dependent upon fatty acyl chain interaction with
the phospholipid bilayer surface. By penetrating into the
ND bilayer, the Wnt fatty acyl chain is effectively pro-
tected from aqueous exposure, thereby maintaining Wnt
in a soluble, monomeric state.

Compared to Wnt3a CHAPS micelles, Wnt3a ND
(formulated with DMPC or DMPC/DMPG) induced
an increase in the number of LSK cells by twofold to
threefold. The effect of Wnt3a ND (DMPC) on LSK cell
numbers compared to Wnt3a ND (DMPC/DMPG) was
similar to their relative abilities to induce canonical Wnt
signaling in mouse fibroblasts. Consistent with this, the
data showed that incubations of Wnt3a ND with HSPC
resulted in stabilization of B-catenin (i.e. canonical Wnt
signaling). Importantly, in vitro and in vivo studies indi-
cate high Wnt signaling activity can drive differentiation
of stem cell populations [32—34]. These findings suggest
that maximal stem cell expansion requires an optimal
level of B-catenin and that over stimulation by excess
Wnt or other factors can increase differentiation.

Further confounding the goal of expanding stem cells
is the observation that, although empty ND had no effect
on P-catenin levels in HSPC, they did elicit a positive
effect on cell proliferation and LSK cell pool size. Thus,
the effect of Wnt3a ND on LSK cell expansion is a cumu-
lative effect of Wnt3a and the ND (rHDL) vehicle itself.
Given the unexpected nature of this finding, we exam-
ined the literature for precedent. In one case, Feng et al.
[35] reported that low-density lipoprotein (LDL) pro-
motes HSPC proliferation and increased differentiation
to monocytes and neutrophils. At the same time, these
authors observed that inclusion of HDL inhibited LDL-
induced HSPC proliferation in vitro. Although these data
infer that HDL exerts an inhibitory effect on HSPC pro-
liferation, the authors did not examine the effect of HDL
directly. However, on the basis of in vivo experiments
wherein rHDL was administered to ldilr (—/—) mice, a
reduction in LSK cells was reported.

Others have speculated that HDL binding to scav-
enger receptor type Bl, via interaction with apoA-I,
may regulate HSPC [36]. In keeping with this, in vivo
administration of apoA-I led to fewer LSK cells in wild
type mice than scarbl (—/—) mice, when fed a high fat
diet. In another study employing genetically engineered
mice, a combined deficiency of abcal and abcgl was
associated with increased LSK cell numbers, an effect
that was suppressed when these mice were crossed
with apoA-I transgenic mice [37]. On the basis of these
results, it may be implied that HDL (or rHDL) exert a
negative effect on HSPC self-renewal. While our results
show an increase in LSK cell numbers when HSPC are
incubated with rHDL in vitro, experimental differences
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make direct comparisons difficult. For example, no previ-
ous studies have examined the effect of rHDL on HSPC
self-renewal in vitro. Many factors, including the use of
genetically modified mouse strains and the complexity of
the in vivo setting may affect the outcome. As such, addi-
tional experiments will be required to fully characterize
the effect of reconstituted or native HDL on HSPC self-
renewal in vivo and in vitro. At the same time, the data
presented herein support the conclusion that Wnt3a ND
are capable of inducing HSPC expansion ex vivo for use
in stem cell therapy applications.

Conclusions

Recombinant murine Wnt3a has been stably incor-
porated into apolipoprotein-stabilized nanoscale disk
shaped lipid particles termed nanodisks (ND). Wnt3a
and the apolipoprotein scaffold protein co-elute when
Wnt3a ND are subjected to gel filtration chromatogra-
phy. Wnt3a ND activate canonical Wnt signaling in cul-
tured fibroblasts and induce expansion of hematopoietic
stem and progenitor cells ex vivo. This study is the first
report of lipid modified protein incorporation into ND.

Additional file

Additional file 1: Figure S1. Flow cytometry analysis of LSK cell prolif-
eration. One thousand LSK cells were seeded into the wells of a culture
plate. Following 6 days incubation under various conditions, cells from
three wells of each condition were combined and analyzed by FACS. Indi-
vidual plots, representative of an experiment conducted on four separate
occasions, are shown. Negative lineage cells (positive for both Sca-1-PE-
Cy7 and c-Kit-APC) are indicated by the box.

Abbreviations

rHDL: reconstituted high-density lipoprotein; CHAPS: 3-[(3-cholamidopropyl)
dimethylammoniol-1-propanesulfonate; ND: nanodisk; HSPC: hematopoietic
stem and progenitor cell; Apo: apolipoprotein; DMPC: 1,2-dimyristoyl-sn-
glycero-3-phosphocholine; DMPG: 1,2-dimyristoyl-sn-glycero-3-phospho-(1/-
rac-glycerol); DMPC/G: DMPC/DMPG; PBS: phosphate buffered saline; DMEM:
Dulbecco’s Modified Eagle’s medium; FBS: fetal bovine serum; LSK: Lin™ Sca-1+
c-kit*; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; SCF: stem cell
factor; CRD: cysteine rich domain; LDL: low-density lipoprotein.

Authors’ contributions

NRL, JBS and AW acquisition and interpretation of data, manuscript prepara-
tion and editing; ROR design conception, data interpretation, manuscript
preparation and editing. All authors read and approved the final manuscript.

Author details

! Children’s Hospital Oakland Research Institute, 5700 Martin Luther King Jr.
Way, Oakland, CA 94609, USA. 2 Department of Hematology/Oncology, UCSF
Benioff Children’s Hospital Oakland, 747 52nd Street, Oakland, CA 94609,
USA.3 Department of Micro- and Nanotechnology, DTU Nanotech, Technical
University of Denmark, Lyngby, Denmark.

Acknowledgements
The authors thank Jennifer Beckstead for technical support and Dr. Tim Blau-
wkamp for helpful advice and discussions.

Competing interests
The authors declare that they have no competing interests.


http://dx.doi.org/10.1186/s12951-016-0218-5

Lalefar et al.  Nanobiotechnol (2016) 14:66

Funding

This research was supported by a Clinical Fellowship from the California
Institute of Regenerative Medicine to NRL (TG2-01164), a grant from Jordan
Family Fund and the NIH (R37 HL64159 and K18 HL102257). JBS acknowledges
support from the Danish Villum Kann Rasmussen and Ib Mogens Kristiansen

Almene Foundations.

Received: 25 May 2016 Accepted: 10 August 2016
Published online: 23 August 2016

References

1.

2.

Jansson L, Kim GS, Cheng AG. Making sense of Wnt signaling-linking hair
cell regeneration to development. Front Cell Neurosci. 2015;9:00066.
Reya T, Duncan AW, Ailles L, Domen J, Scherer DC, Willert K, Hintz L, Nusse
R, Weissman IL. A role for Wnt signalling in self-renewal of haematopoi-
etic stem cells. Nature. 2003:423:409-14.

Chu ML, Ahn VE, Choi HJ, Daniels DL, Nusse R, Weis WI. Struc-

tural studies of Wnts and identification of an LRP6 binding site.

Structure. 2013;21:1235-42.

Willert K, Nusse R. Wnt proteins. Cold Spring Harb Perspect Biol.
2012;4:2007864.

Doubravska L, Krausova M, Gradl D, Vojtechova M, Tumova L, Lukas J,
Valenta T, Pospichalova V, Fafilek B, Plachy J, et al. Fatty acid modification
of Wnt1 and Wnt3a at serine is prerequisite for lipidation at cysteine and
is essential for Wnt signalling. Cell Signal. 2011,23:837-48.

Franch-Marro X, Wendler F, Griffith J, Maurice MM, Vincent J-P. In vivo role
of lipid adducts on Wingless. J Cell Sci. 2008;121:1587-92.

Takada R, Satomi Y, Kurata T, Ueno N, Norioka S, Kondoh H, Takao T, Takada
S. Monounsaturated fatty acid modification of Wnt protein: its role in Wnt
secretion. Dev Cell. 2006;11:791-801.

Janda CY, Waghray D, Levin AM, Thomas C, Garcia KC. Structural basis of
Wnt recognition by frizzled. Science. 2012;337:59-64.

Dhamdhere GR, Fang MY, Jiang J, Lee K, Cheng D, Olveda RC, Liu B, Mulli-
gan KA, Carlson JC, Ransom RC, et al. Drugging a stem cell compartment
using Wnt3a protein as a therapeutic. PLoS One. 2014;9:e83650.

Morrell NT, Leucht P, Zhao L, Kim JB, ten Berge D, Ponnusamy K, Carre

AL, Dudek H, Zachlederova M, McElhaney M, et al. Liposomal packag-

ing generates Wnt protein with in vivo biological activity. PLoS One.
2008;3:€2930.

. Mulligan KA, Fuerer C, Ching W, Fish M, Willert K, Nusse R. Secreted

Wingless-interacting molecule (Swim) promotes long-range signaling by
maintaining Wingless solubility. Proc Natl Acad Sci USA. 2012;109:370-7.
Witkowski A, Krishnamoorthy A, Su B, Beckstead JA, Ryan RO. Isolation
and characterization of recombinant murine Wnt3a. Protein Expr Purif.
2015;106:41-8.

Ryan RO. Nanodisks: hydrophobic drug delivery vehicles. Expert Opin
Drug Deliv. 2008;5:343-51.

Ryan RO. Nanobiotechnology applications of reconstituted high density
lipoprotein. J Nanobiotechnology. 2010;8:28.

Schuler MA, Denisov IG, Sligar SG. Nanodiscs as a new tool to examine
lipid-protein interactions. Methods Mol Biol. 2013;974:415-33.

Krause BR, Remaley AT. Reconstituted HDL for the acute treatment of
acute coronary syndrome. Curr Opin Lipidol. 2013;24:480-6.

Tufteland M, Pesavento JB, Bermingham RL, Hoeprich PD Jr, Ryan RO.
Peptide stabilized amphotericin B nanodisks. Peptides. 2007;28:741-6.
Panakova D, Sprong H, Marois E, Thiele C, Eaton S. Lipoprotein

particles are required for Hedgehog and Wingless signalling. Nature.
2005;435:58-65.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

Page 10 of 10

Ryan RO, Forte TM, Oda MN. Optimized bacterial expression of human
apolipoprotein A-I. Protein Expr Purif. 2003;27:98-103.

Wessel D, Flugge Ul. A method for the quantitative recovery of protein in
dilute solution in the presence of detergents and lipids. Anal Biochem.
1984;138:141-3.

Hannoush RN. Kinetics of Wnt-driven beta-catenin stabilization revealed
by quantitative and temporal imaging. PLoS One. 2008;3:e3498.

Jonas A. Reconstitution of high-density lipoproteins. Methods Enzymol.
1986;128:553-82.

Efremov RG, Leitner A, Aebersold R, Raunser S. Architecture and
conformational switch mechanism of the ryanodine receptor. Nature.
2015;517:39-43.

Ghosh M, Ren G, Simonsen JB, Ryan RO. Cationic lipid nanodisks as an
SiRNA delivery vehicle. Biochem Cell Biol. 2014;92:200-5.

Ghosh M, Singh AT, Xu W, Sulchek T, Gordon LI, Ryan RO. Curcumin nano-
disks: formulation and characterization. Nanomedicine. 2011;7:162-7.
Malhotra K, Alder NN. Advances in the use of nanoscale bilayers to study
membrane protein structure and function. Biotechnol Genet Eng Rev.
2014,30:79-93.

Duivenvoorden R, Tang J, Cormode DP, Mieszawska AJ, Izquierdo-Garcia
D, Ozcan C, Otten MJ, Zaidi N, Lobatto ME, van Rijs SM, et al. A statin-
loaded reconstituted high-density lipoprotein nanoparticle inhibits
atherosclerotic plaque inflammation. Nat Commun. 2014;5:3065.

Ghosh M, Ryan RO. ApoE enhances nanodisk-mediated curcumin deliv-
ery to glioblastoma multiforme cells. Nanomedicine. 2014;9:763-71.

lkon N, Su B, Hsu FF, Forte TM, Ryan RO. Exogenous cardiolipin localizes to
mitochondria and prevents TAZ knockdown-induced apoptosis in mye-
loid progenitor cells. Biochem Biophys Res Commun. 2015;464:580-5.
Olmeda B, Garcia-Alvarez B, Perez-Gil J. Structure-function correlations of
pulmonary surfactant protein SP-B and the saposin-like family of proteins.
Eur Biophys J. 2013;42:209-22.

Ames JB, Lim S. Molecular structure and target recognition of neuronal
calcium sensor proteins. Biochim Biophys Acta. 2012;1820:1205-13.
Famili F, Brugman MH, Taskesen E, Naber BAE, Fodde R, Staal FJT. High
levels of canonical Wnt signaling lead to loss of stemness and increased
differentiation in hematopoietic stem cells. Stem Cell Rep. 2016;6:652-9.
Kirstetter P, Anderson K, Porse BT, Jacobsen SE, Nerlov C. Activation of
the canonical Wnt pathway leads to loss of hematopoietic stem cell
repopulation and multilineage differentiation block. Nat Immunol.
2006;7:1048-56.

Scheller M, Huelsken J, Rosenbauer F, Taketo MM, Birchmeier W, Tenen
DG, Leutz A. Hematopoietic stem cell and multilineage defects generated
by constitutive beta-catenin activation. Nat Immunol. 2006,7:1037-47.
Feng Y, Schouteden S, Geenens R, Van Duppen V, Herijgers P, Holvoet

P, Van Veldhoven PP, Verfaillie CM. Hematopoietic stem/progenitor cell
proliferation and differentiation is differentially regulated by high-density
and low-density lipoproteins in mice. PLoS One. 2012;7:e47286.

Gao M, Zhao D, Schouteden S, Sorci-Thomas MG, Van Veldhoven PP,
Eggermont K, Liu G, Verfaillie CM, Feng Y. Regulation of high-density
lipoprotein on hematopoietic stem/progenitor cells in atherosclerosis
requires scavenger receptor type Bl expression. Arterioscler Thromb Vasc
Biol. 2014;34:1900-9.

Yvan-Charvet L, Pagler T, Gautier EL, Avagyan S, Siry RL, Han S, Welch CL,
Wang N, Randolph GJ, Snoeck HW, Tall AR. ATP-binding cassette trans-
porters and HDL suppress hematopoietic stem cell proliferation. Science.
2010;328:1689-93.



	Wnt3a nanodisks promote ex vivo expansion of hematopoietic stem and progenitor cells
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Proteins and lipids
	Wnt3a ND formulation
	Size exclusion chromatography
	Immunoblot analysis
	Wnt3a signaling activity
	Isolation of HSPC
	Wnt3a mediated effects on cellular β-catenin levels
	LSK cell expansion assays
	Statistics

	Results
	Effect of Wnt3a and apoA-I on phospholipid light scattering intensity
	Wnt3a ND characterization
	Canonical Wnt signaling activity in murine fibroblasts
	Effect of Wnt3a ND on β-catenin levels in LSK cells
	Effect of Wnt3a ND on LSK cell proliferationexpansion ex vivo

	Discussion
	Conclusions
	Authors’ contributions
	References


