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ARTICLE INFO ABSTRACT

Keywords: The transmembrane receptor LGR5 potentiates Wnt/p-catenin signaling by binding both secreted R-spondin
R-spondin-3 (RSPOs) and the Wnt tumor suppressors RNF43/ZNRF3, directing clearance of RNF43/ZNRF3 from the cell
LF;RS surface. Besides being widely used as a stem cell marker in various tissues, LGR5 is overexpressed in many types
]];l:f; (;leeizery of malignancies, including colorectal cancer. Its expression characterizes a subpopulation of cancer cells that play
Doxorubicin a crucial role in tumor initiation, progression and cancer relapse, known as cancer stem cells (CSCs). For this

reason, ongoing efforts are aimed at eradicating LGR5-positive CSCs.

Here, we engineered liposomes decorated with different RSPO proteins to specifically detect and target LGR5-
positive cells. Using fluorescence-loaded liposomes, we show that conjugation of full-length RSPO1 to the
liposomal surface mediates aspecific, LGR5-independent cellular uptake, largely mediated by heparan sulfate
proteoglycan binding. By contrast, liposomes decorated only with the Furin (FuFu) domains of RSPO3 are taken
up by cells in a highly specific, LGR5-dependent manner. Moreover, encapsulating doxorubicin in FuFuRSPO3
liposomes allowed us to selectively inhibit the growth of LGR5-high cells. Thus, FuFuRSPO3-coated liposomes
allow for the selective detection and ablation of LGR5-high cells, providing a potential drug delivery system for

Cancer stem cells

LGR5-targeted anti-cancer strategies.

1. Introduction

The leucine-rich repeat-containing G protein—coupled receptor 5
(LGR5) belongs to a small family of seven-pass transmembrane proteins
(LGR4/5/6) that are known to potentiate the Wnt/p-catenin signaling
pathway [1-3] by binding R-spondin (RSPO) ligands and promote the
internalization of the Wnt antagonists RNF43/ZNRF3 [4-8]. The RSPO
family comprises four members of secreted proteins that contain two
Furin-like repeats (Ful and Fu2), a Thrombospondin type 1 (TSP)
domain, a basic region (BR) and a positively charged C-terminal region
[9]. While the Ful and Fu2 domains are responsible for binding RNF43
and LGRS respectively [6,11,12], the TSP/BR domain is known to
interact with heparan sulfate proteoglycans (Fig. 1a) [13-15].

In healthy tissues, LGR4 is expressed in broad domains at low to

moderate levels, while LGR5 and LGR6 expression patterns remain
restricted to adult stem cell populations that require Wnt signaling for
their homeostatic maintenance, e.g. in the gastrointestinal tract and skin
[16-20]. Furthermore, LGR4-6 family members are frequently co-
overexpressed in a variety of tumor types, including colorectal,
ovarian and breast cancer and hepatocellular carcinoma [21-25]. In
particular, high expression levels of LGR5 are linked to cancer stem cells
(CSCs), a subpopulation of therapy-resistant cells that are able to refuel
tumor growth [26]. In agreement, LGR5™" cells possess tumor-initiating
properties [27], play a role in tumor progression [28,29] and are held
responsible for cancer relapse [30,31]. While LGR5™ cells are capable to
escape primary colorectal tumors and seed distant liver metastases, the
outgrowth of metastatic lesions is dependent on the re-emergence of
LGR5" CSCs [32]. Consistently, specific ablation of LGR5" CSCs

Abbreviations: RSPO, R-spondin; CSC, Cancer stem cell; LGR, Leucine-rich repeat-containing G protein-coupled receptor; Fu, Furin.
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strongly inhibits the development and maintenance of colorectal cancer
metastasis, while primary tumor growth is halted temporarily [28,33].

The therapeutic need to neutralize CSCs has driven several efforts to
develop LGR5-targeted cancer strategies over recent years [24,34].
Promising findings were reported for the application of LGR5 antibody-
drug conjugates (ADC) that demonstrated tumor efficacy in xenotrans-
plant mouse models for colorectal cancer [24,35]. Depending on the
nature of the drug and targeted tissue, however, LGR5-ADC treatment
may associate with gut toxicity due to on-target effects in healthy cells or
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local release of the conjugated drug [24].

An alternative strategy for effective drug delivery is the encapsula-
tion of drugs in liposomal carriers [36]. Liposomal formulations are
found to protect compounds from early inactivation, degradation and
dilution in the circulation [37], thus offering improved pharmacoki-
netics while reducing systemic toxicity [38,39]. Furthermore, liposomes
can be surface modified with targeting ligands, allowing for improved
delivery to target cell populations with selectively increased expression
of membrane receptors [40].
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Fig. 1. Generation of functional RSPO1-coupled liposomes. (a) Schematic of full-length RSPO1 with an additional 6xHIS and Cys for its coupling to calcein-loaded
liposomes via Maleimide. Fu, Furin; TSP/BR, thrombospondin/basic region; 6H, 6xHIS; C, cysteine. (b) Gel filtration elution pattern and Coomassie Blue staining of
the multistep protein purification of RSPO1. (c¢) Coupling of RSPO1 to calcein-loaded liposomes in the presence of various TCEP concentrations. B, bound fraction; S,
soluble fraction. (d) RSPO1-liposomes potentiate Wnt signaling comparable to purified RSPO1. Wnt luciferase reporter assay in HEK293T cells treated with 50 nM
RSPO1-liposomes versus 50 nM purified RSPO1. Graph shows average luciferase reporter activities +/— SD. (e) RSPO1-liposomes support long term mouse small
intestinal (si) organoid growth. Bright field images of organoids 21 days in culture and 3 days after passaging in the presence of RSPO1-liposomes. Right image shows
zoom in of area indicated in left image. Scale bars, 25 pm. (f) RSPO1 does not potentiate Wnt signaling in HAP1 LGR4/5/6 KO (Null) cells. HAP1 WT and Null cells
treated with increasing concentrations of RSPO1-conditioned medium (CM) in 10% Wnt3a-CM. Representative graph showing fluorescence of the TOP-GFP reporter
measured by FACS (n = 3). **** (p < 0.0001), ns (non-significant). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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Here, we employ the LGR-ligand RSPO to develop a liposome-based
tool for targeting LGR5™ cells. In contrast to an earlier report [34], our
results show that full-length RSPO1-coupled liposomes are not suitable
for targeting LGR5™ cells, due to their prominent LGR5-independent
uptake. The broad cellular uptake of RSPO1-liposomes is mediated by
binding of the TSP/BR domain to heparan sulfate proteoglycans that are
distributed ubiquitously on the surface of many cell types [41]. We
overcome this issue by coupling RSPO3 Furin-like domains (FuFuR-
SPO3), which display high affinity to LGR5 [1], to the surface of lipo-
somes and allow for specific recognition of LGR5-overexpressing cells.
Lastly, we show that doxorubicin-loaded liposomes with FuFuRSPO3
coupled to the liposomal surface mediate selective depletion of LGR5-
high expressing cells, including cancer cell lines (colorectal and liver)
and Adenomatous Polyposis Coli (APC)-mutant small intestinal orga-
noids, providing proof of concept for the development of LGR5™ CSC-
targeted treatment strategies.

2. Materials and methods
2.1. Plasmids and antibodies

RSPO1-6xHis-Cys, encoding the RSPO1 protein with a free cysteine
at its C-terminus followed by a TEV site and a 6xHis tag, was subcloned
into pcDNA4/TO by PCR using human RSPO1 cDNA (Source Bio-
Sciences) as a template. FuFuRSPO3-APEX2-V5-6xHis-Cys encodes for
the Furin domains (amino acids 1-146) of human RSPO3 fused to the
ascorbate peroxidase APEX2 (a kind gift from Marian Kalocsay, Harvard
Medical School, Boston) for increased protein stability. The Ful/2 do-
mains of RSPO3 (DNA SU plasmid repository, amino acids 1-146) were
subcloned via PCR and placed upstream of (GGSS)2-APEX2-V5 in
pcDNA4/TO after which a double 6xHis-tag and a cysteine were added
to the C-terminus of APEX2. Inducible N-terminal SNAP-tagged mature
human LGR5 (iISNAP-LGR5) was generated by PCR-subcloning human
LGRS (kind gift of Hans Clevers, Hubrecht, Utrecht) behind a mouse H2-
Kb signal sequence and a SNAP-tag in pcDNA4/TO [42]. All constructs
were sequence verified. For immunoblot mouse anti-His (AD1.1.10;
SantaCruz) was used in combination with goat anti-mouse Alexa®®?
(Invitrogen).

2.2. Cell and organoid cultures

Human Embryonic Kidney (HEK) 293T, iSNAP-LGR5 HEK293TR and
Huh7 cells were cultured in DMEM high glucose (Invitrogen), respec-
tively, supplemented with 10% fetal bovine serum (GE Healthcare), 2
mM UltraGlutamine (Lonza), 100 units/mL penicillin and 100 pg/mL
streptomycin (Invitrogen). The medium for iSNAP-LGR5 HEK293TR
cells contained Blasticidin (10 pg/mL) and Zeocin (100 pg/mL) to select
for the Tet-R and the iSNAP-LGRS5 plasmid. Wildtype mouse fibroblasts
(MEFs) and Lgr4/5/6 triple knockout mouse fibroblast with Super-
TopFlash (kind gift of Reversade lab) were cultured in MEMalpha with
nucleosides (Gibco) supplemented with 10% fetal bovine serum (GE
Healthcare), 100 units/mL penicillin and 100 pg/mL streptomycin
(Invitrogen). HAP1-7TGP and HAP1-7TGP LGR4/5/6 triple knockout
cells were grown in Iscove’s Modified Dulbecco’s Medium (IMDM) with
L-Glutamin, with Hepes without Alpha-Thioglycerol (Gibco) supple-
mented with 10% fetal bovine serum (GE Healthcare), 100 units/mL
penicillin and 100 pg/mL streptomycin (Invitrogen). LoVo cells were
cultured in DMEM/F12 with Glutamine (Gibco) supplemented with 10%
fetal bovine serum (GE Healthcare), 100 units/mL penicillin, 100 pg/mL
streptomycin (Invitrogen) and 1 mM Sodium Pyruvate (Gibco). All cells
were cultured at 37 °C in 5% CO2. Wnt3a-conditioned medium (CM)
was obtained from L-cells stably expressing and secreting Wnt3a [43]
cultured in DMEM low glucose (Invitrogen). RSPO- and Noggin-CM
were produced as described before [44]. For p-catenin-mediated re-
porter assays, cells were stimulated overnight (o/n). Transfections were
performed using either FuGENE 6 (Promega) according to
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manufacturer’s protocol for p-catenin-mediated reporter assays and
microscopy or polyethylenimine (PEI) for protein expression.

Small intestinal C57BL/6 mouse organoids (kindly provided by Bon-
Kyoung Koo, IMBA, Austria) were cultured in matrigel (Corning) or BME
(Cultrex, 3536-005-02) drops in AdvDMEM-+++ (Advanced DMEM/
F12 medium (Invitrogen) supplemented with 0.01 M Hepes (Gibco), 1 x
GlutaMAX (Gibco), 100 U/mL penicillin, 100 pg/mL streptomycin)with
5% human RSPO1 CM (corresponding to 370 ng/mL RSPO1), 100 ng/
mL recombinant murine Noggin (PeproTech, UK) or 2.5% human
Noggin CM, 50 ng/mL recombinant murine EGF (Gibco), 1x B-27 sup-
plement (Invitrogen), 1x N-2 supplement (Invitrogen), 1.25 mM n-
Acetyl Cysteine (Sigma-Aldrich) (AdvDMEM+++). To assess the ability
of liposomal RSPO1 to support organoid growth, organoid cultures were
split and RSPO1-conditioned medium was replaced with an equivalent
amount of liposome-coupled RSPO1 or purified protein, as a control.
APC-mutant organoids were generated from small intestinal C57BL/6
mouse organoids using CRISPR-Cas9 targeting exon 15 to create the
homozygous Y620LfsX630 mutation.

2.3. Recombinant human RSPO1 and FuFuRSPO3APEX expression and
purification

Recombinant human RSPO1 or FuFuRSPO3APEX was produced in
HEK293T cells grown in a cell factory (2528 cm? culture area, Thermo
Fisher Scientific) and transfected with 275 pg RSPO1- or
FuFuRSPO3APEX-encoding plasmids by using PEL After six hours, the
medium was replaced with Advanced DMEM/F12 medium supple-
mented with 0.01 M Hepes, 1x GlutaMAX, 100 U/mL penicillin, 100 pg/
mL streptomycin to allow RSPO secretion in a low protein medium to
facilitate the purification. Supernatant was harvested four days after
transfection, cleared by centrifugation and stored at 4 °C.

RSPO was purified using a two-step immobilized metal ion affinity
chromatography (IMAC) procedure. First, the supernatant was incu-
bated o/n at 4 °C with Ni Sepharose excel beads (GE Healthcare). The
next day, RSPO-bound excel beads were harvested by low-speed
centrifugation, packed into a Tricorn chromatography column and
placed in the AKTA-purifier system (Amersham Biosciences). The col-
umn was equilibrated with buffer A (500 mM NaCl, 20 mM Hepes, pH
7.5), washed with 15 mM imidazole in buffer A and bound proteins were
eluted in 1 mL fractions using 300 mM imidazole in buffer A for 20 min
at 1 mL/min. Peak fractions were determined by SDS-PAGE and Coo-
massie staining. Peak fractions were pooled and diluted to 50 mL with
buffer A, leading to a final imidazole concentration of 36 mM. This
sample was loaded on an equilibrated 1 mL HisTrap HP column (GE
Healthcare) using the AKTA system and bound proteins were eluted in
0.5 mL fractions using two linear gradients of 1 M imidazole in buffer A,
0-1% for 10 min followed by 1-50% for 20 min both at a flow rate of 0.5
mL/min. Peaks fractions were analysed by SDS-PAGE and Coomassie
staining to assess purity and apparent MW. For RSPO1 purification, peak
fractions were pooled and concentrated using Vivaspin 20 concentrators
(MWCO 3 kDa, GE Healthcare) to 0.5 mL. This was subsequently applied
to a Superdex200 10/300 gelfiltration column to separate full length
protein from a smaller degradation product. Proteins were eluted in 0.5
mL fractions in Hepes buffered saline (HBS) (10 mM HEPES pH 7.5, 136
mM NaCl). Peak fractions of the first elution peak were pooled and
concentrated to 1 mL. The final purified protein was aliquoted and
stored at —80 °C in low protein binding tubes (Eppendorf). Concentra-
tions of purified RSPOs were estimated by comparison to a standard
bovine serum albumin (BSA) curve using SDS PAGE and Coomassie
staining. Coomassie stained protein was imaged using the Amersham
Typhoon NIR laser scanner and quantified using Image Quant TL soft-
ware V8.1 (Cytiva).

2.4. Preparation of liposomal RSPO

Liposomes containing DMPC (1,2-dimyristoyl-sn-glycero-3-
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phosphocholine) or DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line), DSPE-PEG(2000) (1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[amino(polyethylene glycol)-2000] (ammonium salt), DSPE-
PEG(2000) Maleimide (1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[maleimide(polyethylene glycol)-2000] (ammonium salt), and
cholesterol at a 20:1.6:0.4:20 M ratio were prepared by the lipid film
hydration and extrusion method [45]. Briefly, lipids were dissolved in
CHCl3/MeOH (1:1 (v/v) ratio) in a round bottom flask and solvent was
evaporated using a rotary evaporator device. The formed lipid film was
further dried under a stream of nitrogen to remove traces of organic
solvent.

To obtain calcein-loaded liposomes, the thin lipid film was hydrated
with 75 mM calcein solution in Hepes pH 7, containing 10 mM EDTA by
vigorously vortexing in the presence of glass beads. The formed multi-
lammelar liposomes were subsequently extruded through polycarbonate
filters with pore sizes varying from 0.1 to 0.2 pm using a hand extruder
(Avanti Polar Lipids) to obtain unilamellar vesicles in the size range of
100-250 nm. Liposomes were then pelleted by ultracentrifugation
(100.000 xg, 1 h, RT) and washed three times by centrifugation and
resuspended in HBS with 10 mM EDTA. For RSPO coupling, purified
proteins were mixed with liposomes and incubated for 1 h at RT fol-
lowed by o/n incubation at 4 °C. After coupling, liposomes were
centrifuged for 1 h at 100.000 xg at 4 °C (Beckman Optima TL, TLA45
rotor). Liposomes were washed twice with 1 mL HBS to remove free
calcein and unbound RSPO. Lastly, liposomes were resuspended in 1
volume of HBS. To obtain doxorubicin-loaded liposomes an ammonium
sulfate gradient was used [46]. Briefly, the lipid film was resuspended in
240 mM (NH4)2SO4, 1 mM EDTA. The formed liposomes were extruded,
pelleted and resuspended as described above. Next, purified RSPO was
directly mixed with liposomes at 15 pg/mL and incubated for 1 h at
37 °C. The liposome RSPO mixture was diluted with 1 volume doxoru-
bicin (1 mg/mL) and incubated for 2 h at 37 °C followed by o/n incu-
bation at 4 °C. The next day, liposomes were centrifuged for 1 h at
100.000 xg at 4 °C and washed twice with 1 mL HBS to remove free
doxorubicin and unbound RSPO. Finally, liposomes were resuspended in
1 volume of HBS.

2.5. Liposome characterization

The final concentration of liposomes was determined by phosphate
analysis according to Rouser et al. [47]. The average size distribution of
the various liposome batches was determined by Dynamic Light Scat-
tering (DLS) using 20 pL liposomes diluted in 3 mL 10 mM Hepes pH 7. 1
mL of diluted liposome suspension was transferred to a quartz batch
cuvette (Malvern, UK) and measured on a Malvern Zetasizer Nano ZS.
The zeta potential was determined by Phase analysis light scattering
(PALS). To this extent, liposomes were diluted 1:150 in 10 mM Hepes
pH 7 and transferred to a Malvern cuvette with electrode. Zeta potential
was measured on a Malvern Zetasizer Nano ZS instrument. Liposomal
calcein concentrations were determined on a Nanodrop ND-1000 spec-
trophotometer (Thermo Scientific) at 495 nm and calculated based on
the extinction coefficient of 18,258 M~ em-1 [48]. Liposomal doxoru-
bicin concentration was determined after adding 0,1 volume of 10%
TX100 and measuring the absorbance at 480 nm on a Nanodrop ND-
1000 spectrophotometer using a standard curve of doxorubicin.
Measured values are included in Supplemental Table 1. For viability
assays, liposome concentrations were equalized based on phosphate
content.

2.6. Western blotting

Western blotting was performed using standard procedures with
Immobilon-FL. PVDF membranes (Millipore). In short: after protein
transfer, the membranes were blocked for 1 h at RT in 1:1 ratio Odyssey
blocking buffer (LI-COR): PBS. Primary antibodies were incubated o/n
at 4 °C and secondary antibodies for 1 h at RT in the dark in PBS with
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0.1% Tween 20. The Typhoon (GE Healthcare) infrared imaging system
was used for immunoblot analysis.

2.7. p-catenin-mediated reporter assays

HEK293T cells were seeded in 24-well plates and transfected the next
day with 30 ng of reporter construct TOPFlash and 5 ng of thymidine
kinase (TK)-Renilla. Cells were stimulated 6 h post-transfection with
Wnt3a-CM and RSPO-CM or RSPO-liposomes o/n, then cells were lysed
in Passive lysis buffer (Promega) for 20 min at RT. Levels of Firefly and
Renilla luciferase were measured using the Dual Luciferase Kit (Prom-
ega) according to the manufacturer’s instructions on a Berthold lumin-
ometer Centro LB960. Bar graphs and dose-response curves were made
using Prism 9.5.0 (Graphpad).

2.8. Confocal microscopy and SNAP labeling

iSNAP-LGR5 HEK293TR cells were grown on laminin-coated glass
coverslips and HAP1 or MEF cells on non-coated glass coverslips in 24-
well plates. Doxycycline was added iSNAP-LGR5 HEK293TR cells at a
concentration of 0,5 pg/mL to induce LGR5 overexpression. Next day,
medium was replaced with 250 pL medium with calcein- or doxorubicin-
loaded RSPO-liposomes. Heparin or excess of purified RSPO was added
as indicated in figure legends. Calcein- or doxorubicin-loaded liposomes
without coupled RSPO were used as background control. For SNAP la-
beling, cells were labeled with 1 pM SNAP-surface-Alexa®*® or SNAP-
surface-Alexa®"’ (New England Biolabs). Uptake of liposomes and
SNAP-surface-Alexa®*® was allowed for 3 h at 37 °C after which cells
were washed with warm medium and fixed in 4% paraformaldehyde in
0,1 M Sodium Phosphate buffer pH 7.4 for 30 min at RT. Fixative was
quenched for 10 min at RT with 20 mM NH4Cl. Cells were labeled with
0,2 pg/mL DAPI and 2 pg/mL Phalloidin-Alexa®¥’ (Invitrogen) in PBS
for 30 min at RT, washed in water, mounted in ProLong Gold (Life
Technologies) and visualized using a Zeiss LSM700 confocal microscope.
ImageJ was used to process the images.

2.9. FACS

To measure uptake of calcein-loaded RSPO-liposomes in iSNAP-
LGR5 HEK293TR, HAP1-7TGP or HAP1 Lgr4/5/6 KO cells, cells were
seeded in 24 wells plates at a density of 2 x 10° cells/well. iSNAP-LGR5
HEK293TR cells were treated with 0,5 pg/mL doxycycline to induce
LGRS overexpression. Next day, cells were incubated with the indicated
liposomes for 4 h at 37 °C. During the incubation, heparin (Sigma-
Aldrich) or excess purified RSPO protein was added as indicated in
figure legends. Data was analysed using FlowJo v10. For SNAP-surface
labelling of SNAP-LGR5 expressing HEK cells, 1 pM SNAP-Surface-
Alexa®*® (NEB) was added during the last 10 min of incubation at 37 °C.
Cells were harvested in 100 pL 0,05% Trypsin-EDTA solution in PBS and
diluted with 500 pL 1% BSA in PBS. Cells were collected by centrifu-
gation for 3 min at 300 xg and resuspended in 500 pL 1% BSA in PBS.
Calcein fluorescence of 10.000 singlet-gated cells was measured by
FACS on a BD Celesta Flow cytometer (BD Biosciences) using a 488 laser
and 530/30 BP filter. SNAP®*® was measured using a 561 nm laser
combined with a 585/15 BP filter. The mean Fluorescence of the gated
population is depicted in the graphs. Dose response curves were made
using Prism 9.5.0 (Graphpad).

2.10. Cell viability assays

iSNAP-LGR5 HEK293TR, Huh7 and LoVo cells were seeded in 24
wells plates at a density of 20 x 10° cells/well in 1 mL. To induce
overexpression of LGR5, 0,5 pg/mL doxycycline was added to the
iSNAP-LGR5 HEK293TR cells. Next day, medium was replaced with 300
pL medium containing doxorubicin or doxorubicin-loaded RSPO-lipo-
somes as indicated in the figures or figure legends. For Huh7 and LoVo
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cells, liposomes loaded with highest concentrations of doxorubicin were
used. Cells were incubated for 3 h at 37 °C with liposomes containing the
indicated doxorubicin concentration used in a 1:800 dilution. Subse-
quently the medium was replaced with 1 mL normal growth medium.
Cells were incubated for 6 days at 37 °C, fixed with 100% methanol and
stained with 0,5% Crystal violet in 25% methanol. Plates were scanned
using the Amersham Typhoon NIR laser scanner and quantified and
processed using ImageJ. To assess sensitivity of APC-mutant (APC™")
and wild-type (WT) organoids to doxorubicin-loaded FuFuRSPO3-
coupled liposomes, organoids were cultured in WENR-medium
(AdvDMEM+++, 5% human RSPO1 CM, 2.5% human Noggin CM,
50 ng/mL recombinant murine EGF (Gibco), 0.5 nM Wnt Surrogate [49],
1x B-27 supplement (Invitrogen), 1x N-2 supplement (Invitrogen),
1,25 mM n-Acetyl Cysteine (Sigma-Aldrich) for at least one passage.
Organoids were then mechanically sheared and seeded in 20 pL BME
(Cultrex, 3536-005-02) droplets per well. Organoids were grown for
2-3 days in 250 pL. WENR-medium. Medium was removed and replaced
with 200 pL. WENR-medium without RSPO1 CM supplemented with the
indicated liposome dilutions or free doxorubicin and incubated for 2 h.
Organoids were washed with 500 pL. AdvDMEM-+++ and subsequently
grown in 250 pL WENR-medium. Medium was replaced every 2 days.
Cell viability was determined after a 48 h chase using CellTiter-Glo®
Luminescent Cell Viability Assay (Promega, G7570). In short, medium
was removed and BME droplets were resuspended in 100 pL
AdvDMEM+++. 100 pL of CellTiter-Glo® solution was added and
incubated for 20 min at RT. 180 pL of the suspension was transferred to a
white flat bottom 96 well assay plate and measured on a Berthold
luminometer Centro LB960 according to manufacturer’s protocol. Bar
graphs were made using Prism 9.5.0 (Graphpad).

2.11. Reverse transcription and quantitative real-time PCR

To determine expression values of RSPO binding partners in APC™""
and WT organoids, RNA from three wells of independently grown
organoids was extracted using RNeasy Mini kit (Qiagen) according to
manufacturer’s protocol. 500 ng of total RNA was processed to cDNA
using iScript cDNA Synthesis kit (Biorad, #1708891) according to
manufacturer’s protocol. The synthesized cDNA was subsequently used
in a qRT-PCR using IQ SYBR green mix (Biorad, #1708886) according
to manufacturer’s protocol. A similar protocol was used to determine
LGRS expression in HEK293T, Huh7 and LoVo cells. The primer pairs
used for the qQRT-PCR are listed in Supplementary Table 2. Bar graphs
were made using Prism 9.5.0 (Graphpad).

2.12. Statistics

Statistical analysis was determined by One- or Two-way Anova using
Prism 9.5.0 (Graphpad). Statistical details are specified in the figure
legends were applicable.

3. Results
3.1. Generation of functional RSPO1-coupled liposomes

To conjugate full-length human RSPO1 to the liposomal surface, we
prepared liposomes using 1,2-dimyristoyl-sn-glycero-3-phosphatidyl-
choline (DMPC), cholesterol, and 1,2-distearoyl-sn-glycero-3-phosphor-
ylethanolamine(DSPE)-PEG2000 in a 20:20:2 ratio. PEGylated
phospholipids were incorporated to prevent aspecific binding of lipo-
somes to cells [50]. To allow for coupling of RSPO1 to the distal ter-
minus, we replaced 20% of DSPE-PEG2000 with maleimide-
functionalized DSPE-PEG2000 phospholipids that are reactive to free
sulfhydryl groups [51,52]. According to the available RSPO1 crystal
structure, all 16 Cys residues present in the two Furin-like domains form
disulphide bonds in the native structure of the protein and thus will not
provide maleimide-reactive free thiols [6]. Similarly, the RSPO C-
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terminal TSP/BR domain carries 6 Cys residues that also form disulphide
bridges [53]. Therefore, to introduce a free thiol group, we modified
wild-type RSPO1 by adding an additional Cys residue at its C-terminus.
In addition, to facilitate purification of the recombinant protein a 6xHis
tag was added (Fig. 1a). After a three-step affinity chromatography
purification (Fig. 1b), optimal coupling efficiency of recombinant
RSPO1 to liposomes was achieved by adding 25 pM of the reducing
agent TCEP (Fig. 1c, Sla). Covalent coupling was exemplified by a
visible shift in molecular weight of RSPO1, when comparing soluble and
liposome-bound fractions (Fig. 1¢, S1b). Furthermore, RSPO1-coupled
liposomes formed a stable suspension of monodisperse particles. To
visualize and quantify the uptake of liposomes into cells, RSPO1-
conjugated and control liposomes were loaded with 75 mM calcein, a
fluorescent compound that is self-quenching at high concentrations
(Fig. 1a) [54]. Uptake of RSPO-liposomes, which may be mediated
either by endocytosis or by fusion with the plasma membrane [55], will
lead to release of the dye and activation of its fluorescent properties
[551.

Next, we assessed whether the introduced modifications and lipo-
some coupling affected the biological activity of RSPO1 as compared to
purified wild-type RSPO1. Using a p-catenin-dependent luciferase re-
porter assay [56], we observed that RSPO1-liposomes displayed similar
Wnt-potentiating activity in HEK293T cells as purified RSPO1, indi-
cating that RSPO1-liposomes fully retain functional activity (Fig. 1d).
Furthermore, RSPO1-coupled liposomes were well able to support the
growth of murine small intestinal organoids, confirming their ability to
enhance endogenous Wnt/p-catenin signaling (Fig. 1le). Notably, the
response of cells to RSPO1 was strictly LGR-dependent, as no Wnt
potentiation was observed in LGR4/5/6 knockout HAP1 cells that carry
a stably integrated p-catenin-dependent GFP reporter (Fig. 1f), as shown
previously[55].

Thus, functionalized liposomes decorated with purified recombinant
full-length RSPO1 retain essential functional properties of endogenous
LGR ligands.

3.2. Cellular uptake of RSPO1-coupled liposomes is largely LGR5-
independent

After confirming their LGR-dependent biological activity, we sought
to address binding specificity of calcein-loaded RSPO1-liposomes to
their cognate receptors at the cell surface. To address this issue, we first
evaluated the uptake of unconjugated and RSPO1-coupled liposomes in
HEK293T cells by immunofluorescence and flow cytometry analysis in
the presence and absence of excess purified RSPO1 protein. Internali-
zation of RSPO1-coupled liposomes was readily observed as indicated by
acquired fluorescence within endocytic compartments (Fig. 2a), while
uptake of unconjugated calcein-loaded liposomes was negligible
(Fig. 2a). Addition of excess purified RSPO1 prevented binding of
fluorescent RSPO1-coupled liposomes (Fig. 2a, b), indicating that the
observed uptake is indeed RSPO1-mediated and not due to aspecific
internalization or calcein leakage from liposomes.

To evaluate levels of LGR5-dependent uptake of RSPO1-coupled li-
posomes, we generated HEK293T cells that allow for doxycycline-
inducible LGR5 overexpression. Again, uninduced cells displayed
internalization RSPO1-coupled liposomes. Unexpectedly, levels of up-
take were only increased slightly when LGR5 was overexpressed
(Fig. 2¢, d). These findings thus argue that prominent internalization of
RSPO1-liposomes occurs regardless of LGR5 overexpression, raising
doubts on their LGRS selectivity.

To determine the relative role of LGR family members in RSPO1-
dependent liposomal uptake, we incubated both wild-type and LGR4/
5/6 triple knockout HAP1 cells with calcein-loaded RSPO1 liposomes for
3 h. Strikingly, levels of internalization were comparable for wild-type
and mutant cells (Fig. 2e). Similar observations were done in LGR4/5/
6 triple knockout MEF cells (Fig. S2a), indicating RSPO1-liposomes are
internalized independent of LGRs. Given that the TSP/BR domain of
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Fig. 2. RSPO1-liposomes cannot specifically detect LGR-positive cells. (a,b) Uptake of RSPO1-liposomes can be competed with purified RSPO1. Confocal images (a)
and FACS plots (b) showing a 4 h uptake of calcein-labeled RSPO1-liposomes in HEK293T cells in the presence and absence of 100-fold excess purified RSPO1. Scale
bar, 10 pm. (c,d) Uptake of RSPO1-liposomes is enhanced upon overexpression of LGR5. Confocal images (c) and FACS plots (d) showing the 4 h uptake of calcein-
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RSPO family members interacts with heparan sulfate proteoglycans
[13-15], we hypothesized that this activity may explain the LGR-
independent internalization of RSPO1-coupled liposomes. Indeed, the
uptake of RSPO1-liposomes was strongly inhibited by supplementation
with heparin in concentrations above 100 nM both in wild-type cells and
LGR KO cells (Fig. 2, e, f, S2b, S2¢), thus confirming the engagement of
heparan sulfate proteoglycans as the primary pathway for cellular up-
take. These findings are in agreement with a recent study in which
heparan sulfate proteoglycans were found to act as RSPO co-receptors
and even may potentiate Wnt signaling in an LGR-independent
manner [58].

Taken together, our findings clearly indicate that coupling full-
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length RSPO1 to liposomes does not allow for specific targeting of
LGR5" cells, due to prominent proteoglycan-dependent internalization.
Thus, uptake of RSPO1 does not correlate with LGR expression, even
though the functional response to RSPO1 treatment is strictly LGR-
dependent (Fig. 1f) [57]. Our findings thus challenge a previous study
in which RSPO1-liposomes are used to target LGR5™ cells [34] and point
out that a more refined strategy is required for specific recognition and
targeting of LGR5" cells.
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3.3. FuFuRSPO3-coupled liposomes recapitulate RSPO3 biological
activity

To overcome the limitations of using full-length RSPO and generate a
LGR5-specific targeting tool, we decided to employ the Furin-like do-
mains of RSPO3, that display a strongly increased binding affinity (up to
50-fold) for LGR5 when compared to LGR4 [1]. We engineered a Furinl-
Furin2 fragment of RSPO3 (FuFuRSPO3) modified with a 6xHis-tag and
an extra Cys residue at its C-terminus to perform purification and
coupling procedures as shown for full-length RSPO1 (Fig. 1a, 3a, b). As
the isolated FuFuRSPO3 fragment proved unstable in our hands, we
added a well-folded domain (APEX2) to replace the TSP region which
promoted stability of the recombinant protein (Fig. 3a). Again, we
employed a thiol-maleimide reaction to generate fluorescent
FuFuRSPO3-coupled liposomes. Coupling efficiency of the FuFuRSPO3
fragment to liposomes was less efficient than full-length RSPO1 (Fig. 3c)
and was not improved by supplementation with TCEP (Fig. S3a).
Nevertheless, FuFuRSPO3-coated liposomes were well able to potentiate
Wnt signaling (Fig. 3d, S3b). Thus, FuFuRSPO3 displays preserved
biological activity when coupled to liposomes.

3.4. Cellular uptake of FuFuRSPO3-coupled liposomes is LGR5-dependent

To assess LGR5-dependent cellular binding and uptake of calcein-
loaded FuFuRSPO3-liposomes, we employed LGR5-inducible HEK293T
cells. While FuFuRSPO3-liposomes weakly labeled untreated HEK293T
cells in comparison to control liposomes, their uptake was strongly
increased upon doxycycline-induced LGR5 expression, as revealed by
flow cytometry (Fig. 4a).

Furthermore, FuFuRSPO3-liposomes were internalized in endocytic
vesicles in LGR5-high cells (Fig. S4a). The increased uptake of
FuFuRSPO3-liposomes mediated by high LGR5 expression was pre-
vented by supplementation with excess recombinant FuFuRSPO3
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protein, indicating that binding occurred in a FuFuRSPO3-specific
manner (Fig. 4b, Fig. S4a).

Strikingly, and unlike RSPO1-coupled liposomes, the cellular uptake
of FuFuRSPO3-liposomes could not be competed by heparin, indicating
that binding does not occur via heparan sulfate proteoglycans and is
LGR5-specific (Fig. 4c and d). In agreement with these findings, the
uptake of FuFuRSPO3 displayed a strong correlation with LGR5 protein
levels expressed at the cell surface, while this correlation was weak for
RSPO1-liposomes (Fig. S4b). Together, these results demonstrate that
binding and internalization of FuFuRSPO3-liposomes is dependent on
the level of LGR5-expression at the cell surface.

3.5. Doxorubicin-loaded FuFuRSPO3-liposomes mediate selective killing
of LGR5 high-expressing cells

We next investigated the possibility to employ FuFuRSPO3-
liposomes for the selective delivery of drugs to cells that express high
levels of LGR5. To this end, we employed the chemotherapeutic and
DNA intercalating agent doxorubicin, for which physicochemical prop-
erties permit high drug entrapment and easy remote loading in pre-
formulated liposomes [46]. We monitored cellular uptake and levels
of chromatin binding of doxorubicin by utilizing its intrinsic fluorescent
properties [59]. We noted that doxorubicin-loaded DMPC liposomes
induced high levels of nuclear doxorubicin accumulation and cell death
in target cells in an RSPO-independent manner (Fig. S5a), indicating
that doxorubicin leakage prevented these liposomal formulations to be
used for selective drug delivery [60,61]. To lower the rate of non-
specific drug release, we switched to the usage of more stable C16
fatty acid-containing 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) liposomal formulations [62]. Treatment of LGR5-expressing
HEK293T cells with doxorubicin-loaded FuFuRSPO3-coated DPPC li-
posomes for 3 h led to specific doxorubicin uptake, as shown by the
accumulation of fluorescence in endosomal-like compartments and the
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Fig. 3. Generation of functional RSPO3-coupled liposomes. (a) Schematic of full-length RSPO3 and FuFuRSPO3 with an APEX tag and an additional 6xHIS and a Cys
for the coupling to calcein-loaded liposomes via maleimide. Fu, Furin; TSP/BR, thrombospondin/basic region; 6H, 6xHIS; C, cysteine. (b) Western blot and Coomassie
Blue staining of the multistep protein purification of FuFuRSPO3. (c¢) Coupling of FuFuRSPO3 to calcein-loaded liposomes. B, bound fraction; S, soluble fraction. (d)
FuFuRSPO3-liposomes can potentiate Wnt signaling. Wnt luciferase reporter assay in HEK293T cells treated with FuFuRSPO3-liposomes versus RSPO1-liposomes
(nM) in 10% Wnt3a-CM. Graph shows a representative dose-response curve of luciferase reporter activities (n = 2). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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nucleus (Fig. 5a). After a 24 h chase period, endosomal fluorescence was
gradually lost while nuclear signals accumulated, indicating that
doxorubicin redistributed from endosomes to the nucleus (Fig. 5a). By
contrast, treatment of cells with control doxorubicin-loaded DPPC li-
posomes only revealed low amounts of nuclear fluorescence after 3 h of
incubation, with a loss of detectable signal after a 24 h chase (Fig. 5a).

To demonstrate that endosomal uptake of FuFuRSPO3-liposomes is
mediated by LGR5, we labeled the cell surface localized SNAP-tagged
LGRS using SNAP-surface-Alexa®*® for 15 min [63]. Subsequent incu-
bation with doxorubicin-loaded FuFuRSPO3-liposomes for 3 h revealed
a clear colocalization of LGR5 and doxorubicin within endosomal
compartments (Fig. 5b), while control liposomes did not show any
endosomal fluorescence (Fig. 5b). We conclude that FuFuRSPO3-
liposomes are selectively taken up by target cells via LGR5-mediated
endocytosis. Subsequently, doxorubicin is released from endosomal
compartments and accumulates in the nucleus of target cells.

To assess the capacity of drug-loaded FuFuRSPO3-liposomes to
eliminate LGR5-expressing cells, we treated doxycycline-induced LGR5-
expressing and uninduced HEK293T cells for 3 h with control or
FuFuRSPO3-liposomes carrying increasing dosages of doxorubicin.
Indeed, colony formation assays performed after 6 days revealed that
treatment with FuFuRSPO3-liposomes, but not control liposomes,
selectively prevented the outgrowth of LGR5-expressing cells (Fig. 5c).
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These results argue that FuFuRSPO3-liposomes selectively bind
LGR5, which mediates their cellular entry via endocytosis. Subse-
quently, doxorubicin content is released from endosomal compartments
and accumulates in the nucleus. The resulting DNA damage and inhi-
bition of replication is thus capable of selectively killing LGR5-high
expressing cells.

LGR5-high expressing cells are associated with the initiation and
progression of colorectal cancer [33,64]. To examine if LGR5-high
cancer cells are sensitive to targeting by FuFuRSPO3-liposomes, we
employed two LGR5-high cancer cell lines, Huh7 (hepatocellular car-
cinoma) and LoVo (colorectal cancer). We confirmed that LGR5
expression in both lines was strongly increased relative to HEK293T cells
(Fig. S5b). In line with this observation, FuFuRSPO3-liposomes dis-
played an increased capacity to deliver doxorubicin to Huh7 cells as
compared to control liposomes (Fig. S5¢). To assess whether the uptake
of doxorubicin-loaded FuFuRSPO3-liposomes is sufficient to interfere
with growth, we incubated Huh7 and LoVo cells for 3 h with control or
FuFuRSPO3-liposomes using a range of liposomal dilutions. Colony
formation assays performed after 5 days revealed that FuFuRSPO3-
liposomes consistently displayed enhanced growth-inhibitory capacity
for both LGR5-high cancer cell lines as compared to control liposomes
(Fig. 5d, e, S5d, S5e).

Truncating mutations in the Wnt/p-catenin pathway tumor
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doxorubicin-loaded control and FuFuRSPO3-liposomes in LGR5-expressing HEK293T cells. Note the localization of doxorubicin in endosomal structures after a 3 h
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LGRS5. Confocal images showing the uptake of doxorubicin-loaded FuFuRSPO3-liposomes in SNAP-LGR5-expressing HEK293T. Cells were labeled for 15 min with
SNAP-surface-Alexa®*® and incubated with control or doxorubicin-loaded FuFURSPO3-liposomes for 3 h. Scale bar, 10 pm. (c) Doxorubicin-loaded FuFURSPO3-li-
posomes show increased killing of HEK293T cells overexpressing LGR5 compared to control cells and control liposomes. Colony formation assay in control (-Doxy)
and LGR5-expressing (+Doxy) HEK293T cells treated with control and FuFuRSPO3-liposomes loaded with the indicated doxorubicin concentrations. Liposomes were
added 1:800 for 3 h and stained after 6 d. (d,e) Doxorubicin-loaded FuFuRSPO3-liposomes show increased killing of Huh7 cells as compared to control liposomes. (d)
Colony formation assay in Huh7 cells treated with doxorubicin-loaded control and FuFuRSPO3-liposomes. Cells were treated for 3 h with the indicated liposome
dilutions and stained after 6 d. Image (d) and quantification (e) of a representative experiment is shown (n = 3). (f) APC-mutant organoids (APC™") express higher
levels of RSPO-binding partners compared to wild-type (WT) small intestinal (si) organoids. Expression values were determined using RT-qPCR. CT values were
corrected for housekeeping genes and then corrected for the average expression of all WT samples to create AACT values +/— SD. (g) APC™" organoids are more
sensitive to doxorubicin-loaded FuFuRSPO3-liposomes compared to WT organoids. Organoids were treated with the indicated dilutions of doxorubicin-loaded
FuFuRSPO3-liposomes (2722 pM) for 2 h and analysed after 48 h. Graph showing cell viability in relative light units (RLU) corrected for RLU of untreated con-
trol organoids of the same genotype +/— SD. *** (p < 0.001; ** (p < 0.01), * (p < 0.05).
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suppressor APC comprise a major driver event of colorectal cancer that
elevates Wnt signaling and strongly induces expression of the Wnt target
gene LGR5 [63]. To assess whether FuFuRSPO3-liposomes preferably
target LGR5-high APC-mutant cells (APC™Y), we made use of a mouse
small intestinal APC™"* organoid model. As expected, APC™" organoids
express strongly increased levels of Lgr5 as compared to wild-type
organoids (Fig. 5f). Furthermore, the expression of Wnt target genes
Znrf3 and Rnf43 was also increased in APC™" organoids, together
reaching an estimated 53-fold increase in the expression of RSPO-
binding partners (Fig. 5f). Next, APC™"* and wild-type organoids were
pulsed for 2 h with either free doxorubicin or doxorubicin-loaded
FuFuRSPO3-liposomes and chased for 2 days. While both organoid
lines were equally sensitive to treatment with free doxorubicin
(Fig. S5f), APC™" organoids displayed a significantly decreased viability
when treated with doxorubicin-loaded FuFuRSPO3 liposomes as
compared to wild-type organoids (Fig. 5g). Together, these results
indicate that doxorubicin-loaded FuFuRSPO3 liposomes can be
employed to selectively target cancer cells that display high levels of
LGRS expression.

4. Discussion

LGRS provides an attractive putative target for treatment of multiple
cancer types, due to its high expression in CSCs [20,28,32,66-68]. Here,
we developed and optimized a liposome-based strategy for the targeted
delivery of drugs to LGR5 high-expressing cells. To this end, we first
decorated liposomes with RSPO1, the natural ligand for members of the
LGR family [1-3]. Surprisingly, although the Wnt potentiating activity
of RSPO1-liposomes was strictly LGR-dependent, its uptake by cells was
largely independent of LGR expression and could be efficiently
competed by heparin treatment. Thus, cellular uptake of full-length
RSPO1 is predominantly mediated by proteoglycan-binding and does
not correlate directly with biological activity. These findings are difficult
to reconcile with a previous study in which full-length RSPO1-coupled
and doxorubicin-loaded liposomes were employed for the selective
targeting of LGR5-positive cancer cells [34]. Remarkably, RSPO1
coupling in this previous study relied on a free Cys present in the N-
terminal signal peptide, which would not normally be preserved in the
mature, secreted protein. Notwithstanding these differences in lipo-
somal design, our findings strongly argue that proteoglycan binding by
the TSP/BR domain, which is conserved across the RSPO family, pre-
vents usage of full-length RSPO for the identification and targeting of
LGR5 high-expressing cells.

We were able to overcome LGR-independent uptake of RSPO-coated
liposomes by omitting the TSP/BR domain and using the RSPO-derived
Fu-domains for liposomal coupling. To achieve this, we employed the
Fu-domains of RSPO3 that display preferred binding to LGR5 [1].
Indeed, by using fluorescence-loaded liposomes decorated with
FuFuRSPO3 fragments we were able to demonstrate selective uptake of
liposomes by LGR5-expressing cells. Furthermore, uptake of
FuFuRSPO3-liposomes remained unaffected by heparin treatment and,
as fluorescent signals accumulated in endosomal-like structures, we
anticipate that uptake primarily takes place via endocytosis.

Finally, we assessed usage of FuFuRSPO3-liposomes for cytotoxic
drug delivery. We employed doxorubicin, a broad anticancer compound
that is commonly used for liposome-based applications [69]. Our find-
ings indicate that usage of functionalized liposomes to target specific
(cancer) cell subsets requires careful optimization. First, although usage
of DPPC liposome formulations to a large extent reduced doxorubicin
leakage, longer treatments with these liposomes still mediated aspecific
cell killing, likely due to continued low levels of leakage. By adapting
our treatment schedule, using a shortened liposome incubation time
(2—3h) followed by a longer chase period (>24 h), we were able to
overcome this issue and demonstrated that doxorubicin-loaded FuFuR-
SPO3-liposomes induce LGR5-specific cytotoxic effects in HEK293T cells
overexpressing LGR5. Moreover, our results show that doxorubicin-
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loaded FuFuRSPO3-liposomes selectively target liver and colorectal
cancer cells and APC™" intestinal organoids that express enhanced
endogenous levels of LGR5. Mechanistically, the fluorescent properties
of doxorubicin allowed us to robustly show that FuFuRSPO3-liposomes
delivered their content primarily via LGR5-specific endocytosis, after
which doxorubicin was released from endosomes and accumulated in
the nucleus to exert cytotoxic effects. By contrast, leakage from control
liposomes only resulted in (weak) nuclear fluorescence, indicating that
the route of doxorubicin uptake in this case likely occurred in an
endocytosis-independent manner. Taken together, our results demon-
strate that FuFuRSPO3-decorated liposomes provide promising tools for
specific targeting of LGRS5-expressing cells, although the type of
encapsulated drug will need further adaptation to allow for cellular
delivery with highest levels of efficacy.

Of note, while we showed that FuFuRSPO3-liposomes lack affinity
for LGR-negative cells, they will likely display affinity for cells that ex-
press LGR4 or LGR6 as well [1,70,71]. As LGR4, LGR5 and LGR6 are
frequently co-overexpressed in various cancer types, this property may
provide an advantage to overcome plasticity effects due to LGRS
downregulation. Indeed, an RSPO4-derived drug-conjugated peptibody
that was capable of binding to all three LGRs, displayed promising anti-
tumor effects in vivo [72]. In this previous work, a mutant fragment of
RSPO4 was used, that allowed for LGR-binding yet failed to induce Wnt
pathway potentiating effects [72]. This strategy may prevent adverse
effects due to inappropriate Wnt pathway activation in healthy organs,
such as intestinal enlargement [73].

In summary, we provide evidence that FuFuRSPO3-coupled lipo-
somes provide a promising strategy to selectively bind and target LGR5
high-expressing cancer stem cells. Optimization of liposome-
encapsulated cytotoxic drugs will be required to further enhance effi-
cacy of LGR5-high cell eradication. In future strategies, combination
treatment of LGR5 ablation with e.g. EGFR targeting [74,75] or 5-FU
[76,77] treatment may provide additional benefits for enhanced thera-
peutic efficacy.
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