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The Delivery of a Wnt Pathway Inhibitor Toward
CSCs Requires Stable Liposome Encapsulation
and Delayed Drug Release in Tumor Tissues
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The Wnt signaling pathway is involved in tumorigenesis and
various stages of tumor progression, including the epithelial-
mesenchymal transition, metastasis, and drug resistance.
Many efforts have been made to develop drugs targeting this
pathway. CGX1321 is a porcupine inhibitor that can effec-
tively block Wnt ligand synthesis and is currently undergoing
clinical trials. However, drugs targeting the Wnt pathway may
frequently cause adverse events in normal tissues, such as the
intestine and skin. Formulation of the drug inside liposomes
could enable preferential drug delivery to solid tumor tissues
and limit drug exposure in normal organs. We developed a
strategy to stably encapsulate CGX1321 inside liposomes
with minimal drug releases in circulation. The liposomal
drugs were shown to interfere with the aberrantWnt signaling
specifically in tumor tissues, resulting in focused effects on
LGR5+ CSCs (cancer stem cells), while sparing other cells
from significant cytotoxicity. We showed it is feasible to use
such a CSC elimination approach to treat malignant cancers
prone to rapid progression using a LoVo tumor model as
well as a GA007 patient derived xenograft (PDX) model.
Nano drug delivery systems may be required for precision
medicine in cancer therapy.
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INTRODUCTION
Wnt signaling plays an important role in development and disease.1

The overactive canonical Wnt signaling pathway has been implicated
in many malignant cancers, including breast, liver, colon, lung, and
gastric cancers.2–6 Signaling begins when a Wnt protein binds to a
Frizzled receptor, a G-protein-coupled receptors, and its co-receptor
LRP5/6.7 Then b-catenin accumulates in the cytoplasm and eventually
is translocated to the nucleus to activate transcription factor/lymphoid
enhancer-binding factor (TCF/LEF) transcription that regulates the
expression of a large list of target genes. Studies show that some can-
cers may result from over-activation of the Wnt-dependent pathway,
while others may be caused by Wnt-independent non-canonical Wnt
signaling.8,9 Certain types of tumor progression activation is achieved
through overexpression of canonical Wnt pathway ligands10–13 or
reduced expression of its negative regulatory factors.14

Due to its importance in cancer tumorigenesis, the Wnt pathway is a
frequent drug target for cancer therapy. A number of Wnt pathway
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inhibitors are currently being developed as cancer therapies to
prevent over-activation of canonical Wnt pathway. Their mecha-
nisms of action include blocking Frizzled and LGR5/6 receptor bind-
ing through inhibiting enzymes such as tankyrases or inhibiting
porcupine, which is related to Wnt secreation.15–19 One of the inhib-
itors is CGX1321, a small molecule inhibitor of Wnt secretion.
CGX1321 is a porcupine inhibitor that affects Wnt production and
can block Wnt downstream signaling. Thus, CGX1321 only targets
to patients with an active canonical Wnt pathway in their tumor.
Currently, CGX1321 is being tested in clinical trials for oral formula-
tion on colon cancer patients.

However, because the Wnt pathway also plays an important role in
maintaining stem cell pluripotency and lineage specification in
normal intestine or skin,20 modifying the Wnt pathway for cancer
therapy is suspected to have negative side effects.21 Here, we hypoth-
esized that a liposome delivery system for CGX1321 can inhibit the
Wnt pathway in tumor cells and avoid disruption of function in
non-cancerous cells. Liposome encapsulates drugs within phospho-
lipid vesicles. When the nanoparticles size is at around 100 nm,
they display good retention in the tumor because of the EPR effect
(enhanced permeability and retention),22 making them appropriate
for cancer treatment.

To treat canonical Wnt-pathway-positive tumors and to avoid side
effects to normal organs such as intestine, we utilized a liposome
delivery. We tested CGX1321 Wnt inhibition in two different
mouse models: a colon cancer cell line (LoVo) xenograft and a
much more heterogeneous patient-derived gastric tumor xenograft
(GA007). We found that the liposomal drug exerted its effects by
interfering with Wnt signaling and resulted in LGR5+ cancer stem
cell (CSC) differentiation and apoptosis. Such a targeted effect
could be valuable in complementing other treatment mechanisms
in effective treatment of cancers while reducing undesirable side
effects.
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Figure 1. CGX1321 Inhibit WNT Signaling Activities

and Wnt Active Cell Proliferation

(A) The structure of CGX1321. (B) CGX1321 inhibits Wnt

signaling reporter assay with an IC50 of 18.4 mM. (C)

CGX1321 inhibits HEK293 cell growth in vitro. (D)

CGX1321 inhibits LoVo cell growth in vitro.
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RESULTS
CGX1321 Blocked Wnt Signaling Pathway In Vitro

The Wnt inhibitor CGX1321 (Figure 1A) was developed and pro-
vided by Curegenix. It is a highly specific and potent porcupine inhib-
itor that affects Wnt expression (patent, WO2014165232A1). Its
inhibitory effects on canonical Wnt signaling were shown using a
HEK239-TCF luciferase reporter cell line, as shown in Figure 1B,
with an estimated half maximal inhibitory concentration (IC50) of
18.4 mM. This inhibition could be reversed by addition of Wnt ligand
3a or RSPO2 in to the culture medium (Figure S1). TheWnt signaling
inhibition effects result in cell growth inhibition in both HEK293-
TCF cells (Figure 1C) as well as the human colorectal cancer LoVo
cells (Figure 1D). LoVo cells had been shown previously to have
high Wnt pathway signaling activity and high expression of the
Wnt pathway co-receptor LGR5.23

Liposome Formulation Improved CGX1321 Pharmacokinetics

and Bio-Distribution in Tumor Tissues

Despite its potent inhibition effects in vitro, CGX1321 has a very low
solubility of 0.02 mg/mL at pH 7.4 in water, requiring special formu-
lation for its usage in vivo via intravenous injection. More impor-
tantly, because free CGX1321 may interfere with normal cellular
Wnt functions, we developed a formulation to encapsulate the drug
with liposomes �100 nm in diameter (Figure 2A). The stability of
CGX1321-loaded liposomes was analyzed by evaluating drug releases
in vitro in the presence of 10% serum (Figure 2B). About 50% of the
drug remained encapsulated inside liposomes for 24 h under experi-
mental conditions. The pharmacokinetic properties of tail-vein-in-
jected liposome-encapsulated CGX1321 differed from those of the
orally administered CGX1321 (D5W formulation). The liposomal
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formulation had a longer half-life of 10.85 h
instead of 6.29 h and higher retention in the tu-
mor tissues (Figures 2C and 2D). To charac-
terize liposome distribution in vivo, we followed
liposome extravasation in different tissues to
evaluate the differences in their intracellular
liposome distribution and potential impacts on
drug effectiveness. The liposomes were labeled
using fluorescent DiI dye. Various tissue sec-
tions were analyzed. As shown in Figure 2E, in
the tumor, liposomes (stained red) were found
to begin accumulating in the tumor vessel
(stained green) at 2 h, with accumulation peak-
ing at 6 h. Afterward, liposomes remained in the
tumor tissue and were cleared from blood ves-
sels. Liposomes appeared to leak out easily into the tumor interstitial
tissues. In intestinal immunofluorescence staining, the blood vessel
image nearly overlaps with that of liposomes until 48 h. The result
shows that liposomes stayed in intact micro-vessels in intestinal tis-
sue, which had lower drug exposure since most of the drug was still
encapsulated during circulation (Figure 2F). In liver, liposomes
were mostly found in the para-vascular and sinusoid area (Figure S4).
In summary, the distribution and accumulation of the liposome in the
tumor tissues were more prominent.

CGX1321 Liposomes Inhibited Tumor Growth in LoVo Xenograft

Model

To test theWnt inhibition effects and anti-tumor activity of CGX1321
liposomes in vivo, we first established a LoVo xenograft tumor model
in nude mice. Then, LoVo xenograft mice were treated using
CGX1321 liposome once every 2 days at two different doses
(1 or 10 mg/kg). Tumor growth was significantly inhibited, compared
with that of the liposome vehicle control group (Figure 3A). After
14 days, the mice were sacrificed and the tumor tissues were harvested
for both histology and gene expression analysis. Axin2 mRNA level
was used as an indicator for Wnt pathway activities. There was a
dose-dependent reduction of Axin2 mRNA level in CGX1321 lipo-
some-treated tumors (Figure 3B). Both H&E and Alcian blue staining
of the tissues indicated distinctive treatment effects in the tumor tis-
sues (Figures 3C and 3D). Compared with the control group, cells in
the treated tissues appeared to have differentiated. In the differentia-
tion area, cells were arranged in a one-by-one configuration. This
effect increased with higher CGX1321 doses. The histological changes
correlated with decreased Wnt signaling activities specifically in
tumor tissues.
r Therapy Vol. 27 No 9 September 2019 1559

http://www.moleculartherapy.org


Figure 2. CGX1321 Liposome Formulation Changes Its Pharmacokinetics In Vivo

(A) Liposome-CGX1321 size distribution by Malvern particle size analyzer. (B) CGX1321 liposome stability analysis in vitro in the presence of 10% serum in PBS (pH 7.4);

CGX1321 remaining in the dialysis tube was tested at different times points. (C) The pharmacokinetic curves of CGX1321 in D5W oral formulation or liposome formulations.

Pharmacokinetic studies were done in GA007 xenograft mouse models; plasma was collected and CGX1321 concentration was measured at multi-time points (N = 3). (D)

CXG1321 distribution in tumors from GA007 PDX mouse model (n = 3). CGX1321 concentrations were measured by LC-MS at multiple times post-dosing of liposome or

D5W-formulated CGX1321. (E and F) Immunofluorescence staining in tumor (E) and intestine (F) from GA007 PDX mouse model after a single dosing of 10 mg/kg liposome-

CGX1321 (liposome concentration is 50 mg/mL) via i.v. injection, detected by confocal microscopy. Scale bar, 25 mm.
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Figure 3. CGX1321 Liposome Efficacies in LoVo

Xenograft Mouse Model

(A) LoVo xenograft mice were treated with 10 mL/kg blank

liposome, 1 mg/kg CGX1321 in liposome, or 10 mg/kg

CGX1321 in liposome, i.v., q.o.d. for 14 days. The tumor

volumes (mm3) were measured and plotted as mean with

SEM (N = 8 per group), *p < 0.05. (B) Axin2 mRNA levels

detected by qRT-PCR in vehicle and treatment groups 7 h

after the last dose. Graphs represent mean with SEM

(N = 4), *p < 0.05. (C) Representative images with H&E

staining after 14 days of treatment. (D) Representative

images of Alcian blue staining for mucin after 14 days of

treatment.
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CGX1321 Liposome Inhibited Tumor Growth in GA007 PDX

Models

We further tested the effects of CGX1321 liposomes in patient-
derived xenograft (PDX) models with aberrant Wnt activities. The
GA007 PDX model was found to have high LGR5 and b-catenin
mRNA levels (Figure 4A). Therefore, GA007 PDX mice were treated
with CGX1321 liposomes once every 2 days at two different doses for
16 days. Data showed that CGX1321 liposome at 1 mg/kg resulted in
significant tumor growth inhibition, while further increasing the dose
did not show augmented inhibition (Figure 4B). Furthermore, these
treatments also resulted in Wnt signaling inhibition, as indicated by
Axin2 (Figure 4C). Histological analysis of tumor tissues after
16 days treatment showed greater tumor cell differentiation and
apoptosis (Figure 4D). The treatment effects were more visually
discernible under Alcian blue staining, with extensive mucin staining
throughout the tissue structures (Figure 4E).

CGX1321 Liposomes Caused LGR5+ CSCs Apoptosis in PDX

Tumor Tissues

In order to understand the molecular mechanism of the anti-can-
cer effects of CGX1321 liposomes, we analyzed the various cells
Molecula
that constitute the PDX tumor tissue. We
found that 42.4% ± 5.9% of cells were
LGR5+ (Figure S5), and interestingly LGR5+
cells showed active Wnt signaling, as indi-
cated by high b-catenin mRNA levels (Fig-
ure 5A). We also analyzed the features of
LGR5+ cells in vivo and in vitro, after sorting
them out by FACS from initial tumors.
The LGR5+ cells showed the CSC property
(Figure S6; Table S2). The CGX1321 liposome
treatments caused mostly arrest of LGR5+ cell
growth and apoptosis in the PDX tissues after
7 days treatment, based on immunohisto-
chemistry (IHC) and TUNEL staining of the
tissue sections (Figures 5B and 5C). Figure 5B
shows dead and apoptotic LGR5+ cells in the
debris after treatment. The overall LGR5
protein levels were greatly reduced (Fig-
ure 5D), and the numbers of LGR5+ cells in
the tissue dropped from 42.4% ± 5.9% to 20.2% ± 12.1%
(Figure 5E).

CGX1321 Liposomes Improve Drug Efficacy while Also

Reducing Toxicity

Histological analysis of tissue sections showed higher drug
efficacy of CGX1321 liposomes in GA007 PDX mouse model,
when compared to orally dosed CGX1321. Tissue from the
CGX1321 liposome-treated groups showed larger necrotic re-
gions (Figure 6A). Alcian blue staining for GA007 PDX tumor
again indicated profound extensive mucinous differentiation
(Figure 6B). Tumor size reduction was significantly greater in
the liposome-treatment groups compared with the oral-formula-
tion group (Figure 6C). The CGX1321 liposomes had higher
efficacy and better therapeutic index than CGX1321 oral
dosing, particularly with targeting LGR5+ CSCs in the tumor.
In addition, the liposomal formulation enhanced CGX1321 toler-
ance in mouse models. Mice treated with CGX1321 liposomes
showed no decrease in body weight 14 days after treatment,
while orally dosed mice showed significant weight loss
(Figure 6D).
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Figure 4. Therapeutic Effects of CGX1321 Liposome

Treatment in GA007 PDX Tumor

(A) LGR5 and b-catenin mRNA expression in GA007 by

NanoString assay detection. (B) The tumor volumes (mm3)

were measured and plotted as mean with SEM after

CGX1321 liposome treatment for 16 days (N = 8 per

group), **p < 0.01. (C) Axin2 mRNA levels in vehicle and

treatment groups 7 h after final dosing, *p < 0.05. (D and E)

H&E (D) and Alcian blue (E) staining of the tumor tissues.

Tumor samples were from GA007 PDX mice, which were

treated with 10 mL/kg liposome blank or 10 mg/kg

CGX1321 in liposome, i.v., q.o.d. for 16 days.
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DISCUSSION
A number of Wnt pathway inhibitors are currently under develop-
ment to target the canonical Wnt-pathway-driven aberrant cancers.
The LGK974 molecular compound, a porcupine inhibitor developed
by Novartis, is being tested on lung and pancreatic cancers in the clin-
ical trial phase I.19,24 Wnt antibodies are also being developed to
inhibit the Wnt pathway, including Frizzled receptor OMP18R5 or
Fzd8-Fc fusion protein OMP-54F28. Both are in clinical trial studies
on solid tumors currently.25,26 However, blocking the canonical Wnt
pathway is not without risk.21 The canonicalWnt pathway is involved
in maintaining stem cell pluripotency and lineage specification in
normal tissues.20

CGX1321 is another highly specific and potent porcupine inhibitor un-
der development. It has very low solubility in water (0.02 mg/mL). For
animal experiments, the oral dosing in 10 mg/kg was given in suspen-
sion of PEG400 and solutal (D5W). In our study, we observed drops in
mouse bodyweight following treatments via oral dosing (Figure 6D).
Weight loss could be the result of off-target effects due to canonical
Wnt blocking in non-cancerous cells, such as in intestine.
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In contrast, liposomes containing polyethylene
glycol (PEG) has been shown to have long half-
life in circulation and to accumulate preferen-
tially in tumor tissues.22,27–30 Therefore, we
developed the liposome formulation in order to
improve CGX1321 solubility as well as to
improve its distribution in tumor tissue. The
analysis of CGX1321 liposome distribution in
Figure 2F suggested the liposomes remain
confined to the blood vessels and do not leak
into the crypt in the intestine. This is probably
because the permeability of vessel in intestine is
not high enough for 100-nm liposome to leak
outside. Encouragingly, mice treated with the
liposomal drug maintained their body weights
even after repeated doses, compared with the sig-
nificant weight loss in the non-liposome oral-
dosing group (Figure 6D).

The pharmacological effects of CGX1321 in tu-
mor tissues were mostly directed against
LGR5+ cells. LGR5 is a well-characterized member of the Wnt family
of co-receptors.31 LGR5+ cells isolated from PDX cancer tissue in this
study had been confirmed to show high Wnt signaling activities and
effective tumor-initiating properties (Figure S6; Table S2). After treat-
ment, the expression of Wnt pathway biomarker Axin2 decreased
significantly (Figure 4C). Evidences indicated that CGX1321 with
either oral formulation or liposome formation promote differentia-
tion of LGR5+ cancer stem cells, as shown by Alcian blue staining
(Figures 3D and 4E). The effects were very similar to RSPO3 antibody
treatment to RSPO3-PTPRK fusion tumors.15 The antibody study
showed stem cells were reduced by blocking Wnt pathway with
RSPO3 antibody. Both treatments resulted in patches of cell death
and mucinous holes in the tumor tissues, which indicated CSC differ-
entiation.25 The effect of CGX1321 liposomes in both LoVo and
GA007 tumors were more prominent when compared to the results
of the oral treatment. The fluorescence-labeled liposomes were shown
to distribute and persist more extensively in tumor tissues (Figure 2E),
whereas the delayed drug release from liposomes improve the focused
CSC elimination effects. Consequently, the effect of drug to LGR5+

cells was enlarged in tumor as a result of liposome CGX1321. In



Figure 5. LGR5+ Cells as Cancer Stem Cell

Identification

(A) b-catenin mRNA expression in LGR5+ and LGR5� cells

were detected by qPCR after FACS sorting. *p < 0.05. (B)

H&E staining of the vehicle and treated tumor samples. The

arrow indicates LGR5+ cell patches. (C) TUNEL assay of

vehicle and treated tumor samples. Blue indicates nuclear

staining, and the arrow indicates DNA fragments caused by

apoptosis. (D) Western blot of LGR5 in vehicle and treat-

ment groups (N = 4). (E) FACS analysis of LGR5+ cells in the

vehicle group and treatment group.
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conclusion, the high retention of CGX1321 contributed to the thera-
peutic efficacy by liposome-encapsulating drug.

Based on the data we presented, inhibitors of the Wnt pathway could
be packed by liposome to enhance its tumor inhibition effects and to
reduce its off-target toxicities. To extend our findings, we will test
liposome enveloping other Wnt inhibitors that may interfere with
over-activation of Wnt in animal models in the future. Thus, chang-
ing formulation such as utilizing liposome could be a valuable
approach to avoid toxicity and enhance efficacy in drug discovery
and development.
MATERIALS AND METHODS
Cell Lines and Tumor Samples

The LGR5 positive cell lines Hek293 and LoVowere obtained from the
ATCC. HEK293-TCF was a gift from Curegenix. Cells were cultured
in relevant cell culture medium recommended by ATCC, supple-
Molecula
mented with 10% (v/v) fetal bovine serum
(FBS). Testing for potential mycoplasma contam-
ination was done by ELISA. PDX frozen samples
were prepared and provided by Shanghai LIDE
Biotech. Samples were obtained with ethics com-
mittee approval and with consent from patients.
All procedures were performed according to the
LIDE Human Samples Procedure Guideline and
Policies.

H&E and Alcian Blue

Xenograft tumor samples were fixed in 10% (v/v)
neutral-buffered formalin for 6–24 h, processed,
and paraffin embedded. Tissue sections were
cut using a microtome. The paraffin-embedded
tissues sections on glass slides were washed twice
with xylene for 5 min each, followed by incuba-
tion in 100% ethanol twice, and sequential rehy-
dration in 95%, 70%, 50%, 30% ethanol, and
finally water. The tissue sections on slides were
stained in hematoxylin solution for 10 min,
washed in running water for 5 min, differentiated
in 1% acid alcohol for 30 s, and finally washed
in running water for 1 min. Subsequently, the slides were rinsed in
95% ethanol and counterstained in eosin solution for 1 min. Finally,
tissue sections were dehydrated in 95% ethanol for 5 min, cleared in
xylene for 5 min, and mounted with a xylene-based mounting
medium.

The Alcian blue staining of the paraffin sections was done after de-par-
affinization by immersing in 3% (v/v) acetic acid solution for 3 min
and staining using 1% alcian blue (Sigma) in 3% acetic acid solution
at pH 1.0 for 30 min. The slides were then washed in running water
for 10 min and counterstained with nuclear fast red 0.1% (Sangon)
for 5 min. Finally, slides were washed again in water and mounted.

Immunohistochemistry

IHC staining was done after de-paraffinization, rehydration, and
antigen retrieval by microwaving for 10 min in citric acid buffer
(pH 6.0), followed by washing in PBS for 2 min.32 Endogenous
peroxidases were inactivated with 3% hydrogen peroxide for
r Therapy Vol. 27 No 9 September 2019 1563
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Figure 6. CGX1321 in Liposome Formulation

Enhances CGX1321 Tolerance and Decreased the

Toxicity to Mice

H&E (A) and Alcian blue (B) staining of the vehicle and

treated tumor samples. (C) Tumor growth was plotted

by mean with SEM (n = 8). Tumor samples were from

GA007 PDX mice, which were treated with 10 mL/kg

liposome blank, 10 mg/kg CGX1321 in D5W, p.o., q.d., or

10 mg/kg CGX1321 in liposome, i.v., q.o.d., for 14 days.

(D) Bodyweight changes were calculated before and after

CGX1321 in D5W or liposome formulation treatments for

14 days (n = 8), ***p < 0.0001.
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10 min (Zhongshang Jinqiao SP-9000). Then, slides were washed
three times in PBS and blocked in 5% donkey serum for 1 h. Pri-
mary antibodies (Abgent, AP2745A) were diluted in PBS at a 1:40
ratio and incubated on tissue sections overnight. Slides were
washed with PBS three times, after which secondary antibody
anti-rabbit immunoglobulin G (IgG) conjugated with horseradish
peroxidase (HRP) (Abgent, ASS1006) diluted at 1:2,000 in PBS
was added and incubated for 1 h at room temperature (25�C).
Finally, after washing, freshly prepared 3,3’-diaminobenzidine
(DAB) substrates were incubated on tissue sections at room
temperature until visually discernable staining developed. Tissue
sections were washed with water and counterstained with hema-
toxylin. Slides were sequentially dehydrated, rinsed twice with
95% ethanol, rinsed twice with xylene, and mounted before
imaging.

NanoString Assay

NanoString assay directly measures the gene expression by digital
counting of nucleic acids. This assay employs the nCounter analysis
system, which is based on a digital molecular barcoding technology,
which uses molecular “barcodes” and microscopic imaging to detect
and count unique transcripts in one hybridization reaction.33 The
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assays were conducted by Wuxi AppTec
(Shanghai, China) following the manufacturer’s
manual.

Sorting of LGR5+ Cells by Flow Cytometry

PDX primary cells were obtained by digesting
the explanted tumor into single cell suspension.
Tumor fragments were dissociated for 2 hr in a
mixture of 2 U/mL of dispase (Yisen Bio) and
2,000 U/mL of collagenase VI (Yisen Bio) in
pH 7.4 PBS at 37�C by shaking repeatedly.
The dissociated sample was then filtered
(40 mm pore size) and washed in PBS.
Single cell suspensions from PDX tumor tissues
were obtained in 0.5% BSA (Sangon) DMEM
medium. Specifically, 2 � 106 cells were
suspended in 300 mL of PBS containing diluted
primary antibody LGR5 (Abcam, ab-75732)
at 1:40 and incubated on ice for 30min. The cells
were rinsed in PBS and labeled with fluorescein isothiocyanate (FITC)
conjugated secondary antibody at 1:100 (CWBio, CW0219S) for
30 min on ice. Flow cytometric analysis and cell sorting were
performed on a Beckman Coulter MoFloXDP under 20 psi with a
100-mm nozzle.

Spherical Cell Culture

Sorted LGR5+ and LGR5� cells were further cultured in 24-well ultra-
low attachment plates (Corning) in DMEM/F12 (Gibco) medium
containing 20 ng/mL epidermal growth factor (EGF) (Qianchen
Bio), 10 ng/mL fibroblast growth factor (Qianchen Bio), 5 mg/mL in-
sulin (Sigma), 0.4% BSA, and 2% B27 (Invitrogen). Cells were
cultured for 5 days at 37�C with 5% CO2.

LGR5+ Cell Xenograft Model

All in vivo studies and establishments of tumor models have been
approved by the Institutional Animal Care and Use Committee
(IACUC) of Shanghai Jiaotong University, under IACUC protocol
no. A2016039. All animal procedures and animal care were per-
formed according to institutional animal research guidelines and
were also in compliance with Shanghai Laboratory animal manage-
ment regulations. LGR5+/� single cell suspensions from PDX tumor
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tissues were re-suspended in 0.5% BSA DMEM after flow sorting and
then diluted in 50% 1640 medium and 50% matrigel (Corning) at
varying cell concentrations. 100 mL of the cell suspension was inocu-
lated subcutaneously in each 6- to 8-week-old female nude mouse
(SLAC Shanghai). Tumor sizes were measured by caliper, with tumor
volume calculated as (length � width2)/2.34

Analysis of PDX mRNA Samples

The RNeasy mini kit (QIAGEN) was used for mRNA extraction
from PDX tissue samples and cells. First-strand cDNA was synthe-
sized using the iScript cDNA synthesis kit (Bio-Rad). Real-time
quantitative PCR was performed by using the first-strand cDNA
for RNA expression, using 250 nM forward and reverse primers
and SYBR green PCR master mix (Bio-Rad) on an ABI 7900 fast
real-time PCR machine (Applied Biosystems). The primer
sequences and PCR conditions are summarized in Table S1. RNA
expression levels were calculated as the relative expression
compared with human GAPDH.

Western Blot

PDX GA007 tumors were dissociated and homogenized in RAPID
buffer with 1% PMSF (Beyotime). Protein extracts were combined
with loading dye (Invitrogen), boiled, and loaded onto 4%–15%
SDS-PAGE gel (Invitrogen). After electrophoresis, proteins were
transferred onto nitrocellulose membranes (Invitrogen) using semi-
dry trans-blot (Bio-Rad). The membrane was blocked by using 5%
milk for 30min then incubated with the respective primary antibodies
(Abcam, Ab75850) diluted in TBST (Tris-buffered saline containing
0.1% Tween-20 and 2% BSA) overnight at 4�C. The blots were washed
and incubated with the 800CW donkey anti-rabbit IgG secondary an-
tibodies (LI-COR) in TBST. The blotting signals were detected using
an Odyssey scanner (LI-COR).35
Cell Proliferation Assay

The cell proliferation assay was measured using the CellTiter 96
AQueous One Solution cell proliferation assay kit according to the
manufacturer’s instructions (Promega).36,37 HEK293 or LoVo cells
were cultured by seeding 10,000 cells into each well in a 96-well-plate
with CGX1321 conditioned medium mixed with 10 mL per well of
CellTiter 96 AQueous One Solution reagent. After 1 h incubation
in cell culture incubator, absorbance at 490 nm was measured every
24 h using Bio-Rad microplate reader 680.

Luciferase Reporter Assay

HEK293-TCF reporter cells were treated with Wnt3a (10 ng/mL)-,
RSPO2 (10 ng/mL)-, or CGX1321 (18 mM)-conditioned medium.
Luciferase activity detection was conducted with luciferase assay sys-
tem kits (Promega).

CGX1321 Liposome Formulation

Drug-loaded liposomes were composed of hydrogenated soybean
phosphatidylcholine (HSPC), cholesterol, and 1,2-distearoyl-sn-
glycero-3-phosphoethanol-amine-N-[methoxy (polyethylene gly-
col)-2000] (DSPE-PEG2000) with a molar ratio of 55:40:5. The
liposome had a lipid concentration of 50 mg/mL. CGX1321 lipo-
somes were prepared using the remote loading method through
transmembrane ammonium sulfate gradient, similar to Doxil.30

The uncapsulated drug was removed by dialysis against
sucrose. The final concentration of CGX1321 in liposome was
1.233 mg/mL. Fluorescence-labeled liposomes were generated by
incorporating 1% (molar percentage) of DiI (Sigma) in the same
formulation.

CGX1321 Liposome Stability Testing

The liposome suspension after active drug loading was dialyzed
against 50� volume of 10% sucrose buffer with a 100-kDa cutoff
membrane for removal of unencapsulated drugs from the liposome
preparation. The dialysis buffer was changed three times, and each
time the samples were dialyzed for 4–6 hours. For liposome stability
analysis in vitro, the CGX1321 liposomes with a final concentration of
1 mg/mL were added into PBS with 10% FBS and put into a dialysis
tube (Spectra-Por Float-A-Lyzer G2, 100 kDa molecular weight
[MW] cutoff, 10 mL; Sigma) in 50� volume of PBS with 10% FBS
at 37�C with gentle agitation. The liposome samples remaining in
the dialysis tube were collected at different times points and assayed
for the amount of CGX1321 inside liposomes by liquid chromatog-
raphy-mass spectrometry (LC-MS). Thus, any released drugs would
be diluted out in the buffer. Only liposome-encapsulated drugs would
remain.

CGX1321 Efficacy Studies In Vivo

PDX mice were sacrificed to obtain tumor tissue. Tumors were cut
into 3-mm3 pieces and then re-implanted subcutaneously in 6- to
8-week-old female nude mice (SLAC, Shanghai, China) for in vivo
studies. Compound efficacy studies were started when the tumors
grew to 100–200 mm3 in size. Compound CGX1321 was received
as a gift from Curegenix (Guangzhou, China; batch, lot no. PT-
C14010931-D14001). The oral vehicle formulation (D5W) was
composed of 20% PEG400, 25% Solutol (20% Solutol in purified wa-
ter, w/v), and 55% dextrose (5% dextrose in purified water, w/v).
Animals in the D5W oral formulation group were dosed once a day
(q.d.) orally (p.o.). Animals in the liposome formulation group
were dosed every other day (q.o.d.) via intravenous injection (i.v.).
Tumor volumes were calculated based on the modified ellipsoidal for-
mula.38 Endpoints for mice were when tumor sizes reached above
2,000 mm3 or after 14 days of treatment.

Confocal Analysis

Fluorescently labeled liposomes were used for distribution studies.
After dosing with fluorescent liposomes, tumor samples were
collected at different time points and fast frozen after embedding.
Tumor, intestine, and liver sections (7 mm) were mounted and fixed
in 4% paraformaldehyde for 10 min at room temperature. Immuno-
fluorescent staining was performed using CD34 antibody for vessel
staining (Ab81298, Abcam) and DAPI. Images were taken using a
scanning confocal microscope (Leica TCS SP2). The tumor sections
were also used for TUNEL staining (Roche Laboratories).
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Plasma and tissue samples were collected at various time points after a
single dose of the 10 mg/kg D5W oral formulation or the 10 mg/kg
liposomal formulation. Plasma and methanol were mixed at a 1:4
ratio, vortexed thoroughly to subside protein, and then centrifuged
at 14,000 rpm for 10 min at 4�C. Supernatant was removed, and sam-
ples were diluted 500-fold with methanol. 200 mL of diluted samples
were transferred to 96-well plates, and drug concentration was
measured via liquid chromatograph-mass spectrometer (LC-MS).
Drug concentration was measured using 50-mg tissue samples that
were collected from the tumor, liver, skin, or intestine and then
washed in PBS. All samples were homogenized in 250 mL PBS. The
lysate was processed in the same method as the plasma. The tissue su-
pernatant diluted in methanol was analyzed by LC-MS.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 5
(GraphPad Software, La Jolla, CA, USA). Data are presented as
means ± SEM of three independent experiments. Two-way
ANOVA was used to calculate statistical significance of tumor vol-
umes, while a paired t test is used for animal bodyweight statistics.
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