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cell proliferation and tumorigenesis, while induced apoptosis of human HCC cells without influencing normal
hepatocytes. SAMC directly interacted with Wnt-pathway co-receptor LRP6 on the cell membrane. LRP6
was frequently over-expressed in the tumor tissue of human HCC patients (66.7% of 48 patients) and its over-

expression only correlated with the over-expression of f-catenin, but not with age, gender, tumor size, stage
and metastasis. Deficiency or over-expression of LRP6 in hepatoma cells could partly mimic or counteract the
anti-tumor properties of SAMC, respectively. In vivo administration of SAMC significantly suppressed the
growth of Huh-7 xenograft/orthotopic HCC tumor without causing undesirable side effects. In addition, stable
down-regulation of LRP6 in Huh-7 facilitated the anti-HCC effects of SAMC. In conclusion, LRP6 can be a
potential therapeutic target of HCC. SAMC is a promising specific anti-tumor agent for treating HCC
subtypes with Wnt activation at the hepatoma cell surface.

© 2018 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Currently, liver cancer is the sixth most common malignant
disease and the second leading cause of cancer death worldwide.
There are approximately 50.5% of new liver cancer cases in China
in each year, ~75% of which is hepatocytes-derived hepatocellular
carcinoma (HCC)'. The survival rate after the onset of HCC
symptoms is generally less than one year and as to date no
effective clinical therapeutic strategy with desirable effects has
been developed®. Therefore, elucidating the molecular mechanisms
on the initiation and progression of HCC is critical for the control
of this fatal disease.

The canonical Wnt/f-catenin pathway is aberrantly activated
in HCC?. Activation of the Wnt pathway is through the binding
of Wnt family proteins (e.g., Wnt3a) to the cell surface receptors
low-density lipoprotein receptor (LDLR)-related protein 5
(LRPS) and/or LRP6. After that, phosphorylated receptors
recruit disheveled homologue proteins, e.g., disheveled 2/3
(DVL2/3), and axis inhibition protein 1 (axinl) to stabilize
and promote the nuclear translocation of #-catenin, which acts as
a transactivator of T-cell factor/lymphoid enhancing factor
(TCF/LEF) transcription factors to regulate the expression of
key genes for cell proliferation, differentiation, and tumorigen-
esis*. In the liver, many temporal roles of the Wnt/S-catenin
pathway have been identified during its development and
maintenance of physiological homeostasis’. Emerging evidence
suggests that dysregulated signaling of the Wnt/f-catenin path-
way lead to hepatic carcinogenesis®™. Recently, LRP6 has been
identified as a novel nutritional therapeutic target for several
liver diseases, including non-alcoholic fatty liver disease
(NAFLD) and hyperlipidemia’ while another study also found
that up-regulation of LRP6 was associated with enhanced
hepatic carcinogenesis and cell invasion'®. Therefore, we
hypothesized that LRP6 might be a direct target for nutraceutical
agents with anti-HCC properties.

Garlic is used as a medicinal food for its anti-bacterial,
immunoregulatory and anti-tumor properties in many countries
for more than 2000 years''. Epidemiological studies indicate an
association between garlic consumption and decreased risk of
gastrointestinal tract cancers''. S-allylmercaptocysteine (SAMC) is
a water-soluble active compound derived from aged garlic. We
have demonstrated its potent hepato-protective properties and
mechanisms in acute liver injury and NAFLD'*"®, Its anti-tumor
effects have been demonstrated in colon cancer'®, prostate

cancer'>'°, bladder cancer'’, breast cancer'®, and gastric cell
cancer'’. A very recent study found that SAMC induced apoptosis
in human HepG2 cell through targeting the cross-talk between the
transforming growth factor-f and the mitogen-activated protein
kinase pathways®’. However, mechanistic data regarding the
detailed anti-HCC functions of SAMC, particularly its “immediate
receptor” when in contact with the tumor cell, is lacking. There-
fore, in the current study, we aimed to investigate the anti-tumor
effects and mechanisms of SAMC in human and mouse HCC cell
lines and xenograft/orthotopic models, with emphasis in its direct
target on the cell membrane.

2. Materials and methods
2.1.  Patient samples and analysis

Use of human tissue samples in this project was approved by the
Ethical Committee of Shenzhen Third People's Hospital. All patients
were given formal notification and written consent on the use of the
clinical specimens for research. Forty-eight pairs of HCC tissues and
their corresponding non-tumorous liver tissues (1 cm away from the
tumor), as well as 6 liver tissues from healthy people, were employed
for analyses. The clinicopathological features of all these patients are
listed in Supplementary Information Table S1.

2.2. Generation of LRP6 rescue and over-expressed constructs

The cloning and generation of a codon-modified shRNA-resistant
LRP6 (LRP6 rescue) construct was conducted as previously
reported”’.

2.3.  GST-E-cadherin pull-down assay

The GST-E-cadherin pull-down assay was performed as pre-
viously described””. Western blotting was performed using an
antibody to p-catenin.

2.4.  Surface plasmon resonance (SPR) and thermal shift assay
(TSA)

Analysis of direct binding between SAMC and LRP6 protein was
performed by using SPR and TSA as previously described™.
Apparent equilibrium dissociation constants (K;) were then
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calculated as the ratio of kg/k,. In TSA, we used 0.04 mg/mL of
recombinant human LRP6 protein with or without 0.2 mmol/L of
SAMC in phosphate buffered saline (PBS). Data were analyzed
with the differential scanning fluorimetry analysis tool (Excel
based) using the curve-fitting software XLfit 5 (ID Business
Solutions Ltd., Bridgewater, NJ, USA)™.

2.5.  Xenograft and orthotopic HCC nude mice model

Male nude mice (Athymic nu/nu, 5-6 weeks, 20-25g) were
purchased from Guangdong Medical Laboratory Center (Guang-
dong, China). For the establishment of a subcutaneous (s.c.)
xenograft HCC model, mice were s.c. injected at the dorsal region
with 1x10%150 pL (low dose group) or 4x10%150 pL (high dose
group) viable normal or LRP6 knockdown Huh-7 cells. Seven days
after Huh-7 injection, 300 mg/kg SAMC was treated by daily oral
gastric lavage feeding (n=6 for each group of mice)'®. Tumor
volume was assessed with digital calipers at days 8, 13, 18, 23, and
28 post Huh-7 injection. The tumor volume was calculated using the
formula: 7/6 X larger diameter x smaller diameter™’.

For the orthotopic HCC model, a single tumor nodule could be
observed in the liver after 6 days of an injection of 2x10° wild-
type or LRP6 knock-down Huh-7 cells into the left liver lobe of
nude mice. Then mice received daily oral gastric lavage feeding of
300 mg/kg SAMC or saline (n=10 for each group of mice).
Median survival analysis was conducted using the Kaplan—-Meier
methods in GraphPad Prism v6.0 software (GraphPad Software,
San Diego, CA, USA)**. Mice were subjected to anesthesia and
then killed if moribund. The total observation duration was 70
days. Tumor nodule was collected for the intra-tumor expression
check of key proteins.

2.6. Statistical analysis

Data from each group were expressed as mean + standard error of
the mean (SEM). Statistical comparisons between groups were
done using the Kruskal-Wallis test followed by Dunn's post hoc
test to detect differences in all groups. Clinical data were used
Fisher's exact test to compared and calculate P-values. A P <0.05
was statistically significant (Prism 5.0, Graphpad software, Inc.,
San Diego, CA, USA).

Full methods and any associated references are available in
supplementary Information.

3. Results
3.1.  LRPG6 is frequently over-expressed in human HCC samples

It was shown that the mRNA level of LRP6 was significantly higher
in both hepatoma cell lines (Hep3B and Huh-7) than normal cell line
LO-2 (P<0.001). Interestingly, Huh-7 expressed a higher LRP6 level
than Hep3B (P=0.02, Fig. 1A). Then we examined its transcriptional
level in the liver tissues of healthy subjects (n=6), non-cancerous
sections (n=48) and cancerous sections (n=48) of HCC patients
(Fig. 1B), whose clinicopathological characteristics were presented in
Supplementary Information Table S1. LRP6 transcripts were fre-
quently and significantly up-regulated (P<0.001) in the cancerous
liver tissue sections of patients than their corresponding non-cancerous
tissues. Quantitative PCR showed that LRP6 mRNA expression was
elevated in 32 out of 48 (66.7%) cancerous liver tissues of HCC
patients (defined as a 2-fold expressional elevation). Five

representative Western blot results were presented in Fig. 1C.
Immunohistochemistry results indicated obvious over-expression of
LRP6 protein in the cytoplasmic part of tumor cells while the non-
cancerous liver tissue only showed relatively lower LRP6 signals
(Fig. 1D). In addition, clinicopathological correlation analysis exhib-
ited that the association between LRP6 over-expression and f-catenin
over-expression was statistically significant in those patients
(P=0.0039, Supplementary Information Table S2).

3.2, SAMC selectively inhibited cell proliferation of hepatoma cells

After 24-h incubation, SAMC significantly reduced the cell
viability of both Hep3B and Huh-7 cells in a dose-dependent
manner. The dose of 250 pmol/L showed intermediate inhibitory
effects (Fig. 2A, B, and Supplementary Information Fig. S1). The
cell damaging effects of SAMC mostly occurred in the first 24 h of
treatment since the inhibitory results of both 24-h and 48-h
incubation were similar (Supplementary Information Fig. S1).
Thus, we used 250 pmol/L/1 mmol/LL SAMC and 24 h as the
optimal in vitro treatment conditions.

For normal hepatocytes LO-2, only the higher dose of SAMC
(1 mmol/L) reduced its viability from ~100% to ~87% (Fig. 2C).
This observation was further confirmed by the release of lactate
dehydrogenase (LDH) from these three kinds of cells (Fig. 2D).
To study the effects of SAMC on cell proliferation, we stained
cells with Ki-67, a cell proliferation marker, after 24-h incubation
of SAMC. SAMC reduced the cell number and Ki-67 fluorescent
signal density in a dose-dependent manner in both Hep3B and
Huh-7 cells. However, both doses of SAMC did not significantly
alter the LO-2 cell number (Fig. 2E). In addition, SAMC
treatments down-regulated the protein expressions of prolifera-
tion markers—proliferating cell nuclear antigen (PCNA) and
survivin, and up-regulated the protein levels of tumor suppressor
genes P53 and P21 in Hep3B and Huh-7 cells (Fig. 2F)>.
Accordingly, SAMC did not affect the protein expression of
these markers in LO-2 cells. Furthermore, SAMC strongly
disrupted the cell cycle distribution of both Hep3B and Huh-7
cells via reducing the S phase percentage but increasing the
GO0/G1 phase percentage (Supplementary Information Table S3).
Collectively, we found that SAMC specifically inhibited the
proliferation of hepatoma cells without significantly influencing
the normal hepatocytes.

3.3.  SAMC induced apoptosis of hepatoma cells through both
Intrinsic and extrinsic apoptotic pathways

To further investigate the anti-tumor ability of SAMC, we tested its
apoptosis-inducing effects on Hep3B and Huh-7 cells. As expected,
SAMC significantly increased the apoptotic ratio of both hepatoma
cells in a dose-dependent manner, with a similar increasing pattern in
the cellular activities of both caspase-3/7 and caspase-8 (Fig. 3A-C).
Additionally, SAMC up-regulated the protein expressions of cleaved
poly(ADP-ribose) polymerase, cytochrome ¢, BAX1, and FAS-
associated protein with death domain (FADD) while down-regulat-
ing the BCL-2 protein level, indicating that SAMC caused hepatoma
cell apoptosis through both the intrinsic and extrinsic apoptotic
pathways (Fig. 3D). Although SAMC treatment slightly increased
the apoptotic cell number and caspase-8 activity in LO-2, the
apoptotic-inductive effects of SAMC on LO-2 were significantly
less than those of hepatoma cells (Supplementary Information Fig.
S2). To further investigate the apoptotic inducing mechanisms of
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Figure 1 LRP6 was frequently over-expressed in HCC. (A) The basal mRNA expression of LRP6 was highest in Huh-7 HCC cell line, midst in
Hep3B HCC cell line, and lowest in normal human hepatocyte cell line LO-2 (n=4 for each cell line). (B) The LRP6 mRNA level was significantly
higher in human HCC cancerous tissue (n=48) than that in non-cancerous tissue (n=48) or liver tissue from healthy human (n=6).
(C) Representative Western blot results of LRP6 from human HCC cancerous tissue and their corresponding non-cancerous tissues, showing that
the protein level of LRP6 was frequently higher in HCC tumor than non-tumor area. (D) Representative immunohistochemistry results of LRP6 in a
human liver section showing both cancerous and non-cancerous areas (Scale bars, 20 pm). Data are presented in means + SEM.

SAMC, we then checked the expressional changes of c-Myc and
myeloid cell leukemin-1 (MCL-1), key mediators of intrinsic and
extrinsic apoptotic pathways, respectively”®>’. Their protein expres-
sions were dose-dependently inhibited by SAMC incubation in Huh-
7 cell (Supplementary Information Fig. S3A). When their endogen-
ous expressions were over-expressed by corresponding plasmids, the
basal and SAMC-induced apoptosis levels were significantly sup-
pressed, with inhibited activity of caspase-3/7/8 (Supplementary
Information Fig. S3B—F). Furthermore, over-expression of c-Myc
partly counter-acted the intrinsic apoptotic induction effect of SAMC
through elevating the protein levels of both cytochrome ¢ and BAX1
(Supplementary Information Fig. S3G).

3.4. SAMC reduced the tumorigenic ability of hepatoma cells

To further investigate the effects of SAMC on the tumorigenic
ability of hepatoma cells, we measured the changes of cellular
migration and adhesion in both Hep3B and Huh-7 cells with or
without SAMC incubation. We found that SAMC significantly
reduced their migration ability (Fig. 4A). It is well known that cell
adhesion is a vital step in cell migration process. Thus, as shown in
Fig. 4B, SAMC decreased the cellular adhesion ability on
fibronectin in both Hep3B and Huh-7 cells.

Since the modulation of the Wnt pathway evidently influences
the tumorigenic processes of many types of tumor cells, we tested
the protein level changes of key markers in this pathway. It was
demonstrated that SAMC down-regulated the protein levels of -
catenin, phosphorylated LRP6, total LRP6, and DVL2 in both
Hep3B and Huh-7 cells. Consistently, SAMC elevated DKK-1
(Dickkopt Wnt signaling pathway inhibitor 1) protein level in a
dose-dependent manner (Fig. 4C). Then we found that treatments
with both concentrations of SAMC led to significant decreases in
TCF/p-catenin reporter activity up to 45% and 85% for Hep3B
cells and 77% and 90% for Huh-7 cells, respectively (Fig. 4D).

3.5.  SAMC directly targeted LRP6 on the hepatoma cell
membrane

To confirm the hypothesis that LRP6 is the direct acting target of
SAMC, we performed SPR using recombinant human LRP6
protein and dissolved SAMC. SAMC bound to LRP6 tightly in
a dose-dependent manner (from 25 to 400 nmol/L) with a
dissociation constant of Ky=35.65%10"° mol/L (Fig. 5A). To
further confirm this result and to investigate whether SAMC
influences the LRP6 protein through the Wnt pathway of
modulating its protein structure, we used TSA and found that
SAMC treatment increased the melting temperature (7,,,) of LRP6
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Figure 2 SAMC inhibited human hepatoma cell proliferation but not normal hepatocytes in vitro. (A)—(C) SAMC significantly reduced cell viability
of human hepatoma cell lines Hep3B and Huh-7 at 250 pmol/L and 1 mmol/L without evident influence in human normal hepatocyte cell line LO-2
(n=4). (D) Release of LDH (lactate dehydrogenase) was significantly higher in Hep3B and Huh-7 than LO-2 after SAMC incubation (n=4; Scale bars,
100 pm). (E) Representative immuno-fluorescent images of Ki-67 protein in three cell lines after SAMC incubation. (F) Representative Western blot
showing change of protein levels of PCNA, survivin, p53 and p21 in three cell lines after SAMC incubation. Data are presented in means+ SEM.
"P<0.01 and “P<0.001, respectively between indicated groups (in panel D means comparison with the LO-2 group).

for ~4 °C (Fig. 5B). In addition, we labeled SAMC with Alexa into the cytoplasmic part, which was consistent with the finding
Fluo 488 TFP ester and examined the time-lapse distribution of that the subcellular localization of LRP6 could be modulated by

SAMC after its addition to the culture medium. As shown in external treatment (e.g., Wnt) from the cell membrane to the
Fig. 5C, 30 or 60 min after the treatment, green-fluorescent-labeled cytoplasm®®. Conversely, time-lapse experiments using LO-2 cells
SAMC was distributed around a number of Huh-7 cell membranes. showed less SAMC-positive signals around cells and in the culture
Two hours later, the membrane-bound SAMC green signals were medium (Supplementary Information Fig. S4). Collectively, our

intensified and concentrated, with less unbound signals in the data demonstrated that SAMC directly targeted LRP6 on the cell
medium. It should be noted that in some cells, SAMC penetrated membrane of hepatoma cells.
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Figure 3 SAMC induced apoptosis through both apoptotic pathways in human hepatoma cell lines in vitro. (A) Change of apoptotic ratio after
two doses of SAMC incubation in human hepatoma cell lines Hep3B and Huh-7 (n=4). (B) Change of caspase-3/7 activity after SAMC
incubation in Hep3B and Huh-7 (n=4). (C) Change of caspase-8 activity after SAMC incubation in Hep3B and Huh-7 (n=4). (D) Representative
Western blot results of protein level change of cleaved PARP, total PARP, cytochrome ¢ (cyto ¢), BCL-2, BAXI1, and FADD after SAMC

incubation in both Hep3B and Huh-7. Data are presented in means+SEM. P <0.01 and

To prove that the potent anti-HCC effect and direct interaction
with LRP6 is specific to SAMC, we tested the precursor substance
of SAMC during garlic aging—S-allylcystein (SAC)—for its anti-
HCC properties and LRP6 interactions (Supplementary
Information Fig. S5A). It was found that, unlike SAMC,
250 ymol/L and 1 mmol/L SAC could not effectively inhibit
Hep3B and Huh7 proliferation and migration (Supplementary
Information Fig. S5B and C). Moreover, the interactions between
SAC and LRP6 was loose, with a dissociation constant of
K4=8.78x10"2 mol/L from SPR and ~0.5 °C difference of melt-
ing temperature from TSA (Supplementary Information Fig. S5D).
This result was in line with a previous report that at least 5 mmol/L
of SAC was needed to significantly inhibit HCC cell growth®.

3.6. Down-regulation of LRP6 in hepatoma cells attenuated Wnt
pathway signaling and induced apoptosis

To further study the role of LRP6 on HCC development and SAMC-
mediated anti-tumor effects, we then knocked-down the endogenous
expression of LRP6 by using specific ShRNA in Huh-7 cells, which
showed relatively higher level of LRP6 than Hep3B (Figs. 1A and
6A). Cell viability and apoptosis were reduced and increased by the

stk

P <0.001, respectively between indicated groups.

knock-down of LRP6, respectively. Importantly, addition of SAMC
further enhanced these effects of LRP6 knock-down on Huh-7 cells
(Fig. 6B). In addition, deficiency of LRP6 itself significantly
attenuated the migration ability of Huh-7, which was slightly
strengthened by SAMC co-treatment (Fig. 6C). Free f-catenin pool
and TCF/LEF reporter activity were significantly reduced when LRP6
was knocked-down in Huh-7. Addition of SAMC in the culture
medium further enhanced such effects (Fig. 6D).

3.7.  Over-expression of shRNA-resistant LRP6 rescued Wnt
signaling and cancer cell growth impaired by SAMC

To confirm that the above observations on Huh-7 cells were
specifically attributed to the knock-down of LRP6, we synthesized
a shRNA-resistant LRP6 (LRP6 rescue) construct to repeat those
experiments”'. Transfection of LRP6 rescue restored the basal
protein expression level down-regulated by LRP6 shRNA in Huh-
7 cells (Supplementary Information Fig. S6A). It also rescued the
cell viability and apoptosis modulated by the deficiency of LRP6
to a control comparable level (Supplementary Information
Fig. S6B and C). More importantly, over-expression of LRP6
rescue markedly restored the TCF/LEF reporter activity of Wnt
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Figure 4 SAMC reduced human hepatoma cell tumorigenesis and Wnt signaling in vitro. (A) Change of migrated cell number after SAMC
treatment, examined by Transwell assay, in human hepatoma cell lines Hep3B and Huh-7 (n=4). (B) Change in percentage of adhered cells after
SAMC treatment in Hep3B and Huh-7 (n=4). (C) Representative Western blot results of protein level change of f-catenin, phosphorylated LRP6
at ser1490, total LRP6, DVL2, and DKKI1 after SAMC incubation in both Hep3B and Huh-7. (D) Change of Wnt signaling target TCF/LEF
activity after SAMC treatment in Hep3B and Huh-7 (n=4). Data are presented in means+ SEM. "P<0.05, “"P<0.01 and “P<0.001,
respectively between indicated groups (in panel C and D, * and * indicate a P<0.05 when compared with 250 pmol/L and 1 mmol/L groups,

respectively).
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Figure 5 SAMC directly interacted with cell membrane receptor LRP6 in vitro. (A) SPR analysis of the binding of SAMC to immobilized
recombinant human LRP6 protein. A gradient of SAMC was applied to quantify the binding affinity (25400 nmol/L). The Ky (mol/L) value is
5.65x107. (B) The interaction of LRP6 with SAMC was detected by thermal shift assay. Black line: basal LRP6 melting curve. Red line:
LRP64-50 pmol/L. SAMC melting curve. (C) Representative fluorescent images of cultured Huh-7 cells after 0, 30, 60, and 120 min incubation of

SAMC which was conjugated with Alexa 488 TFP ester dye (Scale bars, 50 pm).

pathway, with or without Wnt3a conditioned medium (CM, apoptosis induction. Additionally, the over-expression of LRP6
Supplementary Information Fig. S6D). It was interesting that significantly increased the migration ability of LO-2, when
when LRP6 was over-expressed in normal hepatocyte line LO-2, examined using Matrigel, which could be counter-acted by SAMC

cells gained sensitivity to SAMC-induced viability reduction and (Supplementary Information Fig. S7).
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3.8.  Over-expression of LRP6 antagonized the anti-tumor effects
of SAMC

Since deficiency of LRP6 partly mimicked the anti-tumor abilities of
SAMC treatment, it is interesting to find out whether over-
expression of endogenous LRP6 is able to enhance Wnt signaling
in hepatoma cells (Fig. 6E). It was found that over-expression of
LRP6 increased the free f-catenin pool and TCF/LEF reporter
activity which were re-balanced to the control level by the co-
treatment with SAMC (Fig. 6F). In addition, the protein expression
of key Wnt targets, including c-Myc, cyclin D1 and axin2, were up-
regulated by LRP6 over-expression and then down-regulated by

SAMC, indicating that LRP6 was important for the signal transduc-
tion of Wnt-mediated cell cycle regulation (Supplementary
Information Fig. S8A). We found that LRP6 was important for
the tumorigenesis of Hep3B since its over-expression increased its
basal viability (Fig. 6F) and transwell ability (data not shown),
which were further strengthened by the addition of Wnt3a and
attenuated by SAMC. At the apoptotic level, LRP6 over-expression
down-regulated pro-apoptotic markers cytochrome ¢ and BAX1, up-
regulated the anti-apoptotic marker BCL-2, suggesting that LRP6
could stabilize cell from programmed cell death, although the
change of apoptotic ratio was not very evident (Fig. 6F and
Supplementary Information Fig. S8B).
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Figure 6 Deficiency and over-expression of LRP6 positively and negatively influenced the anti-HCC properties of SAMC in vitro, respectively.
(A) Verification of LRP6 shRNA transfection by detecting its mRNA and protein level change before and after the transfection in Huh-7 hepatoma
cell line in vitro. (B)-(C) When LRP6 was knocked-down, the cell viability and migration was inhibited, which was further potentiated by
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Figure 7 Down-regulation of LRP6 and SAMC treatment significantly inhibits HCC tumor growth in vivo. Huh-7 cells (pooled clones) stably
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3.9.  LRP6 was vital for the tumor growth and SAMC treatment
efficacy in vivo

To investigate whether SAMC is effective in suppressing the
tumor growth and the role of LRP6 in vivo, we used a Huh-7
xenograft animal model (two concentrations, 1x10° per injection
as the low dose group and 5x10° per injection as the high dose
group) with or without a stable down-regulation of LRP6 (LRP6-
KD). Strikingly, tumors in both Huh-7 concentrations derived
from cells with stable down-regulation of LRP6 grew substantially
slower than those derived from control cells as evaluated by tumor
volume calculation (Fig. 7A and B). Daily oral gastric lavage
feeding with 300 mg/kg SAMC further suppressed the tumor
growth, when compared with corresponding control groups
(Fig. 7A and B). Gross examination of tumors from each group
at necropsy also showed that LRP6-KD tumors were significantly
smaller than those of control tumors at both Huh-7 treated
concentrations. Treatment with SAMC further reduced the tumor
sizes (Fig. 7A). Consistent with the in vitro data, knockdown of
endogenous LRP6 decreased the level of Wnt signaling and target
gene expressions (c-Myc, cyclin D1, and axin2), which were
further inhibited by SAMC administration (Fig. 7C and D). To
further validate the role of LRP6 and the efficacy of SAMC, we
used an orthotopic HCC model through the injection of 2x10°
Huh-7 cells. Treatment with SAMC significantly increased survi-
val of tumor-bearing animals compared with animals receiving
saline. As expected, knockdown of endogenous LRP6 showed
similar rescue effects with SAMC consumption (Fig. 7E). The
protein expressional changes of Wnt pathway members were also
similar with the results from the s.c. model (Fig. 7F). Taken
together, these results demonstrated that SAMC inhibited hepa-
toma s.c./orthotopic tumor growth partly through the LRP6/Wnt
pathway. It should be noted that both 30-day and 60-day of SAMC
treatment did not pose any evident toxicity to the mice liver,
suggesting it to be an acceptable and bio-safe product when used
as a food supplement (Supplementary Information Fig. S9).

4. Discussion

Aberrant Wnt activation is frequently found in ~50% of HCC
patients®. As in other forms of cancer, dysregulation of this
pathway can be broadly divided into two categories—Iligand-
dependent disorders (e.g., Wnt protein, LRP and Frizzled recep-
tors) and ligand-independent disorders (e.g., mutations of axin,
p-catenin and TCF)’'. Since receptor—drug interaction is an
important basis for drug screening and discovery, the role of
Wnt pathway receptors in cancer progression and drug therapy
received much attention recently. For example, Frizzled3, -6 and
-7 were found to be overexpressed in HCC'>**, Additional study
confirmed that activated Wnt3/Frizzled7 could promote early
carcinogenic process through promoting the acquisition of malig-
nant phenotypes™. Thus, a soluble ectodomain of Frizzled7 was
developed to inhibit the Wnt signaling, which sensitized HCC cells
to chemotherapy drugs (e.g., doxorubicin)**. In the current study,
we identified that LRP6 was frequently up-regulated in human
HCC samples and cell lines, when compared with non-tumor liver
tissue and normal hepatocytes, respectively. This finding was
consistent with a pilot study showing that LRP6 over-expression in
HCC promoted cell proliferation, cell migration and hyperactiva-

tion of the Wnt signaling'”.

SAMC was found to be a tumor suppressor in several kinds of
tumors. Although the “down-stream” anti-tumor events, such as
promotion of apoptosis, inhibition of proliferation and cell cycle, and
suppression of tumorigenesis, were entirely or partially reported in
these studies, and there was no study that addressed these two basic
questions: (1) What is the immediate molecule(s) that mediate(s) the
anti-tumor signaling from SAMC?; and (2) Can SAMC specifically
antagonize tumor cell proliferation? This study not only found that
LRP6 was over-expressed in HCC cells, but we also identified the
direct interaction between SAMC, but not its natural precursor SAC,
and LRP6 in vitro, through the experiments done on SPR, TSA and
time-lapse fluorescent imaging (Fig. 5 and Supplementary
Information Figs. S4 and 5). More importantly, our results demon-
strated that knockdown of LRP6 was capable of inhibiting hepatoma
cell proliferation, tumorigenesis, Wnt signaling and inducing apop-
tosis, which could be further potentiated by the co-treatment with
SAMC both in in vitro and in vivo models. These findings strongly
supported our initial concepts about the crucial role of LRP6 in HCC
progression and the receptor signaling used by SAMC. Consistently,
when LRP6 was further over-expressed in hepatoma cells, the basal
tumorigenic ability and Wnt signaling were elevated, which could
also be attenuated by SAMC co-treatment (Figs. 6 and 7).
Furthermore, when LRP6 was over-expressed in normal hepatocytes
(LO-2), it enhanced proliferative and tumorigenic phenotypes, which
could be reduced by SAMC treatment (Supplementary Information
Fig. S7). Considering that after SAMC treatment, the change of LO-
2 proliferation, apoptosis and survival markers (surviving and P53/
P21) was not evident (Fig. 2 and Supplementary Information Fig.
S2), these results were vitally important because they suggested that
LRP6 might be one of the molecular pathways for the anti-tumor
specificity of SAMC in HCC therapy.

Since basic normal Wnt signaling is indispensable for several
physiological functions, an ideal LRP6/Wnt inhibitor should sig-
nificantly reduce its signaling to inhibit the tumor growth without
influencing the physiological homeostasis. We demonstrated in the
current study that SAMC treatment in healthy mice did not influence
normal liver histology nor caused any evident adverse effect
(Supplementary Information Fig. S9). In our previous studies, the
hepato-protective roles and possible toxicity of SAMC in several
liver diseases have been mechanistically investigated'>'®. Thus, our
work introduces SAMC as a promising nutraceutical antitumor agent
that can be further developed for HCC targeted therapy, since there is
virtually no treatment for advanced HCC.
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