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Fucose-containing fraction of Ling-
Zhi enhances lipid rafts-dependent
“ubiquitination of TGF(3 receptor
e degradation and attenuates breast
e cancer tumorigenesis

Shu-Ming Tsao! & Hsien-Yeh Hsu23

Ganoderma lucidum exerts antitumor activity, but the mechanism of G. lucidum polysaccharides
on cancer is unclear. Here, we demonstrated that a fucose-containing fraction of Ling-Zhi (FFLZ)
reduced tumor size and suppressed metastasis in vivo. Furthermore, FFLZ inhibited breast cancer
cell migration and altered the epithelial-to-mesenchymal transition (EMT) phenotype. Transforming
growth factor-3 receptor (TGFR) pathways act as key mediators to promote tumor progression and
. metastasis. We found that FFLZ down-regulated TGFR and downstream signaling pathways, including
. the phosphorylation of Smad2/3 and the expression of Smad4. In an investigation of the underlying
©mechanisms, we found that FFLZ enhanced the Smurf2-dependent ubiquitination of TGFR by disrupting
. the balance of the lipid rafts, promoted the “re-localization” of the TGFR to the caveolae, and facilitated
. the degradation of TGFR. Together, our data indicated that FFLZ is associated with the inhibition of
: EMT and the prevention of metastasis by promoting ubiquitination-dependent TGFR degradation
and abolishing TGFR signaling pathways. Moreover, the combination of FFLZ and trastuzumab
synergistically inhibited the viability of certain trastuzumab-resistant human breast cancer cells. In
summary, our current findings indicate that FFLZ is a potential therapeutic or dietary supplemental
agent for cancer patients and that it functions via the caveolin-1/Smad7/Smurf2-dependent ubiquitin-
mediated degradation of TGFR.

. Ganoderma lucidum (a medicinal fungus, aka Ling-Zhi in Chinese) has been used as a traditional Asian medicine

* to promote good health and longevity'. Previously, we reported that an active fucose-containing glycoprotein

. fraction isolated from a water-soluble Ling-Zhi extract, i.e., FELZ, exerted antibody-mediated cytotoxicity and
reduced the production of tumor-associated inflammatory mediators?, as well as exhibiting significant antitumor
activity and immunological functions'. However, the molecular mechanism associated with the anti-metastatic
activity of FFLZ in breast cancer is less clear and should be further investigated.

Breast cancer is among the most common malignant diseases. More than 90% of breast cancer-related deaths
are caused by metastasis, not primary tumors>*. Recent findings indicate that the inhibition of the activity of
transforming growth factor-31 (TGF3) and/or TGF3 receptors (TGFR) enhances the action of chemotherapy

. against triple-negative breast cancer’. TGFS, a multifunctional cytokine, is found in various cell types, with func-

© tions including cell proliferation, migration, and invasion in cancer®. Indeed, TGFS is highly up-regulated in

. late-stage breast cancer®. Interestingly, TGFf acts to induce tumor progression and metastasis during the late

: stages of breast carcinogenesis®!! by the Smad and non-Smad phosphatidylinositol-3-kinase/AKT signaling

. pathways'?. TGE@ can be described as a tumor promoter; one of its abilities is the induction of the TGF3-mediated

. epithelial-to-mesenchymal transition (EMT), an important metastatic process in which epithelial cells convert to
a mesenchymal cell phenotype'**4,
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It has been reported that the level of TGFRs is regulated by ubiquitin-dependent proteasomal pathways
(UPPs)'>. E3 ubiquitin ligase Smurf2 (Smad ubiquitination regulatory factor 2) participates in modulating
TGFB-mediated signaling by targeting the ubiquitination of TGFR'®. Unlike growth factor receptors that directly
recruit E3 ligases, TGFRI requires an adaptor protein, Smad7, to recruit its E3 ligase!”. In addition, Smad7 sta-
bilizes the Smurf2-TGFRI complex and help E3 ligase-Smurf2 to ubiquitylate TGFRI. Furthermore, the traffick-
ing of TGFRs is intimately linked to the control of the activity and termination of signaling events. A two-step
regulation of TGFR has been proposed: in the first step, TGFR perform trafficking via the clathrin-mediated
or lipid rafts/caveolae-mediated pathways to activate or inhibit signaling. Specifically, the clathrin-dependent
internalization of TGFR is followed by the promotion of signal transduction'?; alternatively, the lipid rafts/
caveolae-dependent pathway attenuates TGFR signaling by enhancing the UPP of TGFRI. In the second step,
during ubiquitin attachment, TGFRs are internalized by the proteasome complex via an endocytosis-mediated
pathway'®. A scheme summarizing the proposed FFLZ functions is presented in Sup. Fig. 5.

It is important that the inhibition of TGF3 and/or TGFR activity enhances the action of chemotherapy against
triple-negative breast cancer®. It has also been reported that TGFS is associated with cell resistance to trastuzumab
and cooperates with HER2 through both Smad-dependent and -independent mechanisms'®. Furthermore, a
significant number of patients with triple-negative cancer or trastuzumab-resistant cancer do not benefit from
targeted therapy with trastuzumab?®. Hence, our study sought to elucidate the mechanisms by which FFLZ
enhances TGFR degradation in relation to reductions in tumor proliferation and the synergistic effects of FFLZ
and trastuzumab.

Altogether, our current findings indicate that FFLZ inhibits the viability of cancer cells and reduces breast
tumorigenesis. Moreover, FFLZ inhibits migration during the EMT by suppressing TGFR-mediated signaling via
the lipid rafts/caveolae-mediated ubiquitin-dependent degradation of TGFR. Furthermore, our research revealed
that the combination of trastuzumab and FFLZ exhibits a synergetic antitumor effect in trastuzumab-resistant
and/or triple-negative breast cancer cells, suggesting that this combination might provide a novel regimen for
clinical breast cancer treatment.

Results

Fucose-containing fraction of Ling-Zhi (FFLZ) inhibits carcinogenesis in 4T1 breast cancer-bear-
ing BALB/c mice in vivo. Using 4T1-bearing mice, we demonstrated that FFLZ reduces tumor growth
in vivo. Briefly, after the subcutaneous (s.c.) transplantation of 4T1 breast cancer cells into mice, along with con-
current FFLZ treatment, we found that FFLZ significantly suppressed 4T1 cell growth (Sup. Fig. 1A), reduced
tumor weight (FFLZ group vs. control group) (Sup. Fig. 1B), and prolonged the survival rate of tumor-bearing
mice (Sup. Fig. 1C). Next, the effect of FFLZ on mouse mammary fat pads injected with 4T1 cells was examined.
Specifically, we injected 4T'1 cells s.c. into the mammary fat pads of Balb/c mice, followed by FFLZ treatment,
as in Fig. 1A. The mice were sacrificed on day 28, when the tumor volume had reached approximately 700 mm?
(control group). We found that the tumor volume (Fig. 1A, 610+ 18 mm? vs. 180 & 20 mm?) and tumor weight
(Fig. 1B,2.3£0.2g vs. 1.45+0.15g) in the FFLZ-treated 4T1-bearing mice were significantly decreased com-
pared to the control mice with PBS treatment. In contrast, no apparent difference in body weight was observed
between the FFLZ-treated mice and the PBS-treated control (data not shown). Taken together, these results indi-
cate that treating 4T1-bearing mice with FFLZ both concurrently with and after tumor cell injection inhibits
breast cancer carcinogenesis.

FFLZ inhibits the proliferation, colony formation and transformation capability of breast can-
cer cells in vitro. To evaluate the effects of FFLZ on the growth of mouse breast cancer cells, we next exam-
ined the effects of FFLZ on breast cancer cells in vitro. Treating 4T1 cells with FFLZ led to a decrease in viable cell
number compared to the control (Fig. 1C). In addition, the effect of FFLZ on cell viability was examined by MTT
assay; we found that 4T1 and MDA-MB-231 (a triple-negative human breast cancer line) cells exhibited signif-
icant sensitivity to FFLZ in a dose-dependent fashion (Fig. 1D, and Sup. Fig. 1D). Next, using soft agar assays,
we found that FFLZ-treated 4T1 cells formed fewer colonies than untreated cells (Fig. 1E), indicating that FFLZ
inhibits the colony formation of 4T1 cells. Together, the results indicate that FFLZ-treated breast cancer cells have
less proliferation ability than control cells.

Because it has been reported that the activation of the Akt signaling pathway is involved in the regulation of
survival mechanisms?!, we tested the effect of FFLZ on the Akt pathway. The results of western blotting assays
indicated that the endogenous phosphorylation of Akt in 4T1 and in MDA-MB-231 cells was down-regulated
under 3-h FFLZ treatment (Fig. 1F).

FFLZ inhibits spontaneous pulmonary metastasis in the tested mouse lungs and reduces the
invasion of breast cancer cells. In cancer metastasis, multiple processes, including cell migration and
invasion, are involved in the spread of primary tumors?2. Because it is known that 4T1 cells exhibit higher sponta-
neous metastasis®’, we were interested in testing whether FFLZ treatment of 4T1-bearing mice could suppress the
metastatic ability of 4T1 cells. In these preliminary experiments, we found that on day 36 after the implantation of
4T1 cells into the BALB/c mice, metastatic lesions emerged on the examined organs and apparent tumor nodules
occurred on the examined lungs (Sup. Fig. 2A,B).

Later, extensive metastasis studies were conducted, and we found that fewer metastatic nodules emerged per
lung in FFLZ-treated 4T1-bearing mice compared to control mice (Fig. 2A). Next, the results of H&E staining
indicated that the number of pulmonary metastatic tumor lesions in the control mice increased significantly
with extended time (Fig. 2B). Specifically, we found that tumors from 4T1-bearing mice formed 3.7 metastatic
nodules per lung in the control mice; by contrast, approximately 0.9 metastatic nodules per lung formed in the
FFLZ-treated mice (Fig. 2A). In addition, a smooth edge encircling the xenografted tumors appeared in the
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Figure 1. Fucose-containing fraction of Ling-Zhi (FFLZ) inhibits carcinogenesis in vivo and in vitro.

(A) FFLZ inhibits tumor growth in 4T1-bearing mice. 4T1 cells were implanted into mice mammary fat pad
tissue (n=6 in each group). After 7 days, mice were treated with FFLZ (30 mg/kg) i.p. injection at intervals of 2
days for 28 days. Data shown are the mean =+ standard deviation from three independent experiments. (B) Image
and tumor weight of 4T1 transplanted into fat pads of female BALB/c mice. (*p < 0.05, **p < 0.01, ***p < 0.001;
log-rank test for significance). (C) 4T1 cells (1 x 10°/well in 12-well plate) were treated with various dosages of
FFLZ (120-480 pg/ml) for 1-3 days as indicated. The viability of cells was determined by cell counting assay.
(D) 4T1 cells (1 x 10*/well in 96-well plate) were treated with various dosages of FFLZ (30-960 ug/ml) for

1-3 days as indicated. Cell viability of cells was determined by the MTT assay. Each group at 30-960 ug/ml of
FFLZ is normalized to each un-treated control. The data are representative of three separate experiments with
mean =+ SD; error bars indicate SD. (E) Approximately 3,000 cells were seeded into each well of a six-well plate.
The wells were filled with melted 0.33% agar solution, followed by treatment with FFLZ (120 ug/ml) for 26 days.
The cell numbers of the colonies formed were determined, and the values shown represent the means + SD,

*p < 0.05, and quantitation of colony formation ability. (F) FFLZ decreases phosphorylation of Akt (a TGFR-
non-Smad signaling pathway). 4T1 and MDA-MB-231 cells (1 x 10° cells/ml) were treated with FFLZ

(0-200 pg/ml) for 3h. Total cell lysates were collected after the indicated incubation times and analyzed by
western blot assays for phosphorylated AKT. Relative quantification analysis of phosphorylation-AKT band
intensities by Image]. Representing one of three separate determinations in same experimental conditions.

FFLZ-treated mice; in contrast, the encircled invasive status of xenografted tumors appeared in the PBS-treated
mice in both the subcutaneous and fat pad experimental models (Fig. 2C). Moreover, the results of histological
analyses showed similar results between spontaneous lung metastasis (Sup. Fig. 2A,B) and liver metastasis (Sup.
Fig. 2C) in the tested 4T1-bearing mice.

To examine the migration properties of breast cancer cells, we performed wound closure assays and migra-
tion/invasion assays to determine the effect of FFLZ on cell mobility. Our results indicated that FFLZ significantly
reduced human breast cancer MDA-MB-231 cell invasion (Fig. 2D) and mobility (Fig. 2E,F) in vitro, suggesting
that such reduction is among one of the mechanisms by which FFLZ inhibits cell metastasis in vivo. Together, our
results indicate that FFLZ remarkably reduces the number of metastatic nodules and micrometastasis in the lungs
and liver, partly due to inhibiting breast cancer mobility and metastasis in vivo and in vitro.

The decrease in TGFR-induced Smad-dependent pathway-relevant proteins is involved in the
FFLZ-reduced expression of epithelial mesenchymal transition (EMT) markers.  The reduction of
cell-cell adhesion is another important event in cell invasion and metastasis?’. We examined the effects of FFLZ on
the expression of epithelial and mesenchymal markers and further investigated the mechanism of FFLZ-induced
EMT morphological changes in breast cancer cells in terms of metastasis. In brief, MDA-MB-231 cells incubated
with FFLZ showed a distinct cell-cell adhesion and cluster morphology compared to vehicle-treated MDA-MB-231
cells, which displayed a spindle-like morphology and revealed scattered dissemination (Sup. Fig. 3A).
To determine the effects of FFLZ on actin cytoskeletal reorganization, MDA-MB-231 cells were treated with FFLZ
for 24 h and stained for F-actin. We found that, compared with untreated cells, FFLZ induced morphological
changes, including the formation of protrusions and the destruction of actin filaments (Sup. Fig. 3B).
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Figure 2. FFLZ inhibits spontaneous pulmonary metastasis in mouse lungs and reduces the invasion of
breast cancer cells. (A) Balb/c mice were transplanted with 4T1 cells and treated with FFLZ (30 mg/kg) as
described in Fig. 1. Tumor nodules of lung lesion in FFLZ post treatment experiment. (B) Pictures of lung
lesions from 4T1-bearing mice and quantitation of the nodules of lung lesions. (C) Hematoxylin and eosin
(H&E) staining from tumor lesions, smooth edge encircling indicated by black arrows. Scale bar, 100 pm.

(D) Invasion ability of MDA-MB-231 cells was quantified by counting the number of cells that migrated to the
underside of the porous polycarbonate membrane under microscopy and normalized to the control group. Data
are expressed as the mean & SD (N > 5) by Student’s t test; one of three independent experiments is presented.
(E) Wound closure assays in MDA-MB-231 cells. Images were captured at 0-48 h in serum-free medium in the
presence of FFLZ (0-180 pg/ml) or PBS. (F) Percentages of wound closure at 0-48 h under each condition as
plotted, in which the wound width was normalized to the initial value at 0 h.

In addition, during 24-h FFLZ treatment of cells, the up- and down-regulation of E-cadherin and Vimentin
expression in 4T1 (Fig. 3A) and MDA-MB-231 cells (Fig. 3B) occurred in a dose-dependent manner. We
extended the study of EMT marker expression in 4T1 cells and found that the enhanced expression of ~-catenin
and the reduced expression of N-cadherin occurred within 24 h in a FFLZ dose-dependent manner (Sup. Fig. 3C).

Because TGF3/TGFR signaling is involved in the EMT of cancer cells*, we found that FFLZ abolished the
TGFp1-induced alteration in EMT and rescued the cells to an epithelial phenotype by increasing E-cadherin, an
important component of EMT, resulting in the inhibition of cell-cell adhesion in MDA-MB-231 cells (Fig. 3C).
Moreover, the level of Smad4, which is a transcription factor for TGF3/TGFR signaling also decreased upon FFLZ
treatment (Fig. 3D). We found that FFLZ also reduced Smad2 phosphorylation, possibly through a reduction in
TGEFR proteins (Fig. 3E). We examined the expression levels of Snail and Slug, which are proteins that coordinate
with the E-boxes in the E-cadherin proximal promoter to repress E-cadherin transcription®. The protein expres-
sion levels of Snail and Slug were down-regulated in FFLZ-treated MDA-MB-231 and 4T1 cells, most likely via
the reduced phosphorylation of Smad2/3 (Fig. 3E,F).

Furthermore, we used TGF31 to trigger the downstream signaling of TGF3 pathway and found that FFLZ
also down-regulates the TGF(31-induced phosphorylation of Smad2/3 and the expression of Snail (Sup. Fig. 4A).
Similar results were observed in treatment with TGFR inhibitor, SB431542 (Sup. Fig. 4B). These findings sug-
gested that the phenomenon of morphology alteration was due to the ability of FFLZ to decrease mesenchymal
cell markers (e.g., N-cadherin and vimentin) or increase epithelial cell markers (e.g., E-cadherin and ~-catenin).
Moreover, FFLZ decreases the TGF3-induced Smad2/3-Smad4-Snail/Slug-axis pathway and the expression of the
EMT-related transcriptional factors in breast cancer cells.

FFLZ accelerates ubiquitin-dependent proteasome-mediated degradation of TGFR (TGFRI and
TGFRII) expression in FFLZ-treated MDA-MB-231 cells.  Previous studies have revealed that TGF3/
TGFRs mediate the activation of Smad- and/or non-Smad pathways, induce EMT and further promote tumor
invasion and metastasis®®. Here, we examined whether an alteration in TGF3-Smad signaling is involved in
FFLZ-mediated EMT. Prompted by this hypothesis, using western blotting analysis, we dissected the mechanism
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Figure 3. FFLZ reduces the expression of EMT markers via decreasing TGFR-induced Smad-dependent
pathway-related proteins. (A) 4T1 and (B) MDA-MB-231. Total protein lysates derived from breast

cancer cells treated with FFLZ for 48 h. Lysates were subjected to western blot analysis by antibodies against
E-cadherin, vimentin, and ~-cadherin to determine protein expression of the indicated EMT markers. (C) Total
protein lysates derived from MDA-MB-231 cells pre-treated with TGF3 for 24 h and then treated with FFLZ for
48h. The indicated proteins were detected by western blot analysis. E-cadherin: Short and long exposure. (D)
4T1 cancer cells were incubated with FFLZ for 4h, and whole cell lysates were analyzed by western blotting with
anti-Smad4 antibody. (E) Breast cancer cells (1 x 10° cells/ml) were incubated with FFLZ (0-400 ug/ml) for 4h,
and whole cell lysates were analyzed by western blotting with anti-phospho-Smad2 antibody. (F) Breast cancer
cells (1 x 10° cells/ml) were incubated with FFLZ (0-400 ug/ml) for 4h, and whole cell lysates were analyzed

by western blotting with anti-snail and anti-slug antibodies. All western blotting data represented one of three
separate determinations in same experimental conditions.

of the FFLZ-mediated down-regulation of TGFR (TGFRI and TGFRII) protein expression. Initially, we found
that TGER proteins dramatically decreased under the short-term FFLZ treatment of MDA-MB-231 and 4T1 cells
(within 1h, at 100 or 200 ug/ml), i.e., reduced amounts of TGFRI and II proteins were detected under FFLZ treat-
ment compared to control cells (Fig. 4A). Similarly, we found that FFLZ reduced TGFR proteins in MDA-MB-231
cells during 48-h FFLZ treatment (Fig. 4B, samples 1 and 2); even in the presence of TGF31, we found that FFLZ
also significantly reduced TGFR proteins in FFLZ-treated MDA-MB-231 cells (Fig. 4B, samples 3 and 4).

Second, to investigate the mechanism of the FFLZ-mediated degradation of TGFR proteins, we examined the
(degradation) half-life (T%) of TGFRs in MDA-MB-231 cells treated with cycloheximide (CHX) to block de novo
protein synthesis. We found a marked increase in TGFR turnover degradation rates in the presence of FFLZ in
MDA-MB-231 and 4T1 cells (Fig. 4C and Sup. Fig. 5): the T values of TGFRI and TGFRII in MDA-MB-231cells
treated with CHX+FFLZ were approximately 18 h and 16 h, respectively, shorter than the T% values of TGFRI
or TGFRII in cells treated with CHX alone (more than ~48h) (Fig. 4C). Therefore, we proposed that FFLZ may
enhance TGFRs degradation through modulation the stability of TGFRs. Next, by testing the effect of FFLZ treat-
ment on TGER proteins in the presence of the proteasome inhibitor MG132, we found that MG132 recovered
the FFLZ-induced TGFR degradation (Fig. 4D, lane 4, FFLZ + MG132 vs. lane 2, FFLZ), i.e., more TGFRI and II
proteins were found in FFLZ+MG132-treated cells (lane 4) than in FFLZ-treated cells (lane 2).

Third, an in vitro ubiquitination (ubiquitin) activity assay was used to examine the involvement of the
ubiquitin-proteasome pathway (UPP) in the FFLZ-mediated proteasome degradation of TGFR proteins in
MDA-MB-231 breast cancer cells. In brief, the cells were pre-incubated with MG132 and then treated with FFLZ,
followed by the incubation of whole-cell lysates with anti-TGFR antibodies. The immunoprecipitated proteins
were then analyzed via blotting with an anti-ubiquitin antibody. We found that degraded TGFRI protein could
be detected with anti-ubiquitin antibodies in MDA-MB-231 and 4T1 cells (Fig. 4E). We demonstrated that the
intensity of the smeared bands of degraded TGFRI protein in the FFLZ-treated cells was stronger than in control
cells (Fig. 4E, samples 2 vs. 1, and 4 vs. 3), indicating that TGFRI in FFLZ-treated cells underwent a higher level of
ubiquitination than in control cells during the FFLZ-induced decrease in TGFRI proteins. By contrast, there was
less significant ubiquitination of TGFRII (data not shown). Taken together, these data are the first to demonstrate
that UPP is involved in the FFLZ-mediated and -enhanced TGFR degradation in MDA-MB-231 cells.
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Figure 4. FFLZ accelerates ubiquitin-dependent proteasome-mediated degradation of TGFR (TGFRI and
TGFRII) expression in FFLZ-treated MDA-MB-231 cells. (A) MDA-MB-231 and 4T1 cells were treated with
FFLZ (60-200 pg/ml) for 1h and harvested for immunoblotting analysis. (B) Total protein lysates derived from
MDA-MB-231 cells treated with TGF3 for 24 h and FFLZ for 48 h, then analyzed by western blotting of TGFRI
and I (C) Time course of TGFRI and TGFRII degradation after addition of cycloheximide (CHX, 10 pg/ml) in
the presence and absence of FFLZ (200 p.g/ml) for 0 to 24h in MDA-MB-231 cells (left panel). Quantification
and normalization of TGFRs band intensities in an experiment representative of three separate determinations
by Image] (right panel). Actin was used as an internal control. (D) Total protein lysates derived from
MDA-MB-231 cells treated with MG132 for 0.5h, and then with FFLZ for 1h, then analyzed by western blotting
of TGFRI and II. Quantification of bands in right panel (*p < 0.01, log-rank test for significance). (E) Detection
of ubiquitin levels by immunoprecipitation of TGFRI, TGFRII in MDA-MB-231 cells pre-treated with MG-

132 (10 uM) for 30 min, followed by additional treatment with FFLZ (200 pg/ml) for 60 min as indicated. After
incubation, the whole cell lysates were immunoprecipitated (IP) overnight at 4 °C by anti-TGFRI antibody,
followed by western blotting with anti-ubiquitin antibody. All western blotting data represented one of three
separate determinations in same experimental conditions.

FFLZ modulates TGFRI protein in MDA-MB-231 cells by accelerating lipid rafts/
caveolae-mediated endocytosis of TGFR. Using FACS to detect TGFR protein expression on the sur-
face of the cell membrane, we confirmed that FFLZ reduced the expression of TGFRs on the membranes of both
MDA-MB-231 and 4T1 cells in a short time (Fig. 5A). In brief, the TGFRs protein level on the cell membrane was
significantly decreased in FFLZ-treated cells compared to control cells within 1 h.

Because it has been reported that TGFRI ubiquitination is also promoted via lipid rafts/caveolae-mediated
endocytosis?’, we further examined whether lipid rafts/caveolae were involved in the FFLZ-mediated degradation
of TGFRI. Using sucrose gradient centrifugation to isolate lipid rafts (LR) and non-lipid rafts fractions (NLR) from
MDA-MB-231 cells, we found that FFLZ induced TGFR co-localization to lipid rafts fractions (Fig. 5B, lane 2 vs.
4, total lysate). We also found that TGFRI protein was dramatically increased in the LR fraction of FFLZ-treated
cells, and much more ubiquitinated TGFRI was immunoprecipitated from the FFLZ-treated lipid rafts/caveolin
fractions than from the control groups (Fig. 5B, lane 2 vs. 4, IP: TGFRI). Compared with normal conditions and
the results of FACS (Fig. 5A), we found that FFLZ promoted the TGFRI protein on the membrane to “enter”
the lipid rafts/caveolin fraction and further facilitated endocytosis and the UPP-mediated degradation pathway
(Fig. 5B). Based on the results of lipid-raft involvement in TGFRI degradation, we used methyl-3-cyclodextrin
(MBCD) to inhibit lipid rafts formation and found that, as expected, the level of TGFRI protein in FFLZ-treated
cells was rescued, i.e., more TGFRI protein was present after FFLZ+MQ3CD treatment than after FFLZ treatment
alone (Fig. 5C, lanes 4 vs. 2, total lysate). Furthermore, the intensity of the smeared bands of degraded TGFRI
protein in the FFLZ-treated cells was stronger than in the MBCD-treated cells (Fig. 5C, lane 4 vs. 2, IP: TGFRI).
Taken together, these data are the first to demonstrate that lipid rafts/caveolae-mediated endocytosis is involved
in FFLZ-modulated ubiquitin-proteasome pathways and ubiquitin-enhanced TGFRI degradation.

FFLZ promotes caveolin-dependent degradation by triggering the Smurf2/Smad7/Tollip com-
plex to conjugate to TGFRI.  The conjugation of Smurf2 and Smad7 to TGFRI performs critical functions
in modulating the intracellular trafficking and degradation of ubiquitinated TGFRI but negatively regulates TGF3
signaling pathways?®. By examining the mechanism of Smurf2 involvement in FFLZ-induced TGFRI degrada-
tion, we found that FFLZ enhanced Smurf2 and caveolin-1 binding to TGFRI, which regulates the lipid rafts/
caveolae-mediated endocytosis pathway (Fig. 5D). In addition, we found that FFLZ induced Smad7 conjugation
to TGFRI (Fig. 5E). These results indicate that FFLZ induces the Smurf2/Smad7/TGFR-complex to process the
UPP degradation pathway of TGFRI.

Toll-interacting protein (Tollip), an inhibitory adaptor protein within the toll-like receptor (TLR) pathway,
cooperates with Smad7 and Smurf2 to modulate intracellular trafficking and promote the degradation of ubiquit-
inated TGFRI by stabilizing the ubiquitylated chain of TGFR, negatively regulating TGFf signaling pathways?.
Interestingly, using a co-immunoprecipitation assay of Tollip and TGFRI, we found that FFLZ enhanced the
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Figure 5. FFLZ modulates TGFRI protein in breast cancer cells via accelerating lipid rafts/caveolae-
mediated endocytosis of TGFR. (A) MDA-MB-231 and 4T1 cells were treated with FFLZ (200 ug/ml) for
1-24h, followed by analysis of TGFRI expression by FACS. (B) MDA-MB-231 cells were treated with FFLZ
(60-200 pg/ml) for 1h and lysed, and the lysates were subjected to sucrose gradient centrifugation for the
isolation of lipid rafts fractions (LR) and non-lipid rafts fractions (NLR), followed by immunoprecipitation (IP)
pull-down overnight and then western blotting with anti-ubiquitin antibody and TGFRI antibody. Caveolin-1
served as the marker for lipid rafts. (C) MDA-MB-231 cells were treated with MG132 for 0.5 h, followed by
treatment with MBCD, a lipid rafts inhibitor, for 1 h and then treatment with FFLZ for 1 h. After incubation, the
whole cell lysates (WCLs) were immunoprecipitated (IP) by anti-TGFRI antibody, followed by immunoblotting
(IB) analysis with anti-ubiquitin antibody. Quantification of total lysates of TGFRI band intensities in
experiment by ImageJ®, representing one of three separate determinations in same experimental conditions.
(D) MDA-MB-231 cells were treated with FFLZ (200 pg/ml) for 30 min. After incubation, WCLs were harvested
for IP as indicated and then analyzed by IB. (E) MDA-MB-231 cells were treated with FFLZ (200 pg/ml) for

60 min. After incubation, WCLSs were harvested for IP and IB analysis, with WCL as loading control. All western
blotting data represented one of three separate determinations in same experimental conditions.

interaction between TGFRI and Tollip (Fig. 5D). To further examine the role of Tollip in FFLZ-induced TGFRI
degradation, the expression of Tollip in MDA-MB-231 cells was knocked down via shRNA (Sup. Fig. 6A). We
found that the TGFRI protein was recovered in Tollip-shRNA groups (Sup. Fig. 6A, mock vs. samples #24 and #41).
Moreover, we also found that transfection of Tollip-shRNA effectively blocked FFLZ-induced TGFRI degradation
(Sup. Fig. 6B, sample 2 vs. 4). Together, our findings indicate that the specific Smurf2/Smad7/Tollip axis is involved
in the FFLZ-induced ubiquitination-mediated degradation of TGFRI, as shown in proposed scheme (Sup. Fig. 7).

Study of the synergistic effects of combining FFLZ and trastuzumab (Herceptin®) in the
inhibition of BT474 and SKBR3 trastuzumab-resistant human breast cancer cells. In addi-
tion, a significant number of patients with triple-negative cancer (similar to the MDA-MB-231 cell line) or
trastuzumab-resistant cancer (similar to the trastuzumab-resistant SKBR3 cell line) do not benefit from targeted
therapy with trastuzumab?. Here, the results suggested for FFLZ and trastuzumab in inhibiting the cell viability
of other types of breast cancer cells, SKBR3 (HER2-positive, trastuzumab-resistant) and BT474 (triple positive)
in a dose-dependent manner (Fig. 6A,B). Moreover, the interaction between FFLZ and trastuzumab was further
evaluated using the CompuSyn™ program combination index (CI) developed by Chou-Talalay; in brief, CI< 1
indicates synergy, CI=1 indicates additivity, and CI > 1 indicates antagonism®. This algorithm estimates the CI
value for each dose based on the results expected from each of the single agents. Specifically, after 72-h treatment
of cells with the combination of FFLZ and trastuzumab, we found that the IC;, was decreased dramatically by
the combination treatment of FFLZ and trastuzumab in BT474 and SKBR3 (Fig. 6C). The CI values, i.e., CI < 0.4
(BT474) and 0.3 (SKBR3), indicated that the combination of FFLZ and trastuzumab synergistically decreased
tumor cell viability in vitro (Fig. 6D).

Discussion

Ganoderma lucidum, which contains polysaccharides including FFLZ, is applied as a dietary supplement with
chemotherapeutic drugs for anticancer activity*' =% however, the mechanism of FFLZ in anti-breast cancer has
not been elucidated. According to our results, the TGFRI protein level is dramatically decreased in a short time
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Figure 6. Synergistic anti-cancer activity of the combination of FFLZ and trastuzumab in BT474 and
SKBR1 human breast cancer cells. (A) Human breast cancer (BT474 and SKBR3) cells with a density of 2 x 10°
cells/dish were treated with various concentrations of FFLZ (30-960 jug/ml) for 72 h, and the viability of cells
was determined by MTT assay to find the ICs, of breast cancer cells. (B) Human breast cancer cells (BT474

and SKBR3) were treated with trastuzumab (2.5-800 pg/ml) for 72 h. Trastuzumab-resistant SKBR3 cells were
treated with low- and high-dose trastuzumab. (C) The ICj, of breast cancer cells was determined by co-treating
with trastuzumab and various dosages of FFLZ, and the viability of cells was determined by the MTT assay.
Each bar represents the mean & SD of three experiments. *P < 0.05, ***P < 0.005 compared to the control group.
(D) CI values were evaluated by the “CompuSyn” software and expressed as in the figures.

upon FFLZ treatment, similarly to our previous study of fucoidan (a polysaccharide from brown seaweeds)*. We
proposed that FFLZ facilitates the degradation of TGFRs through the proteasome or lysosome; however, ubiquit-
ination processing may not always be involved in the lysosomal degradation of TGFR*. Using MG132, we con-
firmed that the proteasome pathway participates in FFLZ-mediated TGFRI degradation. Moreover, our current
results indicate that FFLZ triggers ubiquitin-dependent proteasomal pathways (UPP) in the down-regulation of
TGEFR expression. As is well known, Smurf2 is among the most important E3 ligases in regulating TGFR degra-
dation'®. Based on our current findings, we are one of the first to report that FFLZ triggers Smurf2 and Smad7
binding and recruitment to TGFRI, enhancing the UPP of TGFR, which is consistent with our previous reports
on fucoidan'®¥.

Toll-interacting protein (Tollip) is a regulator of the Toll-like receptor (TLR)-mediated signaling pathway,
including pro-inflammatory responses. Tollip can associate with TLRs and modulate TLR-mediated cell acti-
vation®. It was recently reported that Tollip negatively regulates TGFR signaling pathways by stabilizing the
ubiquitin-chain of TGFRI?. Therefore, we proposed that FFLZ may enhance TGFRs degradation through modu-
lation the stability of TGFRs. Interestingly, our findings also suggest that FFLZ enhances the cooperation of Tollip
with the TGFRI/Smurf2/Smad7 complex and further modulates the intracellular trafficking and degradation of
ubiquitinated TGFRI, thus negatively regulating TGF@ signaling pathways. Recent reports have also indicated
that the overexpression of TLR4 in human breast cancer often correlates with chemoresistance and metasta-
sis**-41. Moreover, we have previously reported that FFLZ enhances the CD14 endocytosis of LPS and promotes
TLR4 signal transduction*?. Therefore, we proposed that the TLR4/Tollip axis may involve fucose-containing
polysaccharides-induced UPP in the down-regulation of TGFR expression and related signaling pathways in the
breast cancer cells, leading to decreased cancer cell proliferation and metastasis.

In general, the lipid rafts/caveolae-mediated and non-lipid rafts/clathrin-mediated pathways participate in
the regulation of TGFR functions**. We previously reported that polysaccharides can reduce lung cancer tumor-
igenesis?, and fucose-rich polysaccharides extracted from brown seaweeds (fucoidan) potentially suppress breast
cancer metastasis*!. Here, we first found that FFLZ enhances the translocation of TGFRI to the lipid rafts/caveolae
fraction via sucrose gradient centrifugation. Specifically, we demonstrated that FFLZ increases the inhibition
of TGFB signaling via promoting TGFR trafficking to the caveolin-1-rich lipid-raft fraction. Interestingly, both
structure of FFLZ and fucoidan contain fucose residues in side chains or backbone of polysaccharide. Therefore,
these data implied that polysaccharides containing fucose residues may modulate the degradation and translo-
cation of TGFRs. Furthermore, our results indicated that FFLZ disrupts the balance of lipid-raft fractions and
promotes the localization of the TGFRs to the caveolae, which facilitates UPP-mediated TGFR degradation.

In addition, it has been shown that the clathrin-coated early endosome promotes TGF3-induced Smad and
non-Smad (e.g., phosphatidylinositol-3-kinase/AKT pathways) activation and transcriptional responses®.
Metastatic breast cancer cells also tend to enter the clathrin-mediated (EEA-1-conjugated) early endosome to
modulate the TGFR signaling pathways*. As is already known, in TGFf3-mediated non-Smad signal transduc-
tions, TGFJ induces the Akt/mTOR pathway to promote cancer cell proliferation and invasion*. In our current
study, we found that FFLZ inhibits Akt and PI3K phosphorylation, indicating that FFLZ directly down-regulates
the TGFR non-Smad pathway and consequently inhibits survival signaling in breast cancer cells. In addition,
FFLZ inhibits the invasion of breast cancer cells during the EMT through suppressing the Smad2/3 signal
transductions. Thus, we found that FFLZ enhances the UPP of TGFRI but reduces TGFR-mediated Smad and
non-Smad signal transduction.
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On the other hand, as FFLZ shows lower toxicity in normal cells (data not shown), we tentatively examined
the potential of using FFLZ as a dietary supplement for breast cancer patients. We intended to combine FFLZ
and trastuzumab to target trastuzumab-resistant patients. Initially, we tested whether FFLZ and/or trastuzumab
inhibits breast cancer cells, BT474, and trastuzumab-resistant cells, SKBR3. The inhibitory effects of FFLZ and
trastuzumab on breast cancer cells covered a broad range (Fig. 6). In addition, we observed sensitization of breast
cancer cells under the combination of trastuzumab and FFLZ. Importantly, the IC50 values of trastuzumab were
significantly reduced by co-treatment with various concentrations of FFLZ, suggesting that the cytotoxicity of
trastuzumab to breast cancer cells was synergistically enhanced under the combined usage of trastuzumab and
FFLZ. Mechanistically, we propose that this combination could use trastuzumab and FFLZ as a HER2 inhib-
itor and inducer of TGFR degradation, respectively. In conclusion, we have clarified the mechanisms of the
FFLZ-induced lipid rafts/Smurf2-dependent ubiquitin degradation of TGFRs and hope that FFLZ might be a
potential therapeutic or dietary supplemental agent. Furthermore, we confirmed the synergistic effect of tras-
tuzumab and FFLZ, and we hope for another potential trial for their clinical application and benefits to human
breast cancer patients.

Methods

Cell cultures. MDA-MB-231 human breast cancer cells and BALB/c mouse-derived 4T1 mammary ade-
nocarcinoma cells (4T1) were obtained from the Cell Bank of the Bioresource Collection and Research Center
(Taiwan). SKBR3 and BT474 human breast cancer cells were obtained from Dr. L.-M. Tseng (Taipei Veterans
General Hospital, Taiwan). The cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
10% heat-inactivated fetal bovine serum, 200 mM L-glutamine and 1x non-essential amino acids. The cells were
maintained in an incubator with a 5% CO, atmosphere at 37 °C.

Reagents and antibodies. Recombinant human TGF31 was purchased from R&D Systems (USA).
The proteasome inhibitor MG132 was purchased from Merck Millipore (USA). Cycloheximide (CHX),
Methyl-3-cyclodextrin (MBCD) and TGFRI inhibitor (SB431542) was purchased from Sigma-Aldrich (USA).
Trastuzumab, an anti-HER2 monoclonal antibody, was purchased from Roche (Switzerland). Antibodies against
p-Akt, Akt, p-Smad2/3, Smad2/3, Smad4, 3-actin, TGFRI (immunoprecipitation), TGFRII, and ~-catenin, as
well as normal rabbit IgG, anti-rabbit, anti-mouse, and anti-rat I[gG-HRP antibodies and protein A/G plus aga-
rose, were obtained from Santa Cruz Biotechnology (USA). Anti-rabbit IgG-DyLight 488 was obtained from
Thermo Fisher Scientific (USA). Antibodies against Caveolin-1, E-cadherin and N-cadherin were obtained from
BD Transduction Laboratories (USA). An antibody against Vimentin was purchased from Thermo Scientific
(USA). An antibody against Snail was purchased from Abcam Plc. (UK). An antibody against Slug was purchased
from Cell Signaling Technology, Inc. (USA). An antibody against Smurf2, Smad7, Tollip, ubiquitin and TGFRI
(immunoblotting) was purchased from GeneTex (USA).

Preparation of the fucose-containing fraction of Ling-Zhi (FFLZ). G. lucidum raw material
(Ling-Zhi) was obtained from Wyntek Corporation (Taiwan). Two additional steps were required for the purifi-
cation of the Ling-Zhi extract, namely the preparation of a crude extract and the preparation of the final Ling-Zhi
extract. The compounds in the crude extract and in the Ling-Zhi extract were monitored by high-pressure liquid
chromatography using a size exclusion column Tosoh TSKgel G5000PWXL. Detailed information about FFLZ
and the preparations of the G. lucidum polysaccharide extract has been previously reported’?.

Cell extracts and western blotting. The breast cancer cells or other indicated cells were grown on 6-cm
tissue culture plates and were treated with FFLZ for the indicated times. The cells were then washed once with
1 ml of phosphate-buffered saline (PBS) containing 1% Na;VO, and were lysed using 40 pl of lysis buffer. The
detailed procedure was as previously described®. For the isolation and immunoprecipitation of proteins in lipid
rafts/caveolae-mediated endocytic vesicles, cells were subjected to sucrose gradient centrifugation as previously
described®.

Cell viability assay (MTT assay). Cancer cells (1 x 10* cells per well) were seeded in triplicate on a
96-well plate and incubated overnight before treatment with FFLZ for 24-48 h. After incubation, 3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye was added, and the mixture was incubated for 2h
as previously described**.

Colony formation. Breast cancer cells were seeded at 3000 cells per well in agar solution in six-well plates
for 21-28 days. After incubation, the cells were dyed by Giemsa staining at room temperature. After the dye was
washed off, the plates were photographed. The detailed procedure was as previously described™.

Cell migration and invasion. Cell migration assays were performed using 6.5-mm Costar Transwell®
chambers (8-pum pore size; Corning, USA). After treatment with FFLZ (120 pg/ml) for 24 h followed by stimula-
tion with exogenous TGF31 (5ng/ml) for 24 h, the cells (4 x 10%cells/200 pl) were seeded into Transwell® cham-
bers. The detailed procedure was as previously described®.

Breast cancer animal model. BALB/c mice (6-8 weeks of age) were obtained from the National Laboratory
Animal Center (Taiwan). Each mouse received an injection of 2 x 10° 4T1 cells into the mammary fat pads. To
examine the effects of FFLZ on tumor volume, the mice were randomly distributed into two groups: PBS-treated
(control) and FFLZ-treated (30 mg/kg). The treatment period was approximately 5 weeks (days 0-36), and we
recorded the body weight and tumor size (calculated as length x width x height in mm?) of each mouse every 2
days. At the end of the treatment, the livers, lungs, and tumors were collected after the mice were sacrificed. Lungs
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and livers were fixed in 10% formalin, and we counted the visible lung surface macrometastatic lesions, which
appeared as white spots.

Mice were raised under pathogen-free conditions in the Animal Center of National Yang-Ming University
(NYMU). All experimental methods involving animals were carried out in accordance with guidelines and regu-
lations of the Institutional Animal Care and Use Committee (IACUC) of NYMU, and all experimental protocols
were approved by the IACUC of NYMU.

Immunofluorescence analysis. The expression of TGFRs on the cell membrane was determined using
flow cytometry. Cells were analyzed by double immunofluorescence using antibodies against human TGFRI
(GeneTex, USA) and TGFRII (Cell Signaling, USA). The detailed procedure was as previously described?’.

Synergy analysis. Following drug treatment in vitro, the number of viable cells was measured using the
MTT assay as described above. The data were normalized to the control group and expressed as the percentage
of viability. Next, the collected data were analyzed using the CompuSyn™ program (Biosoft, USA) based on the
median-effect principle of Chou and Talalay*®. The program calculated a combination index (CI), which was used
to identify the tested drug interaction as synergistic, additive, or antagonistic.

Design and transfection of specific short hairpin RNA oligonucleotides (shRNAs) targeting
Tollip. Based on the sequence of the human Tollip gene (NM_019009), three specific shRNAs targeting
Tollip were obtained from the National RNAi Core Facility Platform (Academia Sinica, Taiwan). To produce
stable clones of Tollip-knockdown cell lines, we used the in vitro gene delivery of lentiviral vectors. The targeting
sequences for Tollip are shown in Supplementary Table S1. The detailed procedure was as previously described™.

Statistical analysis. All the data are expressed as the means & SEM or SD. Significant differences between
two groups were determined by t-test analyses. A P value of <0.05 was considered statistically significant.
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