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Translational Relevance

The majority of PCa patients who are treated with androgen deprivation therapy (ADT) will
eventually develop CRPC. Currently, patients with mCRPC are treated with the chemotherapeutic agent
docetaxel, the inhibitors of the androgen receptor (AR) pathway — enzalutamide or abiraterone acetate,
or Radium-223, but these treatments extend patient survival by only a few months each. Thus, there are
no effective durable therapies for patients with CRPC. Both AR dependent and AR-independent signal
pathways contribute to CRPC. Here, we report that Gal-1 expression was associated with advanced PCa,
and that Gal-1 can control CRPC growth through both AR-dependent and AR-independent pathways.
Our preclinical data demonstrate that Gal-1-targeting with LLS30 can effectively inhibit the CRPC
growth and metastasis. The application of Gal-1-targeting deserves attention. This study provides the
molecular rationale for the use of Gal-1 inhibitors, such as LLS30, in the treatment of AR-driven, as
well as non-AR-driven, CRPC.
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Abstract

Purpose: The majority of prostate cancer (PCa) patients who are treated with androgen deprivation
therapy (ADT) will eventually develop fatal metastatic castration-resistant prostate cancer (mCRPC).
Currently, there are no effective durable therapies for patients with mCRPC. High expression of
Galectin-1 (Gal-1) is associated with PCa progression and poor clinical outcome. The role of Gal-1 in
tumor progression are largely unknown. Here we characterized Gal-1 functions and evaluated the
therapeutic effects of a newly developed Gal-linhibitor, LLS30, in mCRPC.

Experimental Design: Cell viability, colony formation, migration and invasion assays were performed
to examine the effects of inhibition of Gal-1 in CRPC cells. We used two human CRPC xenograft
models to assess growth inhibitory effects of LLS30. Genome-wide gene expression analysis was
conducted to elucidate the effects of LLS30 on metastatic PC3 cells.

Results: Gal-1 was highly expressed in CRPC cells, but not in androgen-sensitive cells. Gal-1
knockdown significantly inhibited CRPC cells’ growth, anchorage independent growth, migration and
invasion through the suppression of AR and Akt signaling. LLS30 targets Gal-1 as an allosteric inhibitor,
and decreases Gal-1 binding affinity to its binding partners. LLS30 showed in vivo efficacy in both AR
positive and AR negative xenograft models. LLS30 not only can potentiate the anti-tumor effect of
docetaxel to cause complete regression of tumors, but can also effectively inhibit the invasion and
metastasis of PCa cells in vivo.

Conclusions: Our study provides evidence that Gal-1 is an important target for mCRPC therapy, and

LLS30 is a promising small molecule compound that can potentially overcome mCRPC.
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Introduction

Prostate cancer (PCa) is the most common non-skin malignancy and the third leading cause of cancer
death in men (1). While localized disease is treated with prostatectomy or radiation therapy, androgen
deprivation therapy (ADT) is the initial treatment for patients with metastatic prostate cancer (2).
Although ADT leads to remissions lasting ~2—3 years, most patients develop hormone independence and
eventually form metastasis castration resistant prostate cancer (NCRPC). PCa mortality typically results
from mCRPC, and median survival of men with mCRPC is 10 to 12 months (3). Currently, patients with
MCRPC are treated with the chemotherapeutic agent docetaxel, the inhibitors of the androgen receptor
(AR) pathway — enzalutamide or abiraterone acetate, the immunotherapy reagent Sipuleucel T or
Radium-223, but these treatments extend patient survival by only a few months each.

Galectin-1 (Gal-1), a 14 kDa lectin, is a galectin family member with an affinity for $-galactosides.
High expression of Gal-1 has been found in many human cancers including ovarian cancer (4), lung
cancer (5), breast cancer (6), kidney cancer (7), pancreatic cancer (8). Gal-1 is associated with a variety
of cellular processes, including cell proliferation (9), T cell apoptosis (10, 11), cell cycle (12, 13),
angiogenesis (14), and metastatic spread of cancer (15-17). In PCa, Gal-1 is over-expressed in advanced
and metastatic lesions, and elevated Gal-1 expression level correlates with worse outcome (18, 19).
These clinical observations signify the importance of the role of Gal-1 in PCa. However, the molecular
mechanisms underlying Gal-1-mediated tumor progression to date are largely unknown.

Given that increased expression of Gal-1 is associated with PCa progression and poor clinical
outcome, Gal-1 is an excellent therapeutic target for treatment or prevention of mCRPC. LLS2, a novel
Gal-1 inhibitor identified by the one-bead two-compound combinatorial technology, decreased
membrane-associated Ras and disrupted downstream Erk pathway (20). LLS2 caused apoptosis in colon,
pancreatic, ovarian, prostate and breast cancer cells, and showed in vivo efficacy in ovarian cancer
xenografts. Since LLS2 is relatively less potent with a relatively high 1Csp (15-35 pM in most cells
tested), we further optimized LLS2 into a more potent Gal-1 inhibitor against mMCRPC. Currently, there
are few Gal-1 inhibitors that are universally effective and none have been developed for human use (21).

In this study, we focused on functional aspects of Gal-1 expression as it relate to clinical PCa tumor
progression and metastasis. We also used LLS2 as scaffold to develop a novel Gal-1 selective inhibitor
named LLS30. Gal-1 knockdown by siRNA significantly inhibited CRPC cell line proliferation,

migration, invasion and anchorage-independent survival of AR positive and AR negative PCa cells.
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Gal-1 can regulate prostate cancer independent of the AR pathway. Equally important, LLS30 showed in
vivo efficacy in both AR positive and AR negative xenograft models without evidence of toxicity.
Furthermore, LLS30 not only can potentiate the anti-tumor effect of docetaxel to cause complete

regression of tumors, but can also effectively inhibit the invasion and metastasis of PCa cells in vivo.
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Materials and methods

Synthesis of LLS30

LLS30 was synthesized on Fluoroenylmethyloxycarbonyl (Fmoc)-protected Rink-amide MBHA resin
and was cleaved off the beads followed by purification with reversed-phase high-performance liquid
chromatography (RP-HPLC). For detail of synthesis, please refer to Supplementary Materials and

methods.

Patients samples

Prostate cancer tissue arrays of retropubic radical prostatectomy were obtained from University of
California Davis Comprehensive Cancer Center (83 cases) and US Biomax (PR803b, 66 cases). The
institutional ethics committee approved all of the protocols. Gleason grading was done on tissue core
based on 2005 ISUP modified system(22): Gleason score<6 (low-grade or well differentiated), =7
(intermediate-grade or moderately differentiated), and >8 (high-grade or poorly differentiated). Human
tissues covered 38 cases of benign hyperplasia (BHP), 32 cases of low-grade, 24 cases of intermediate

-grade and 55 cases of high-grade PCa.

Cell lines
The sources of cell lines include AR positive 22RV1 and CWR-R1, and AR negative PC3 and DU145
prostate cancer cells. These cells were purchased from ATCC. Cells were maintained in RPMI11640

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, and grown in 5% CO at 37

°C. Gal-1 was examined by Western blotting after transfection with siGal-1 and pcDNA/Gal-1.

Morphology of PC3 cells was visualized by light microscopy after LLS30 treatment. Experiments were
performed on cells with passage numbers below 20. Mycoplasma testing was routinely performed every

month.

Cell proliferation assays
3 x 10° prostate cancer cells were seeded into 96-well plates. Cells were allowed to attach for 24 hr

prior to drug treatment for 72 hr. After 24 hr, medium was removed and the cells were treated with the
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indicated concentrations of LLS30 or siRNA. Cell viability was determined by CellTiter-Glo
Luminescent Cell Viability Assay Kit after 72 hr.

Cell adhesion assay

Effect of LLS30 on adhesion of PC3 cells to collagen, fibronectin and laminin. The wells in 96-well
plates were coated with collagen, fibronectin and laminin. PC3 cells were pre-treated with in RPM11640
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (control) or in presence of 5
uM LLS30 for 1 hour before plating into coated wells. After overnight culture, the number of adherent
PC3 cells was quantified using CellTiter-Glo Luminescent Cell Viability Assay Kit.

Gene expression microarray

To explore the gene expression changes in PC3 cells treated with 10 uM LLS30 at multiple time
points (0.5, 1, 2, 5, 24 hrs), we used HumanHT-12 v4 BeadChip (Illumina). The data normalization was
done using GenomeStudio Software (Illumina). Genes that changed at least 1.5 fold and p<0.05 were
selected for functional pathways analysis using KEGG & NCI database. The details for gene profiling,

data analysis, are provided in Supplementary Materials and methods.

Establishment of Gal-1 knockdown Cells

CRPC were seeded on the 6 well plates. Cells were transfected with 50 nM negative control mimic or
mixed siRNA against Gal-1 (Invitrogen, HSS106025 and Ambion, s194592) using Lipofectamine 2000
transfection reagent (Life Technologies) according to the manufacturer’s instructions. CRPC cells were
infected with control or Gal-1 shRNA lentiviral particles (Santa Cruz) at an MOI of 10 for 24 h in the
presence of 8 ug/ml polybrene.

Colony formation Assays

500 CRPC cells with lentivirus carrying shRNA targeting control or Gal-1 were seeded into 24-well
ultra-low attachment plates (Corning). The growth medium was replaced every 3 days. The colonies
were formed after 10 days. Colonies were imaged for colony size calculation 5 days post treatment.
Colony diameter larger than 50um was counted from three different wells.
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Immunoblotting analysis
Immunoblotting was done as described previously(23). Antibodies used in immunoblotting were
Gal-1 (Abcam), AR (Abcam), E-cadherin, phospho AKT, AKT, beta-actin (Cell Signaling) and Ras

(chemicon). Immunoblotting bands were quantified by Image J software.

Pull-down and immunoprecipitation assay

Pull-down assay was done as described previously(23). For the immunoprecipitation, 10 pL of
anti-Gal-1(Abcam) was incubated with 100 pL of slurry of Protein A/G Sepharose (Abcam) for 4 h at
4°C by gently mixing. 1 x 10° prostate cancer cells were seeded on the 6 well plates and treated with
DMSO or LLS30 10 uM overnight. 22RV1 cells were lysed in a non-denaturing lysis buffer (20 mM
Tris-HCI pH 8.0, 137 mM NaCl, 2mM EDTA, 2 mg/mL aprotinin and 2 mg/mL leupeptin) and

incubated on ice for 20 min. After centrifugation at 12,000 X g for 20 min at 4°C, total cell lysates were

collected. 30 pg of lysate was added in protein/antibody/sepharose mixture at 4°C under rotary agitation

overnight. Cell lysates extracted from LLS30-treated and DMSO-treated 22Rv1 were added to the
antibody conjugate mixture for 4 h at 4°C.Sepharose were washed with PBS and then elute the beads
with 150 mM glycine pH 2.5 for 10 minutes. The eluent was then neutralized by adding 10 mL

neutralization buffer (Tris, pH 8.0) and subject to immunoblotting to check the precipitation of proteins.

Immunocytochemistry (ICC)

Cells were fixed in 4% para-formaldehyde. Non-specific protein binding was blocked by adding 5%
BSA, and 0.5% Triton X-100 for permeabilization. We used rabbit antihuman galectin-1 (Abcam). Cells
were incubated with primary antibody (1:200 in PBS) for overnight at 4°C. After washing with PBS,
cells were then incubated with the secondary antibody, an FITC-conjugated goat anti-rabbit 1gG
(Jackson) for 1 hour at room temperature. Finally, the cells nuclear DNA were stained with DAPI
(4',6-Diamidino-2-Phenylindole, Dihydrochloride) (Invitrogen). After washing, the cells were mounted

and photographed using a confocal microscope (Zeiss).

Immunohistochemistry (IHC)
Tissue microarray (TMA) sections were de-waxed using Xylene twice and rehydrated with 100%
ethanol for 5 minutes, 95% and 80% ethanol for 5 minute each. Then rinse in PBS. Antigen retrival was
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performed in 10 mM, pH 6.0 sodium citrate buffer at 95-100°C for 20 mins. After cooling down to
room temperature, tissue sections were rinsed with PBS once followed by blocking endogenous
peroxidase with 1% H,0O, and blocking non-specific binding site with Power Block (BioGenex) for 5
min at room temperature each. The tissue sections were then incubated with the specific antibody
against Gal-1 (Abcam) or AR-V7 (GeneTex) or E-Cad (Cell signaling) or ki-67 (Cell signaling)
overnight, followed by rinsing with PBS and incubation by an biotin-conjugated goat anti-rabbit 1gG
(BioGenex), as the second antibody. TMA sections were then incubated with strepavidin
conjugated-HRP (BioGenex) for 20 mins at room temperature. HRP activity was detected using
diaminobenzidine tetrahydrochloride (DAB) as substrate (BioGenex). Nuclei were counterstained with
hematoxylin (Cell signaling). The ki-67 positive cells were counted in 3 random chosen areas.

Migration and invasion assays.

In vitro cell migration assays were performed using Trans-well chambers (8 uM pore size)(Costar).
were allowed to grow to 80% confluency and were serum-starved for 24 h. 1 x 10* CRPC cells
carrying control or Gal-1 siRNA were added to the upper chamber and treated with DMSO or 5 uM
LLLS30 in 250ul serum-free medium. Complete medium was added to the bottom wells of the chambers.
After 72 h, the cells that had not migrated were removed from the upper face of the filters using cotton
swabs, and the lower surfaces of the filters were fixed with 5% glutaraldehyde solution and stained with
0.5% Crystal Violet Staining Solution. The migratory cells were counted in 3 random chosen areas from
each membrane in the X10 fields. The cell number was shown by the average of triplicate assays for
each experimental condition. Similar inserts coated with Matrigel were used to determine invasiveness

of PC3 cells in the invasion assay.

In vivo xenograft tumor and metastasis assays

LLS30 stock solutions (6X) were prepared in 50% absolute alcohol and 50% Tween-80 to make 6
mg/ml and 18 mg/ml for PC3 and 22RV1 xenografts, respectively. Male congenital athymic BALB/c
nude (nu/nu) mice were purchased from the Jackson laboratory. Mouse xenograft experimental protocols
were approved by the Institutional Animal Care and Use Committee (IACUC) at University of
California, Davis. 2 x 10° 22RV1 or PC3 cells were subcutaneously injected to the right side of the
mouse dorsal flank. The tumors were allowed to grow to about 100 mm®. In 22RV1 xenograft mouse

experiments, mice were randomly divided into control and treatment groups with 6 mice per group.
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Mice bearing 22Rv1 xenografts were given a daily 1.\VV. administration for 2 weeks with vehicle control
8.7% alcohol and 8.7% Tween-80 in PBS or 30 mg/kg LLS30 daily. In PC3 xenograft mouse
experiments, mice were randomly divided into control and treatment groups with 4 mice per group. PC3
bearing mice were treated with control 8.7% alcohol and 8.7% Tween-80 in PBS or 10 mg/kg LLS30
daily for 5 successive days or 10 mg/kg docetaxel every 3 days for 4 shots or combination of LLS30 and
docetaxel via 1.V. Tumor size and body weight were measured twice a week and tumor volumes were
calculated using (length x width?)/2. Luciferase-labeled PC3 cells were used for in vivo metastasis
assays. 2 x 10° firefly luciferase-labeled PC3 cells were 1.V. injected to male congenital athymic
BALB/c nude (nu/nu) mice. Mice received 4.35% alcohol/4.35% Tween-80 vehicle or LLS30 5mg/kg,
daily 1.V. administration for 5 successive days. Bioluminescence IVIS Imaging System (Caliper
LifeSciences) was used to monitor luciferase-expressing cells in mice, 5 min after intraperitoneal

injection of 100 mg/kg D-luciferin.

Statistical analysis

Expression level of Gal-1 was scored as follows: 0, negative; 1, low intensity; 2, moderate intensity; 3,
high intensity; and 4, very high intensity. Two pathologists have visually scored IHC data. P value <
0.05 is considered statistically significant difference. All in vitro studies were performed in triplicate in
two different experiments.
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Results

1. Gal-1is a powerful target in PCa

The expression level of Gal-1 was examined using immunohistochemistry in 38 BHP and 111 human
prostate cancer specimens, including Gleason score<6 (low-grade or well differentiated), =7
(intermediate-grade or moderately differentiated), and >8 (high-grade or poorly differentiated) (22). In
support of previous reports (24), the immunostaining results showed that Gal-1 expression level was
very low in all non-tumor samples, and highly expressed in prostate cancer tissues (Fig. 1A). Our study
showed Gal-1 was progressively upregulated from low-, intermediate- (low vs. intermediate-grade PCa,
p = 0.002) to high-grade PCa (intermediate- vs. high-grade PCa, p < 0.001) (Fig. 1B). This clinical
observation indicates the important role of Gal-1 in regulating tumor progression and metastasis.

The CRPC cell lines PC-3, DU-145, 22Rv1l and CWR-R1 expressed very high levels of Gal-1
compared to the androgen dependent LNCaP cells (Fig. 1C). To examine whether Gal-1 regulates PCa
cell proliferation and metastasis, Gal-1 knockdown was conducted in Gal-1 expressing CRPC cell lines
including PC3 (AR negative), DU145 (AR negative), 22RV1 (AR positive) and CWR-R1 (AR positive)
(Fig. 1D). Reduced cell viability was observed in siRNA treated cells that experienced Gal-1
knockdown (Fig. 1E). In addition, several characteristics of the metastatic phenotype including
migration, invasion and survival in the anchorage independent state were inhibited upon treatment with
siRNA against Gal-1 (Fig. 1F, 1G). Knockdown of Gal-1 by siRNAs significantly inhibited the growth
of both AR positive and AR negative cancer cells, suggesting that Gal-1 mediated cell growth through
both AR-dependent and AR-independent molecular mechanisms. Taken together these results indicate a

very important role for Gal-1 in PCa development and progression.

2. Development of Gal-1 inhibitor LLS30

Through development and implementation of a cell-based ultra high-throughput one-bead
two-compound (OB2C) combinatorial screening platform, we have recently identified a small molecule
LLS2 as a pro-apoptotic agent and a potent Gal-1 inhibitor (25). Potency of LLS2 is modest, with an
ICso of 15-35 uM in most cells tested. We therefore conducted structure-activity relationship (SAR)
studies of LLS2; we designed, synthesized and evaluated 30 analogs of LLS2, with modifications on Ry,
R, and R3 groups (Supplementary Fig. 1). Among them, LLS30 (structure is shown in Fig. 2A) was

identified as the most potent compound. Molecular docking studies suggested the sugar-binding groove
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is the predominant binding site for LLS30 (Fig. 2B). The target protein galectin-1 of LLS30 was
confirmed by pull down assay (Fig. 2C). Surface plasmon resonance (SPR) binding analysis was further
performed to assess the interaction of LLS30 as a solution phase analyte to the immobilized human
Gal-1 on a CM5 chip. We observed dose-dependent binding of LLS30 to Gal-1, which was not saturated
at the highest tested concentration of 250 uM (Fig. 2D). LLS30 was found to be active against both AR
negative cells PC3, DU145, and AR positive cells, 22RV1 and CWR-R1 cells, with an ICs value of
10.4 uM, 5.3 uM, 3.3 uM and 5.9 uM, respectively (Fig. 2E). Gal-1 was not expressed in the androgen
sensitive LNCaP cells (Fig. 1C), which is consistent with our observation that LNCaP cells, compared to
22RV1 Gal-1 positive cells, were less sensitive to LLS30 (Fig. 2F), suggesting that LLS30 kills cell via
Gal-1 target.

3. LLS30 affects Gal-1 binding affinity to its binding partners through allosteric inhibition of
Gal-1

LLS30/Gal-1 interaction was further characterized by circular dichroism (CD) spectroscopy. We
observed that the CD spectrum for the LLS30/Gal-1 complex has a substantially different line shape
including the shape of the curve (e.g. ratio of the 225/210 nm peaks) and the peak positions, suggesting
that the Gal-1 undergoes a significant conformational change upon LLS30 binding (Fig. 3A). Such a
change may affect Gal-1 binding affinity to its binding partners. To test this hypothesis, we performed
co-immunoprecipitation experiments by detecting RAS, one well-known binding partner of Gal-1. The
results showed decreased amount of RAS binding to Gal-1 in LLS30-treated 22Rv1 cells compared to
untreated cells (Fig. 3B). As shown in Fig 3C, Gal-1 was localized not only in the cytoplasm and
nucleus but also on the cell surface of PC3 cells. Gal-1 has been shown to bind to collagen type I,
laminin, and fibronectin (26), we further examined whether LLS30 exhibited any effect on the adhesion
of PC3 cells to these proteins. Pretreatment of PC3 cells with LLS30 decreased the number of adherent
cells on collagen, fibronectin, laminin coated dishes compared to DMSO treated cells (Fig. 3D). As
shown in 3D, LLS30 inhibited the adhesion of PC3 cells to collagen (76+5%, p<0.05), laminin (69+4%,
p<0.05) and fibronectin (62+12%, p<0.05). Taken together, these studies indicate that LLS30 binds

Gal-1 as an allosteric inhibitor, resulting in a decrease in binding affinity of Gal-1 to its binding partners.

4. Effects of LLS30 on tumor growth is associated with its effect on Gal-1
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The RAS and AKT pathways are frequently activated in human advance PCa and have been proposed
to promote prostate cancer progression (27-29). Given that Gal-1 is essential to stabilize membrane Ras
and thereby induce the activation of Ras (30), we further evaluated whether LLS30 could have an effect
on the phosphorylation of Akt. Western blotting of cell lysates collected from CRPC PC3 (AR negative)
and 22RV1 (AR positive) cells treated by LLS30 or DMSO showed that LLS30 treatment induced
expression of p21, a cyclin-dependent kinase (CDK) inhibitor that interacts with Akt and also regulates
survival (Fig. 4A). Phosphorylated AKT was partially suppressed in PC3 and 22RV1 cells after 24 hr
treatment with 10 uM LLS30 (Fig. 4A). Correspondingly, decreased expression of phospho-AKT and
induced expression of p21 were observed in both PC3 and 22RV1 cells following knockdown of Gal-1
with siRNA (Fig. 4A). Interestingly, treatment with LLS30 as well as siRNA knockdown of Gal-1, also
decreased expression of AR and AR-Variants (AR-Vs) in 22RV1 cells (Fig. 4A). These results indicated
that LLS30 inhibited CRPC cell growth through the suppression of Akt and AR pathway, and induction
of p21. Moreover, these effects are most likely mediated through the inhibition of Gal-1 function. In vivo
efficacy study showed that LLS30 at 30mg/kg dose significantly reduced the 22RV1 AR positive tumor
growth (Fig. 4B, 4C). No adverse effect such as weight loss was observed in mice treated with LLS30.
Ki-67 positive cells were down-regulated by 38.8% in LLS30-treated tumor compared with vehicle
control (Fig. 4D). Together these results indicate significant efficacy of LLS30 against PCa tumors that
is likely caused by Gal-1 inhibition.

5. LLS30 has synergistic anti-tumor activity with docetaxel in CRPC cells

Docetaxel, a chemotherapeutic agent for CRPC patients, binds to microtubules and inhibits the
disassembly of microtubules, causing cell cycle arrest at the G,/M phase. In this study, flow cytometry
showed that CRPC PC3 cells accumulated in the G4/S phase of the cell cycle following 10 uM LLS30
for 24 hr (Fig. 5A). Fig 4A showed that LLS30 treatment induced expression of p21, a CDK inhibitor
supporting G41/S arrest. In addition to cell cycle arrest, LLS30 triggered apoptosis in PC3 cells treated
with LLS30 10 uM for 72 hours (Fig. 5B). It has been known that the combination drug regimens that
drugs used in combination work at different stage of cell cycle are most effective(31, 32). LLS30 may
exert the maximum cytotoxic effect when it combines with docetaxel causing G2/M arrest. Thus, the
combinatorial effects of LLS30 and docetaxel on CRPC PC3 and 22RV1 cells were assessed.
Combination studies showed that LLS30 can potentiate the antitumor effects of docetaxel in PC3 and

22RV1 cells (Fig. 5C). Furthermore, decreased phospho-AKT expression was observed after combined
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LLS30/docetaxel treatment (Fig. 5D), and it was further confirmed by immunoblot analysis (Fig. 5E). In
vivo study showed that LLS30 at 10mg/kg dose significantly suppressed the growth of PC3 tumor, and
combination of LLS30 with docetaxel caused complete tumor regression that did not recover in 24 days
(Fig. 5F, 5G). Moreover, ki-67 positive cells were down-regulated in LLS30-treated and further
down-regulated in combination LLS30/docetaxel treated tumor (Fig. 5H). Systemic toxicity of the
compound — alone or in combination with docetaxel was evaluated in mice by measuring liver and
kidney function tests, which were found to be within acceptable range (Supplementary Table 1).

Furthermore, no weight loss was observed in all treated mice, indicating low toxicity for this compound.

6. LLS30 inhibited PCa metastasis and reverse EMT in vivo

Noticeably, histological analysis of the resected tumor revealed that many round cells were present
(Fig. 5G), suggesting that LLS30 plays an inhibitory role in prostate cancer invasion. Thus, we
investigated the metastasis inhibitory function of LLS30 in metastatic PC3 cells. We performed
genome-wide gene expression analysis by comparing PC3 cells treated with 10 puM LLS30 as early as 30
minutes and up to 24 hours (Supplementary Table 2). Functional pathway analysis performed in the
genes downregulated (<1.5-fold and p<0.05) by LLS30 revealed the most prominently altered pathways
were the migration and invasion related signaling pathway, which includes PI3K-AKT, focal adhesion,
extracellular matrix (ECM)-receptor as well as a6p1 and a6p4 integrin signaling pathway (Fig. 6A, 6B,
Supplementary Table 3). Immunoblotting assays confirmed the suppression of the expression of integrin

a6, B4, and B1 (Fig. 6C). The phosphorylation of FAK, a downstream kinase of integrin, was reported to

control aggressive phenotype of androgen-independent PCa cells (33). Expression of phospho-FAK was
also suppressed by LLS30 (Fig. 6C). In addition, treatment with LLS30 in PC3 cells made cells
morphologically express more epithelial features including increased cell-cell contact and fewer
lamellipodial protrusion, and it also remarkably increased expression of E-cadherin, a molecular mark
for epithelial characteristics (Fig. 6D). Trans-well migration assay showed that LLS30 inhibited PC3
cells migration and invasion in vitro (Fig. 6E). Next, the invasion-inhibitory activity of LLS30 was
measured in vivo. We transplanted luciferase-tagged PC3 cells into nude mice via tail-vein injection,
followed by LLS30 treatment (5mg/kg q.d.X5) two weeks later (Fig. 6F). In control groups, metastatic
colonization was observed in all 6 mice in a period of six weeks after injection (Fig. 6G). The metastatic
patterns are consistent with the previous studies(34, 35), PC3 cells are spread to major visceral organs,

such as kidneys, lungs, livers, and spleens. In LLS30 treated group, only 1 mouse developed metastases
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(Fig. 6G). These results indicated that LLS30 is capable of inhibiting tumor invasion and metastasis in

ViVO.
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Discussion

The majority of PCa patients who are treated with ADT will eventually develop CRPC, typically
either docetaxel, CYP17Al inhibitor abiraterone, or AR inhibitor enzalutamide is used to treat CRPC
after ADT has failed (36-39). However, rapid resistance to these treatments is commonly developed
following prolonged use in CRPC patients (40, 41). Thus, there are no effective durable therapies for
patients with CRPC. AR is the most important driver of CRPC development and of acquired resistance
to drugs, while AR-independent signal pathway can also contribute to CRPC and drug resistance (42). In
this study, we have reported that Gal-1 protein was expressed only in CRPC cells but not in
androgen-sensitive LNCaP cells (Fig. 1C). Importantly, knockdown of Gal-1 by siRNAs significantly
reduced cell viability of both AR positive and AR negative cancer cells (Fig. 1E), providing evidence
that Gal-1 controls PCa growth through both AR-dependent and AR-independent pathways. Therefore,
the application of Gal-1-targeting therapy deserves attention. This study provides the molecular rationale
for the use of Gal-1 inhibitors, such as LLS30, in the treatment of AR-driven, as well as non-AR-driven,
CRPC.

It has been reported that expression of AR-Vs is associated with resistance to enzalutamide and
abiraterone (43, 44). Our results revealed that Gal-1 knockdown suppressed both AR and AR-Vs
expression in 22RV1 cells which is AR-Vs expressing cells (Fig. 4A). Treatment with LLS30
recapitulated siGal-1-mediated reduction of AR and AR-Vs (Fig. 4A). It implied that Gal-1 plays a role
in regulating AR and AR-Vs expression. Suppression of AR-Vs by Gal-1 knockdown or LLS30 may
re-sensitizes resistant cells to abiraterone or enzalutamide treatment.

Elevated Gal-1 has previously been found to be associated with progression to the metastatic state in
various cancers. In epithelial ovarian cancer tissues, Gal-1 upregulated c-Jun, matrix metalloproteinase-9
(MMP-9), Bcl-2, and p21 expression through activation of the H-Ras/Raf/extracellular signal-regulated
kinase (ERK) pathway (45). Gal-1 mediates lung cancer metastasis by potentiating integrin a684 and the
Notch1/Jagged2 signaling pathway (15). Gal-1 increased the secretion of stromal cell-derived factor-1
(SDF-1) through activation of NF-xB, and promoted pancreatic cancer metastasis (16). Gal-1 is also
involved in tumor invasion by increasing MMP expression and reorganizing cytoskeletons in oral
cancers and lung adenocarcinoma (17). Thus, it is logical that inhibition of Gal-1 expression or function
may reduce the metastatic character of certain cancer cells. Indeed, the results in this study showed that
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suppression of Gal-1 in PC3 and 22RV1 CRPC cells resulted in reduction of the cell migration and
invasion associated with metastasis (Fig. 1F).

No Gal-1 inhibitors have been approved to date for clinic use in patients due to lack of potent, specific
and in vivo effective molecules (21). LLS30 is a benzimidazole-based small molecule with distinct
structural differences from the established Gal-1 inhibitor OTX008 (46, 47). Moreover, LLS30 is more
potent than OTXO008 on CRPC cells (Supplementary Fig. 2). Akt and AR pathway are important
oncogenic signaling pathways in human PCa(29, 48). This study showed that LLS30 is able to suppress
the Akt and AR pathways resulting in the growth inhibition of CRPC cells.

ADT causes cell cycle arrest in Gy/early Gi-phase (49, 50) and docetaxel causes a G,/M arrest.
However, cancer cells can develop resistance to these treatments. Combination with another cell cycle
based agent could overcome the associated resistance and thus increase the potency of treatment (31, 32).
Indeed, in this study we have shown that LLS30 induced Gi/S arrest and apoptosis (Fig. 5A, 5B),
contributing to the whole combination effect with docetaxel (Fig. 5C, 5F, 5G). In addition to drug
synergy with docetaxel, combination of LLS30 to ADT for PCa patients may prevent CRPC
development and have a significant impact on overall survival. Further studies to investigate the
combination effects of LLS30 and ADT are currently ongoing.

Integrins are large complex transmembrane glycoproteins that provide anchorage for cell motility and
invasion (51, 52). It has been reported that ligation of integrins with extracellular matrix components
activates FAK or c-Src kinases, resulting in promotion of cell motility, cell cycle progression and cell
survival (53). Tumor cell expression of the integrins a5B1, a9B1, avp3, a6p4, and avB5 has been
correlated with metastatic features in melanoma, breast carcinoma and lung cancers (9,10). The role of
Gal-1 in regulating integrin a6p4 and FAK in lung cancer cells has been confirmed by Hsu et al (15). In
prostate cancer, Cress et al. reported that the upregulation of a6B1 and laminin contributes to the
invasive phenotype (54). Yoshioka et al. also observed overexpression of integrin B4 protein in 35% of
invasive PCa (55). LLS30 is a Gal-1 selectively allosteric inhibitor (Fig. 3) and our cDNA microarray
data showed LLS30 treatment downregulated the number of genes that are associated with focal
adhesion-, integrin a6f1, and a6p4 pathways (Fig. 6A, 6B). The altered expressions of phosphor-FAK,
integrin a6, B1 and f4 by LLS30 have been confirmed (Fig. 6C). As shown in Fig. 6H, LLS30 is capable
of inhibiting tumor invasion and metastasis in vitro and in vivo (Fig. 6E, 6F, 6H), which might be
ascribed to inhibition of Gal-1 function and its downstream intergrin/FAK pathway.
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Gal-1 has previously been reported to induce tumor angiogenesis (56) and T cell apoptosis (57). Gal-1
accumulates in the cancer-associated stroma and may act as an immunological shield by inducing
activated T-cell apoptosis to help tumors escape from immune attack (18). A recent study reports that
the immune checkpoint regulator PD-L1 is highly expressed in aggressive PCa (58). We therefore
hypothesize that LLS30 can augment the therapeutic efficacy of immune checkpoint inhibitors, such as
nivolumab, pembrolizumab and avelumab, in mCRPC patients. Work is currently underway in our
laboratory to explore this hypothesis. In addition, Gal-1 is a potential therapeutic target for HIV (59, 60),
autoimmune disorders (61), and obesity (62). Developed in this study LLS30 exhibits favorable
pharmacokinetic parameters (Supplementary Fig. 3), is not toxic, and may also be applicable to diseases
with Gal-1 overexpression.

In conclusion, highly expression of Gal-1 in PCa functionally promotes tumor progression and
metastasis, and is an important target for mCRPC therapy. Importantly, we have developed a novel
Gal-1 selective allosteric small molecule inhibitor, LLS30; it is a promising compound that can

potentiate the anti-tumor effect of docetaxel and inhibit metastasis in vivo. LLS30/docetaxel
combination treatment may serve as potential novel therapeutic approach to treat CRPC patients.
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Figure legend

Figure 1. Gal-1 expression in human prostate cancer samples.

(A) The expression levels of Gal-1were detected by IHC (magnification 400 x). (B) Gal-1 expression in
38, 32, 24 and 55 samples of BHP, low-, intermediate- and high-grade PCa tissues, respectively. a: BHP,
b: low-, c: intermediate-, d: high-grade. Sampling distribution of Gal-1 expression was displayed by
Box-Plot (dash line: mean; lines above and below the dash line, third quartile to the first quartile; lines
above and below the box, maximum and minimum). (C) Immunoblots demonstrate the endogenous
Gal-1 expression in PCa cells. (D) Suppression of endogenous Gal-1 expression by siRNA by a pool of
two different siRNAs in PCa cells. (E) PCa cells transfected with 50 nM scramble control siRNA or
SIRNA against Gal-1, cell survival was measured at 72 hr post sSiRNA transfection. (F) Representative
image and quantification of Transwell migration and invasion assays. (G) Representative images and
quantification of tumor sphere formation of PCa siControl and siGal-1 cells after 10 days post SiRNA

transfection. *P < 0.05, **P < 0.01, ***P < 0.001; Student’s t test, n = 3. Data shown are mean = s.d.

Figure 2. Novel Gal-1 inhibitor, LLS30.

(A) Chemical structure of LLS30. (B) Computer modeling shows that LLS30 binds the sugar binding
groove of the Gal-1 dimer. (C) Pull-down assay to confirm the target protein of LLS30. (D)
LLS30/Gal-1 interaction was characterized by SPR. (E) In vitro antiproliferative activity of LLS30 in
CRPC cells. (F) Proliferation assay of 22Rv1 Gal-1 positive cells and LNCaP Gal-1 negative cells with
6.25 UM LLS30 for 48 hr. Data shown are mean + s.d.

Figure 3. LLS30 binds to Gal-1 and decreases the binding affinity to its ligand.

(A) CD spectra of Gal-1/LLS30 (18 uM, 50 uM) in 10mM PBS, 5% DMSO, pH = 7.4 buffer. Spectra
were an average of 3 spectra, and respective background spectra were subtracted accordingly. (B)
Co-immunoprecipitation expertiments showing interaction between Gal-1 and RAS after LLS30 or
vehicle treatment. LLS30-treated and DMSO-treated 22Rv1 cells were immunoprecipitated with
anti-Gal-1 antibody. Eluted proteins were analyzed by SDS-PAGE and immunoblotted with Gal-1 and
RAS antibodies. Input: total protein extracted from LLS30-treated and vehicle-treated 22Rv1 cells were

not immunoprecipitated with anti-Gal-1 antibody (C) Immunostaining showed that Gal-1 was localized
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in nucleus, cytoplasm and plasma membrane. (D) LLS30 inhibited the adhesion of PC3 cells to collagen,

fibronectin and laminin. *P < 0.05, **P < 0.01; Student’s t test, n = 3. Data shown are mean + s.d.

Figure 4. The effects of LLS30 in CRPC cells in vitro and in vivo.

(A) PC3 and 22RV1 PCa cells treatment with 0.1% DMSO or 10 uM LLS30 or 50nM control siRNA or
siRNA against Gal-1, and cell lysates were prepared at 24 hr. (B) Tumor growth curves (n=6). Effect of
LLS30 on growth of 22RV1 AR positive tumor xenografts in vivo.(C) Tumor weight of the xenografts in
inoculated nude mice. (D) H&E, ki-67 stained images (left) and quantification of immunostaining of
ki-67 positive cells (right). The cells were counted in 3 random chosen areas. **P < 0.01, ***P< 0.001.

Student’s t test, n = 3. Data shown are mean =+ s.d.

Figure 5. LLS30 can potentiate the anticancer effects of docetaxel in vitro and in vivo.

(A) Cell cycle analysis for PC-3 cells. Cells were plated and after 24 hours treated with 0.1% DMSO or
10 puM LLS30 after 24 hr, and subjected to cell cycle analysis, and (B) apoptosis was induced after
treatment with LLS30 10 uM for 72 hours. (C) LLS30 can potentiate the anticancer effects of docetaxel
in CRPC PC3 and 22RV1 cells. (D) Immunofluorescent images and (E) Immunoblots showed the
expression of phosphor-AKT was downregulated after combination treatment (LLS30, 10 uM and and
docetaxel, 1 nM) in PC3 cells. (F) Pictorial depiction of the effect of the combination LLS30 and
docetaxel treatment on the back of a nude mouse at days 0, 12 and 24. (G) Tumor growth curves (n=4).
(H) H&E and ki-67 stained images. Data shown are mean * s.d. ***P< 0.001.

Figure 6. LLS30 inhibited PCa metastasis in vitro and in vivo.

(A) Heat map of the 20 deregulated genes (<1.5-fold and p < 0.05) in PC3 cells. (B) Functional
pathways were analyzed using KEGG & NCI database. (C) Immunoblots showed the expression of
phosphor-FAK, integrin alpha6, beta4, and betal were downregulated after treatment with LLS30 10
MM for 24 hour in PC3 cells. (D) Morphology of PC-3 and E-cadherin expression after 24 hours treated
with DMSO or 5 uM LLS30. (E) Representative image and quantification of of Transwell migration and
invasion assays. (F) Time-line of LLS30 therapeutic delivery experiment. (G) IVIS imaging system
showing representative nude mice implanted with PC3 cells after treatment with DMSO or LLS30
S5mg/kg, daily 1.V. administration for 5 successive days. **P < 0.01. Student’s t test, n = 3. Data shown

are mean = s.d.
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