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ABSTRACT

THUY PHUONG THI LE: Psammaplins Selectively Target Triple-Negative Metastatic
Breast Tumor Cells that are Genetically Programmed to Colonize Specific Organs
(Under the direction of Dr. Yu-Dong Zhou)

Five bromotyrosine-derived marine sponge metabolites, four psammaplins (1 — 4) and the
psammaplin dimer, bisaprasin (5) were isolated from a lipid extract sample of the marine
sponge Dendrilla lacunosa. Psammaplins act as histone deacetylase (HDAC) inhibitors
that alter cellular gene expression. The D. lacunosa psammaplins activated the oxygen
regulated transcription factor HIF-1 (hypoxia-inducible factor-1) in T47D human breast
tumor cells and displayed cell line specific effects against aggressive organotropic
metastatic cell lines that were derived from triple-negative MDA-MB-231 human breast

tumor cells.

www.manaraa.com



TABLE OF CONTENTS

LIST OF FIGURES. . ..ottt s vi
LINTRODUCTION......ccoiiiiiiiiiiiiiiiciectete ettt e 1
1.1 BREAST CANCER BACKGROUND.......cccccciiiiiiiiiiiiiiiiicicicecccc 1
L2 METASTASIS ..o 2
1.3 HDAC INHIBITORS......ccoooiiiiiiiiiiiieeeeeceeceee e 3
1.4 CONCLUSIONS . ....coiiiiiie e 5

2. PSAMMAPLINS SELECTIVELY TARGET TRIPLE-NEGATIVE METASTATIC

BREAST TUMOR CELLS THAT ARE GENENETICALLY PROGRAMMED TO

COLONIZE SPECIFIC ORGANS.......oiiiiiiiieteecteee e 6
2.1 INTRODUCTION......cociiiiiiiiiiiiiiiiiieicteeeie et 6
22 RESULTS ..o 8

2.2.1 PSAMMAPLINS EXHIBIT CONCENTRATION-DEPENDENT

BIPHASIC EFFECTS ON HIF-1 ACTIVITY ..ooooiiiiiiniiiiieicecee 8

2.2.2 DIFFERENTIAL HDAC INHIBITION BY PSAMMAPLIN

ANALOUGES..... .ot 12

2.2.3 EFFECTS OF PSAMMAPLIN A ON HIF-1 TARGET GENE

EXPRESSION......oiiiiiiiiiiiiiiciieece ettt 12

2.2.4 PSAMMAPLINS SUPPRESS CELL

PROLIFERATION/VIABILITY IN A CELL LINE-DEPENDENT

www.manaraa.com



2.2.5 PSAMMAPLIN A AND TRICHOSTATIN A (TSA) INHIBIT

TUMOR CELL INVASION......ccciiiiiiiiiiiiiiicieeceeeeceeceee e 17
2.3 DISCUSSION. ..ottt 18
2.4 MATERIALS AND METHODS.......ccccoiiiiiiiiiiiiiiccceeeece 20
2.4.1 GENERAL EXPERIMENTAL PROCEDURES...........ccccceeviennene 20

2.4.2 SPONGE MATERIAL, EXTRACT PREPARATION, AND

BIOASSAY-GUIDED ISOLATION.......cccooiiiiiiiiiiiiiiicieiciecee 20
2.4.3 STRUCTURAL DATA.....c.oooiiiiiiiiiieieeeceeeeeceeee 21
2.4.4 T47D CELL-BASED REPORTER ASSAY.....cccccovvviiniiiiiiinee. 23
2.4.5 MDA-MB-435 CELL-BASED HDAC ASSAY .....ccccccvvviiniininnenn. 23

2.4.6 QUANTITATIVE REAL-TIME RT-PCR AND ELISA ASSAY...24

2.4.7 CELL PROLIFERATION/VIABILITY AND CLONOGENIC

SURVIV AL AS S A Y St e et aereeeeeeaeeeens 24

2.4.8 3D CELL INVASION ASSAY ..ottt eeeeeens 25

2.4.9 STATISTICAL ANALYSIS. ..ottt eeeenaaas 25

LIST OF REFERENCES . ...ttt ettt e e e e e e et eaaaeeeeeseseeeeasanaas 26
Vi

www.manaraa.com



LIST OF FIGURES

Figure 1. Chemical Structure of VOrinostat...........ccceevierienerienienieiieneeseeiesieeeee e 4
Figure 2. Chemical Structure of Romidepsin (FK228) ........cccccoveiiieiiinciiiiieieeieieee, 5
Figure 3. Concentration-dependent biphasic effects of 1-4 on HIF-1 activation.............. 10
Figure 4. Effects of 4 and TSA on HIF-1 target gene eXpression........cc.eeveeveerveeveeneenns 13

Figure 5. Concentration-response results of 1-5 and TSA on cell proliferation/viability.15
Figure 6. Effects of 1-5 and TSA on colony formation............ccccevveveiienienenneniencenns 16

Figure 7. Inhibition of bone metastatic BoM cell invasion...........c.ccccceevuevieneriienvenennens 17

vii

www.manharaa.com




Chapter 1

Introduction

Thuy Phuong T. Le

1.1 Breast Cancer Background

Aside from skin cancers, breast cancer is the most prevalent cancer among women in
the United States. Breast cancer affects about one in eight women, and there are varying
factors including socioeconomic status, age, race/ethnicity, and geography'. Breast
cancer is characterized by a mass of cells that originates in the tissues of the breast, and
there are many processes involved leading up to its eventual diagnosis®. Six processes
have been described as the hallmarks of cancer that include: cells replicating
uncontrollably, masses of cells creating capillary networks, cells resisting apoptosis,
genes mutating to increase proliferation signals, cells dodging the effects of tumor

. . . . 3
suppressors, and cells invading into other tissues’.

According to the American Cancer Society (2017), the prevalence of breast
cancer has caused scientists to develop various treatment options*. In historical terms,
treatment options have transitioned from surgical removal to “precision medicine.”

Depending on the localization or stage of the breast cancer, treatment options may vary.
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For localized early stage breast cancer, surgery with a combination of radiation therapy is
often used. It is common that a surgical option is combined with other alternatives. In
more advanced breast cancer that has metastasized, the patient may be treated with
hormone therapy, chemotherapy, or targeted therapy”. Targeted drugs that are currently
being used to treat breast cancer can work through multiple mechanisms: monoclonal
antibody (Trastuzumab, Pertuzumab, Ado-trastuzumab emtansine), kinase inhibitor
(Lapatinib), estrogen receptor blockers (Tamoxifen, Fulvestrant), and aromatase
inhibitors (Letrozole, Anastrozole, and Examestane)4. The impact of these molecular-
targeted drugs has been significant, but their use is often not sufficient for complete
cures. The multiple hit hypothesis may explain for the resistance of tumor cells to

. 5
treatment or for reoccurring tumors®.

1.2 Metastasis

Unfortunately, metastasis is common in most cancers and contributes to 90% of
breast cancer deaths. Metastasis occurs when the tumor cells become abnormally
invasive, and metastasis is characterized by decreased cell-to-cell adhesion, decreased
cell-matrix, digestion of underlying matrix, and transition into a “migratory” phenotype®.
Another name for metastatic breast cancer is stage IV breast cancer or systemic breast
cancer. Metastatic tumors commonly travel to organs that are permissive such as the
bone, liver, lung, and brain. For breast cancer, tumor cells tend to metastasize to the
bones, brain, and lung. Almost eighty percent of metastatic breast cancer becomes bone
metastasis’. Brain metastases takes second place as the most common site for metastatic
breast cancer, between 20% and 40%"°. Because of the invasiveness of metastatic tumors,

they are extremely difficult to treat and control.
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1.3 HDAC inhibitors

Histone deacetylases (HDACs) regulate transcription by removing acetyl groups
from the lysine residues of histones and making a gene inactive for expression. HDACs
have been associated with a large number of oncogenes and tumor-suppressor genes, and
they play a role in developing malignant tumors™'’. The majority of HDACs are
categorized into two main classes, class | HDACs and class Il HDACs. Class | HDACs
are localized specifically in the nucleus, while class I HDAC:s are able to move in and
out of the nucleus to the cytoplasm. Class I HDACs consists of HDAC 1, 2, 3, and 8,
while class I HDACs has HDAC 4, 5, 6, 7, 9a, 9b, 9c, and 10. More recently, a new class
of HDAC:s (class III HDACs) have been characterized that includes the HDACs, called
Sirtuins or SIRT1-7, that are localized in the nucleus, cytoplasm, and mitochondria.
HDAC 11 has been recently detected and is not classified as Class IV HDACs'",

Several HDAC:s inhibit the function of the p53 tumor-suppressor gene, which
contributes to the growth of many tumors'>'*. An overexpression of HDACs have been
used as one of the biomarkers for many cancers including prostate, breast and colon
cancer. HDAC inhibitors (HDIs) have the potential to serve as possible therapeutic
options for various cancers by reversing HDAC-mediated gene suppression. With the
various families of HDACs, HDAC inhibitors are structurally classified into four groups
that include hydroxamates, cyclic peptides, alipathic acids, and benzamides'>".

The HDIs function by inducing apoptosis, cell cycle arrest, and differentiation in
tumor cells, and halting the transformation of normal cells into cancer cell. Vorinostat,
Romidepsin, and Panobinostat are HDIs currently used clinically. Vorinostat or

suberoylanilide hydroxamic acid (SAHA) (Figure 1) is a drug that falls into the
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hydroxomate category of HDAC inhibitors'’. SAHA is a pan-selective inhibitor (ICso 10
nM) that targets Class I and Class Il HDACs'®"”. The FDA-approved drug Vorinostat is
currently prescribed to those who are affected by cutaneous T-cell lymphoma (CTCL) to
stimulate cancer cell apoptosis'’. The combination of carfilzomib, a proteasome inhibitor,
and Vorinostat produces a dramatic antitumor effect in a xenograft model and human
primary T-cell lymphoma cells, and the combination is currently in various phase I
clinical trials'®. Even though Vorinostat has a promising future in pharmacology, it
produces a significant number of side effects, including diarrhea, nausea, extreme fatigue,

hair loss, dry mouth, and muscle aches'”.

T 0
N _OH

O

Figure 1. Chemical Structure of Vorinostat

Vorinostat can bind to Zn*? and chelate the ion in the active binding site of HDACs>**!,
g

Romidepsin is a FDA-approved pan-selective cyclic peptide HDAC inhibitor that
targets Class | HDACs and is effective against CTCL. Following intravenous
administration, romidepsin decreases the rate of cancer cell proliferation and the
induction of the p53/p21 signaling cascades*>*. According to clincaltrials.gov on March
21,2017, Romidepsin inhibits both HDAC1 and HDAC2 (ICsp 36 nM and 47 nM,
respectively). Compared to other HDAC inhibitors, the potency of romidpesin is
relatively low. Romidepsin combinations with other compounds such as oral 5-

azacitidine, cisplatin, prelatraxate, and many more are actively involved in 31 clinical
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trials according to clinicaltrials.gov on March 26, 2016. Romedpsin side effects include

. . . . .24
nausea, diarrhea, constipation, changes taste, and itching™".

Figure 2. Chemical Structure of Romidepsin (FK228)

The HDIs have shown success in stabilizing cutaneous T-cell lymphoma by
various mechanisms that include inducing cell arrest and apoptosis. There are current
studies that have the purpose to increase the effectiveness of FDA-approved HDIs by
creating isoforms or pairing them with other drugs. With the discovery of the effects of
HDIs, researchers can develop more specific approaches toward tumor HDACs. The
HDIs also show promising potential in treating other diseases and cancers.

1.4 Conclusions

With its high prevalence in women, considerable effort has been placed on the
study of breast cancer. Many recently developed drugs do not dramatically improve long-
term survival rates. Just as with other cancers, breast cancer can progress into a fatal
metastatic form, and it commonly does. Recently developed HDAC inhibitors have

unique mechanisms that show great potential as new antitumor drug therapies.
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Chapter 2
Psammaplins Selectively Target Triple-Negative Metastatic
Breast Tumor Cells that are Genetically Programmed to

Colonize Specific Organs

Yu-Dong Zhou, Jun Li, Lin Du, Fakhri Mahdi, Thuy Phuong T. Le, Wei-Lun Chen,

Steven M. Swanson, and Dale G. Nagle

*TPL performed cell viability experiments and analyzed data

1. Introduction

Oxygen homeostasis is considered one of the critical principles in evolution, biology,
and medicine. Multicellular organisms have evolved tightly regulated oxygen delivery
systems to ensure oxygen dependent energy production. In the human body, high levels
of oxygen (hyperoxia) can cause oxygen toxicity and low oxygen levels (hypoxia) are
associated with hypoxia-related diseases such as ischemic and neoplastic disorders™. At
the cellular level, oxygen fluctuations can trigger responses from a network of signaling

202728 Master regulators of oxygen

pathways that modify the gene expression landscape
homeostasis, hypoxia-inducible factors (HIFs) are transcription factors that mount

cellular responses to hypoxia at the transcription level””. Over 100 genes have been
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identified as HIF target genes that encode proteins involved in many aspects of cellular
physiology, ranging from cellular metabolism, proliferation/survival/death, cytoskeletal
structure, adhesion/motility, angiogenesis, erythropoiesis, vascular tone, stemness, to

3031 Small molecule chemicals that activate HIFs represent potential drug

drug resistance
leads for hypoxia-associated diseases and chemical probes for HIF biology and oxygen
homeostasis. In fact, a number of HIF-1 activators [e.g., FG-2216 and FG-4592
(FibroGen), GSK 1278863 (GlaxoSmithKline), BAY85-3934 (Bayer), and AKB-6548
(Akebia Therapeutics)] are undergoing clinical trials for preventing and alleviating

323334 However, most HIF-1 activators target the prolyl

ischemia/reperfusion injuries
hydroxylases that regulate HIF-1a protein stability. Given the complexity of oxygen
homeostasis, it is a logical extension to speculate the existence of chemically diverse
small molecules that activate HIF-1 through a wide range of pathway(s) and
mechanism(s). In a discovery campaign for novel natural product-derived HIF-1
activators, lipid extracts of the sponge Dendrilla lacunosa activated HIF-1 in a T47D
cell-based reporter assay™". Bioassay-guided isolation and chemical structure elucidation
afforded five bromotyrosine-derived compounds: four psammaplins and bisaprasin. This

study described the characterization of these compounds or HIF-1 activation-associated

activities in cell-based in vitro models.

Psammaplins have exhibited a range of bioactivities. Their cytotoxic and/or
antitumor activities have been primarily attributed to the inhibition of histone
deacetylases (HDACs)***7***° " In this study, psammaplins were examined for the ability
to suppress organotropic metastatic breast cancers. Systemic metastasis-associated

disease relapse accounts for over 90% of cancer mortality. The five-year survival rate is
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23% among the 162,000 American women with metastatic breast cancer™’. Breast
cancers can metastasize to multiple organs (i.e., lung, bone, brain, liver, etc.). Employing
the widely studied triple-negative breast cancer (TNBC) cell line MDA-MB-231 as a
model system, the Massagué group isolated organotropic subclones and identified
signature gene expression profiles for lung-, bone-, and brain-specific breast cancer

metastases“"‘z’43

. Employing these recently established and genetically characterized
MDA-MB-231 derived organotropic subclones as in vitro models, psammaplins were
examined for the ability to selectively suppress metastatic breast cancer cells in a target
organ-dependent manner. Psammaplins exerted more pronounced inhibitory effects
towards the metastatic subclones specific to bone, in comparison to the others. Herein,

the activities of psammaplins and bisaprasin towards organotropic metastatic breast

cancer cells are described.

2. Results

2.1. Psammaplins Exhibit Concentration-Dependent Biphasic Effects on HIF-1

Activity

In a T47D cell-based reporter assay™*, a lipid extract sample of the sponge
Dendrilla lacunosa activated HIF-1 by 3.56-fold (NIH collection no. C025691, 10 pg
mL ™). Bioassay-guided fractionation of the extract sample (2.6 g) and chemical
structure elucidation afforded five known compounds psammaplin E (1), (E,2)-
psammaplin A (2), (E,E)-psammaplin K (3), (E,E)-psammaplin A (4), and bisaprasin (5).

The structures are shown in Figure 3A. To determine the effects of 1-5 on HIF-1
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activity, concentration-response studies were performed in a T47D cell-based reporter
assay (Figure 3B). An iron chelator (1,10-phenanthroline, 10 uM) was included as a
positive control. Compounds 14 activated HIF-1 in a biphasic manner. The highest
level of activation was observed at the concentrations of 3 uM for 2 and 4 (12.32 + 0.70
and 11.01 = 0.71 fold, respectively, n=3) and 10 uM for 1 and 3 (12.01 = 1.12 and 10.15
+ 0.66 fold, respectively, n=3). Compound 5 displayed weak HIF-1 activation at 30 uM
(2.17 £ 0.13 fold, n=3). Hypoxia (1% O,) and chemical hypoxia (iron chelators or
transition metals) represent two common stimuli that activate HIF-1**. Further studies
were performed to determine the effects of 1-5 on HIF-1 activity in the presence of other
stimuli (1,10-phenanthroline, Figure 3C; hypoxia, Figure 3D). While 14 acted
synergistically with 1,10-phenanthroline and hypoxia inducing HIF-1 activity, a biphasic
pattern of activation similar to that in the absence of stimulus (Figure 3A) was observed.
In contrast, 5 inhibited HIF-1 activation at higher concentrations. Previous studies
reported that psammaplins inhibit histone deacetylase (HDAC)®. To determine if HDAC
inhibition non-specifically activates HIF-1, concentration-response studies were
conducted in T47D cells transfected with the pGL3-control plasmid. As shown in Figure
3E, 14 did enhance luciferase activity in T47D cells transfected with the control
plasmid. However, the activation of HIF-1 was more pronounced than that of the pGL3-
control (e.g., normalized ratio of pHRE-luc/pGL3-control at 2.64 for 1 at 10 uM, 2.38 for
2 at 3 uM, 2.38 for 3 at 10 uM, and 2.30 for 4 at 3 uM). These observations suggest that

1-4 activated HIF-1 with a certain degree of specificity.
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Figure 3. Concentration-dependent biphasic effects of 1-4 on HIF-1 activation. (A)

Structures of psammaplins isolated from Dendrilla lacunosa. (B) Concentration-
response results of 1-5 in T47D cells transfected with pHRE-luc for HIF-1 activity. Test
compounds were added at the increasing concentrations of 0.1, 0.3, 1, 3, 10, and 30 puM,
as specified. The positive control 1,10-phenanthroline (1,10-phen) was used at 10 pM.
Data shown are average + standard deviation (n = 3). (C) Similar to described in (B)
except that the pHRE-luc transfected T47D cells were exposed to test compounds in the
presence of 10 uM 1,10-phen, and the data were normalized to the positive control (1,10-
phen). (D) Similar to described in (C) except that hypoxic exposure (1% Oa: 5% COx:
94% N,, 16 h) was applied in place of 1,10-phen. (E) As described in (B) except that

T47D cells were transfected with the pGL3-control construct.
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2.2. Differential HDAC Inhibition by Psammaplin Analogues

The effects of 1-5 on HDAC activity were determined in a human melanoma
MDA-MB-435 cell-based assay. Test compounds were added at specified concentrations
to exponentially grown cells plated in 96-well plates. After 30 min incubation, the HDAC
activity was determined using a commercial kit (HDAC-Glo™) and normalized to that of
the solvent control (DMSO). The standard HDAC inhibitors trichostatin A (TSA, 1 nM)
and SAHA (100 nM) were included as positive controls. In the MDA-MB-435 cell-based
assay, TSA and SAHA inhibited HDAC by 52% =+ 8% and 60% = 5%, respectively
(average = SE, n = 6). The ICs, values for 1-5 to inhibit HDAC are summarized in Table
1. Compound 2 was the most potent HDAC inhibitor (ICsy 0.019 pM), while 5 (ICs

0.948 uM) was the least active.

Table 1. ICso values of 1-5 in a MDA-MB-435 cell-based HDAC assay.

Compound ICso0 (M) 95% CI (uM)?
1 0.257 0.157 - 0.420
2 0.019 0.012 - 0.028
3 0.038 0.024 - 0.061
4 0.037 0.025 - 0.055
5 0.948 0.586 — 1.532

Data from two independent experiments (1 = 6) were pooled to calculate ICs. The 95% confidence interval
(95% CI) ICso values are also provided.

2.3. Effects of Psammaplin A on HIF-1 Target Gene Expression

Over 100 genes have been identified as HIF-1 target genes that encode proteins
involved in various aspects of cellular physiology. While most of these genes are
regulated in a cell type-specific manner, some are induced upon HIF-1 activation in most

cell types. Based on the availability and potency, compound 4 was selected for follow-up

12
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studies. The effects of 4 on the expression of HIF-1 target genes CDKNI1A and VEGF
were examined by quantitative real time RT-PCR (Figure 4). The HIF-1 activator 1,10-
phen (10 pM) and the pan-HDAC inhibitor TSA (0.1 and 1 pM) were included as
positive controls. In T47D cells, 4 and TSA each increased the levels of CDKN1A
mRNA in a concentration-dependent manner (2.9-fold for 4 at 10 uM and 7.2-fold for
TSA at 1 uM, Figure 4A). In contrast, neither 4 nor TSA exerted greater than 20% effect
on the levels of VEGF mRNA (Figure 4B). The gene VEGF encodes vascular
endothelial growth factor (a potent angiogenic factor) and agents that inhibit VEGF are in
clinical use for cancer*®. The expression of cellular and secreted VEGF proteins was
examined in T47D cells by ELISA assay. As anticipated, the positive control 1,10-phen
induced VEGF expression at the levels of mRNA (Figure 4B), cellular protein (Figure
4C), and secreted protein (Figure 4D). None of the HDAC inhibitors examined (4 and

TSA) increased VEGF protein levels at the concentrations tested (Figures 4C, 4D).
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Figure 4. Effects of 4 and TSA on HIF-1 target gene expression. T47D cells were
exposed to 4 and TSA at the specified concentrations for 16 h. The compound 1,10-phen
(10 uM) was included as a positive control. The levels of CDKNI1A (A) and VEGF (B)
mRNA following treatments were determined by quantitative real time RT-PCR. Relative
levels of target gene mRNA normalized to an internal control (18S rRNA) are shown as
average + standard deviation (n=3, one representative experiment). The levels of cellular
(C) and secreted VEGF protein (D) were determined by ELISA and normalized to the

amount of cellular proteins. Data shown are average + standard deviation (n=3).

2.4. Psammaplins Suppress Cell Proliferation/Viability in a Cell Line-Dependent

Manner

In the T47D cell-based reporter assay, psammaplins regulated HIF-1 activity in a
biphasic manner (Figure 3). To discern if cytotoxicity contributed to the drop in HIF-1
activity at higher concentrations, the effects of psammaplins on cell proliferation/viability
were examined in a panel of established human breast cancer cell lines. The protein
synthesis inhibitor cycloheximide (CHX, 10 uM) was used as a positive control and the
pan-HDAC inhibitor TSA was included for comparison. Following 48 h of compound
treatment, all compounds affected cell proliferation/viability to a certain extent. Among
the psammaplins, the potency rank of 2 and 4 > 3 > 1 > 5 mirrored that observed in the
HDAC assay (Table 1). Greater inhibitory activity was observed in the triple negative
breast cancer (TNBC) MDA-MB-231, MDA-MB-231-derived bone metastatic BoM1833
(BoM) and lung metastatic LM4175 (LM) subclones, and the estrogen-dependent T47D

cells, in comparison to the MDA-MB-231-derived brain metastatic subclone BrM-2a

14
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(BrM) (Figure 5). Similar cell line-dependent inhibitory activity was observed with TSA

(Figure 5).
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Figure 5. Concentration-response results of 1-5 and TSA on cell proliferation/
viability. T47D (A), MDA-MB-231 (B), LM (C), BoM (D), and BrM (E) cells were
exposed to 1-5 at the concentrations of 1, 3, 10, and 30 uM, TSA at 0.01, 0.03, 0.1, 0.3,
and 1 uM, and CHX at 10 uM. After 48 h, cell viability was determined and presented as
“% Inhibition” of the media control. Data shown are average + standard deviation, pooled

from two experiments each performed in duplicate.

The effects of psammaplins on the colony-forming ability of single cells were
assessed in a clonogenic assay. Cells seeded at low density were exposed to test
compounds at the specified concentrations for 24 h. The conditioned media were replaced
with growth media and the colonies formed from single cells in 14 days. While the cell
lines differ in their colony-forming abilities, the positive control paclitaxel blocked
colony formation in all cell lines (Figure 6). Less pronounced colony-suppressing activity

was observed with the HDAC inhibitors.

Media Paclitaxel TSA 1 2 3 4 5

T47D

MDA-MB-231

LM

BoM

BrM
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Figure 6. Effects of 1-5 and TSA on colony formation. Cells plated at low density
were exposed to compounds (24 h) at specified concentrations (1 uM for paclitaxel and

TSA, and 10 uM for 1-5). Two weeks later, the cells were fixed and stained.

2.5. Psammaplin A and TSA Inhibit Tumor Cell Invasion

In order to form metastatic lesions, metastasis-initiating tumor cells must invade
and intravasate into the lymphatic vasculature and/or blood vessels. Psammaplins were
evaluated in a Cultrex® 3-D cell invasion assay that monitors the invasion and migration
of tumor cells grown as spheroids, which closely model in vivo pathophysiological
conditions. The bone metastatic BoM subclone displayed the most aggressive behavior
(a network of extensive projections from the spheroid, Figure 7). Compound 4 and TSA
each inhibited the invasion of BoM spheroids into the extracellular matrix (ECM), similar
to those observed in the presence of the positive controls paclitaxel and CHX (Figure 7).
Furthermore, a more pronounced decrease in the size of the spheroids was observed in

the presence of paclitaxel and CHX, in comparison to the HDAC inhibitors.
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Figure 7. Inhibition of bone metastatic BoM cell invasion. Tumor cell spheroids
formed in a special spheroid formation ECM were embedded in an invasion matrix
containing 10% FBS in the presence and absence of compounds at the specified
concentrations. Four days later (Tos), cell invasion was recorded microscopically (the bar

at the bottom right represents 100 um).

3. Discussion

Prevention and improved therapies have produced a steady decline in cancer rates
in developed countries*’. In spite of this success, systemic metastasis-associated disease
relapse accounts for over 90% of cancer mortality. Targeted therapies have limited
success in stalling cancer progression and improving overall survival. Even highly
responsive tumors often develop resistance by acquiring new mutations or by activating
complimentary signaling pathways within a few months of treatment. Currently, there is
still no treatment option that effectively curbs the spread of cancers to vital organs**.

The century-old “seed and soil” hypothesis of cancer metastasis compares
systemically distributed tumor cells to “seeds,” and selected organs colonized by
disseminated tumor cells as “soil.” Metastasis-initiating tumor cells invade and
intravasate into the lymphatic vasculature and/or blood vessels, survive the circulation,
extravasate to distant target organs, adapt to the new environment, and progress from
dormancy to outgrowth into secondary lesions*. The inherent complexity of metastatic
disease and technological limitations has hindered our molecular level understanding of
metastasis and, subsequently, the discovery of antimetastatic agents. Treatment options

for metastatic breast cancer include surgery, radiation, chemotherapy, hormones, and

molecular-targeted therapies. Since the landmark approval of trastuzumab in 1998,

18

www.manaraa.com



targeted therapies that include monoclonal antibodies, tyrosine kinase inhibitors, and
PARP inhibitors have been approved for metastatic breast cancer®. There are >80
ongoing targeted therapy-based clinical studies. However, the majority of agents in
Phase II and III clinical trials assess secondary indications for previously approved
therapeutic agents. Although targeted therapies can improve overall survival, few
options exist for metastatic cancer and curative outcomes are negligible. Metastatic
disease remains a major cancer treatment challenge that warrants a more specific drug
discovery approach.

As heterogeneous populations, tumor cells vary significantly in gene expression
patterns, differentiation status, and malignant potential. Genetic alterations and tumor-
microenvironment interactions affect both metastatic propensity and organ tropism™’.
Metastatic organotropism represents an innovative antimetastatic target. Massagué and
colleagues revolutionized the field of metastasis research by establishing the gene

. . . . . 41,4243
signatures associated with organotropic metastatic breast cancers™ ™

. The discovery
that psammaplins selectively suppressed bone metastatic breast cancer cells opens a new
arena to explore psammaplins’ antitumor activities. Given the fact that a number of

HDAC inhibitors are in clinical use for cancer, the next stage will be evaluating the

potential of HDAC inhibitors for metastatic disease.
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4. Materials and Methods

4.1. General Experimental Procedures

Routine procedures for natural product chemistry are the same as those previously

described'.

4.2. Sponge Material, Extract Preparation, and Bioassay-Guided Isolation

The sponge material was part of the NCI Open Repository Collection. Voucher
specimens of Dendrilla lacunosa were placed on file with the Department of Invertebrate
Zoology, National Museum of Natural History, Smithsonian Institution, Washington, DC.
After freezing at —20 °C, the D. lacunosa sponge sample was ground in a meat grinder,
extracted with water, the residual sample lyophilized and extracted with 50% MeOH in
CH,Cl,”. The solvents were later removed under vacuum and the extract sample stored
at —20 °C (NCI repository, Frederick Cancer Research and Development Center,

Frederick, MD).

The D. lacunosa extract activated HIF-1 in a T47D cell-based reporter assay
(3.56-fold at 10 ug mL™"). A sample of 2.6 g was suspended in 50% MeOH in CH,Cl,,
filtered to remove residue, and separated into eight fractions by Sephadex LH-20 column
(eluted with CH,Cl,/MeOH, 50:50). The sixth fraction (HIF-1 activation by 2.97-fold,
1.0 ug mL™', 285 mg) was separated by a semi-preparative HPLC [Luna 5 um, C18(2)
100 A, 250 X 10.0 mm, isocratic 63% MeOH in H,O, 4.0 mL min™'], to produce
psammaplin E (1, 0.8 mg, 0.03% yield, tr 6.1 min), (E,Z)-psammaplin A (2, 1.8 mg, ,

0.07% yield, tg 10.3 min), (E,E)-psammaplin K (3, 20 mg, , 0.76% yield, tr 11.3 min)
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and (E,E)-psammaplin A (4, 155 mg, 5.92% yield, tr 14.3 min). The MeOH eluate from
HPLC column was purified by semi-preparative HPLC [Luna 5 um, C18(2) 100 A, 250

X 10.0 mm, isocratic 70% MeOH in 0.1%TFA/H,0, 4.0 mL min™'], to afford bisaprasin

(5, 6.7 mg, 0.25% yield, tg 18.2 min).

4.3. Structural Data

psammaplin E (1): oil, positive ion ESI-MS, m/z 479.0/481.0 [M + H]", m/z
501.0/503.0 [M + Na]"; "H NMR (CDCls, 400 MHz): 6 7.37 (1H, d, J = 2.0 Hz, H-9),
7.08 (1H, dd, J=8.0, 2.0 Hz, H-13), 6.77 (1H, d, J = 8.0 Hz, H-12), 3.80 (2H, s, H-7),

3.56 (4H, m, H-3,3"), 2.86 (4H, t, J = 6.8 Hz, H-2,2")".

(E,Z)-psammaplin A (2): gum, positive ion ESI-MS, m/z 663.0/665.0/667.0 [M +
H]', m/z 684.9/686.9/688.9 [M + Na]"; '"H NMR (CD;0OD, 400 MHz): 6 7.37 (1H, d, J =
2.0 Hz, H-9), 7.32 (1H, d, J = 2.0 Hz, H-9"), 7.07 (1H, dd, J = 8.0, 2.0 Hz, H-13"), 7.02
(1H, dd, J=8.0, 2.0 Hz, H-13), 6.79 (1H, d, J = 8.0 Hz, H-12), 6.77 (1H, d, J = 8.0 Hz,
H-12%), 3.80 (2H, s, H-7), 3.59 (2H, s, H-7"), 3.52 (2H, t, J = 6.8 Hz, H-3), 3.50 (2H, t, J
= 6.8 Hz, H-3"), 2.79 (2H, t, J = 7.0 Hz, H-2), 2.72 (2H, t, J = 7.0 Hz, H-2"); >*C NMR
(CD;0D, 100 MHz): 6 164.5 (C-5"), 163.0 (C-5), 152.9 (C-6"), 152.4 (C-6), 151.7 (C-11)
151.4 (C-117), 133.1 (C-9, 9°), 129.1 (C-137), 129.0 (C-13), 128.9 (C-8), 128.7 (C-8"),
115.8 (C-12) 115.7 (C-12°), 109.4 (C-10), 109.1 (C-10"), 38.2 (C-3"), 37.9 (C-3), 37.0

(C-2,2),36.8 (C-7°), 27.3 (C-7)**.

(E,E)-psammaplin K (3): gum, positive ion ESI-MS, m/z 679.0/681.0/683.0 [M
+H]", m/z 700.9/702.9/704.9 [M + Na]"; "H NMR (CDCls, 400 MHz): § 7.36 (1H, brs,

H-9), 7.06 (1H, d, J= 7.2 Hz, H-13), 6.85 (1H, s, H-9’), 6.75 (1H, d, J = 8.0 Hz, H-12),
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6.71 (1H, s, H-13"), 3.79 (2H, s, H-7"), 3.73 (2H, s, H-7), 3.51 (4H, t, J = 6.8 Hz, H-3,
3%), 2.80 (4H, t, J = 6.8 Hz, H-2, 2°); >°C NMR (CDCls, 100 MHz): § 164.5 (C-5, 5°),
152.3 (C-6), 151.7 (C-11, 6°), 145.7(C-127), 141.1 (C-11"), 133.1(C-9), 129.2 (C-13),
129.0 (C-8, 8°), 123.4 (C-9°), 115.6 (C-12), 115.0 (C-13"), 109.1 (C-10, 10°), 38.2 (C-3,

3%),37.1 (C-2, 2"), 27.5 (C-7°), 27.3 (C-7)*.

(E,E)-psammaplin A (4): white powder, positive ion ESI-MS, m/z
663.0/665.0/667.0 [M + H]", m/z 684.9/686.9/688.9 [M + Na]"; '"H NMR (CD;0D, 400
MHz): § 7.36 (2H, d, J = 2.0 Hz, H-9, 9°), 7.06 (2H, dd, J = 8.4, 2.0 Hz, H-13, 13°), 6.75
(2H, d, J=8.4 Hz, H-12, 12°), 3.79 (4H, s, H-7, 7°), 3.51 (4H, t, J = 6.8 Hz, H-3, 3"),
2.79 (4H, t, J = 6.8 Hz, H-2, 2°); *C NMR (CD;0D, 100 MHz): § 164.5 (C-5, 5°), 152.3
(C-6, 67), 151.7 (C-11, 117), 133.1 (C-9, 9°), 129.2 (C-13, 13°), 129.0 (C-8, 8°), 115.6 (C-

12, 127), 109.1 (C-10, 10°), 38.2 (C-3, 3°), 37.1 (C-2, 2°), 27.3 (C-7, 7))*".

Bisaprasin (5): gum, negative ion ESI-MS, m/z 660.9/661.9/662.9 [M — 2H]*; 'H
NMR (CD;0D, 400 MHz): 6 7.42 (2H, br s, H-9>*, 9°>*), 7.37 (2H, br s, H-9, 9°), 7.06
(4H, m, H-13, 13°, 137, 13°>), 6.77 (1H, m, H-12, 12°), 3.85 (4H, s, H-7"°,7""), 3.79 (4H,
s, H-7,7°), 3.52 (8H, m, H-3, 3°, 3>, 3°), 2.79 (8H, m, H-2, 2°, 2>, 2>"); >*C NMR
(CD;0D, 100 MHz): 6 164.5 (C-5, 5", 5", 5°""), 152.3 (C-11, 11°), 151.7 (C-6,6"), 151.6
(C-67°,6""), 149.2 (C-11"", 11°>), 133.1 (C-9, 9°), 132.6 (C-9°*,97*"), 131.2 (C-13, 13"),
129.7 (C-8), 129.2 (C-8°), 129.0 (C-13"’, 13°*"), 127.2 (C-8°*, 8°*"), 115.7 (C-12, 12°),
111.6 (C-12°*,12°°), 109.1 (C-10, 10°, 10°*, 10°*"), 38.2 (C-3, 37, 3°*,3°*"), 37.1 (C-2,

2°,2°°,2°°%),27.4(C-77,7),27.3 (C-7, 7).
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4.4. T47D Cell-Based Reporter Assay

Human breast cancer T47D cells (ATCC, Manassas, VA) were maintained in
DMEM/F12 medium with L-glutamine (Corning, Corning, NY), supplemented with 10%
(v/v) fetal bovine serum (FBS, Hyclone, Logan, Utah), 50 units mL "' penicillin and 50
ng mL™" streptomycin (Thermo Fisher Scientific, Waltham, MA). To monitor HIF-1
activity, T47D cells were transfected with the pHRE3-TK-Luc construct and the cell-
based luciferase reporter assay performed as described®. Cells were exposed to test
compounds in the absence (pHRE-luc) and presence (pHRE-luc, 1,10-phen) of 1,10-
phenanthroline (10 uM), or hypoxic conditions (1% Oz: 5% CO,: 94% N,) (pHRE-luc,
Hypoxia) for 16 h. For the control cell-based reporter assay, T47D cells were transfected
with the pGL3-control construct (Promega, Madison, WI), exposed to test compounds for
16 h, and the luciferase reporter assay performed as described®. Unless specified, all

compounds were purchased from Sigma (St. Louis, MO).

4.5. MDA-MB-435 Cell-Based HDAC Assay

Human melanoma MDA-MB-435 cells were maintained in RPMI 1640 medium
supplemented with 10% FBS, 100 units mL ™' penicillin and 100 pg mL™" streptomycin.
Exponentially grown cells were seeded at the density of 5000 cells/well into 96-well
plates (Corning, Corning, NY) and incubated overnight. Compounds dissolved in DMSO
were added to achieve the specified final concentrations (total volume: 100 uL., DMSO:
0.5%). The incubation continued for 30 min at 37 °C and the HDAC activity determined
using a commercial luminescent assay (HDAC-Glo™, Promega Corp, Madison, WI)

following manufacturer's instructions. The HDAC inhibitors trichostatin A (TSA, 1 nM)
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and SAHA (100nM) were used as positive controls and the data presented as percentage

inhibition of the solvent control.

4.6. Quantitative Real-Time RT-PCR and ELISA Assay

The effects of test samples on HIF-1 target gene expression were assessed in
T47D cells. To determine the levels of CDKN1A and VEGF mRNA, quantitative real-
time RT-PCR was performed as described: 1) cell plating, compound treatment, and total
RNA extraction’’; and 2) first strand cDNA synthesis, gene-specific primer sequences,
quantitative real time PCR, and data analysis*. To determine the levels of cellular and
secreted VEGF proteins, T47D cells were exposed to compounds as described’®, the
levels of VEGF proteins in the conditioned medium and cell lysate samples determined
by ELISA™®, the amount of proteins in the cell lysate samples quantified using a micro
BCA assay kit (Thermo Fisher Scientific, Rockford, IL), and the levels of VEGF proteins

normalized to that of cellular proteins.

4.7. Cell Proliferation/Viability and Clonogenic Survival Assays

Human breast cancer T47D, MDA-MB-231, and the MDA-MB-231-derived
subclones BoM 1833, LM4175, and BrM-2a (J. Massagué¢, Memorial Sloan Kettering
Cancer Center, New York, NY) were maintained in RPMI 1640 medium supplemented
with 10% FBS, 50 units mL ™' penicillin and 50 pg mL ™" streptomycin. The cell
proliferation/viability assay (48 h exposure) was performed as described™. Cell viability
was determined by the sulforhodamine B method and the data presented as '% Inhibition'

of the media control.
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For the clonogenic assay, exponentially grown cells were seeded at the density of
1,000 cells/well into 6-well plates (Cellstar®, Greiner Bio-One GmbH, Austria) and
incubated at 37° C for 4 h to allow the cells to adhere. Compound addition was similar as
above. After 24 h, the compound-containing conditioned media were replaced with fresh
RPMI 1640 medium containing FBS (10%) and P/S. The incubation continued for
another 14 days with a change of medium every 5 days, the cells were fixed with
methanol and stained with crystal violet (1 mg mL™" in 20% ethanol), and the images

were acquired with a Kodak digital camera.

4.8. 3D Tumor Cell Invasion Assay

A commercial kit (Cultrex® 3D Spheroid Cell Invasion Assay) was used to
perform this assay, following the manufacturer’s instructions (Trevigen, Gaithersburg,

MD).

4.9. Statistic Analysis

Data comparison was performed with one-way ANOVA followed by Bonferroni
post hoc analyses using GraphPad Prism 6. Differences between datasets were considered

statistically significant when p < 0.05.
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