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Breast cancer (BC) is the most common cancer and the second leading cause of
cancer related deaths among women in the United States. Despite important advances in
treatment, breast cancer remains incurable due to the emergence of alternative pathways
adopted by cancer cells to overcome the effects of anti-cancer therapy. This molecular
heterogeneity in the cellular response to anti-cancer therapy challenges the development
of effective therapeutic strategies. To overcome this issue, a rational approach would be
to concomitantly target clinically relevant cellular abnormalities with combination
therapy or to use a potent multi-targeted agent. Autophagy is a critical physiological
process of cancer cell survival in the presence of chemotherapeutic stress and is an
important cause of resistance to anti-cancer therapy. Drugs that inhibit autophagy e.g.
chloroquine-(CHL) deprive the cells of this protective mechanism and therefore are
promising agents in combination chemotherapy of breast cancer.
All-trans retinoic acid (ATRA), a potent differentiation inducing agent, has been
tested as anticancer agent for a number of cancers including breast cancer, but its rapid
metabolism to inactive metabolites is a major problem in its clinical use. VN/12-1, a
novel retinoic acid metabolism blocking agent (RAMBA) developed in our laboratory,

showed improved anti-proliferative activity over ATRA against estrogen receptor α (ERα) positive and negative breast cancer cell lines. Human epidermal growth factor
receptor-2 (Her-2) is a critical protein involved cell proliferation and metastasis. Her-2
has been involved in increasing the frequency of tumor stem cells and it has also been
implicated in the development of drug resistance. Hence, for our current studies, we
primarily focused on a cell line which is deficient in ER-α and which overexpresses Her2 (SKBR-3 cells). We showed here that VN/12-1 inhibits G1-S phase cell cycle
transition. However, short treatment of VN/12-1 induced autophagy in these cells and
protected cells from apoptosis. VN/12-1-induced autophagy was preceded by ER stress
(ERS). We further demonstrated that suppression of autophagy using either
pharmacological inhibitors or RNA interference of Beclin-1 enhanced cell death induced
by VN/12-1 in SKBR-3 cells. The combination of VN/12-1with autophagy inhibitor –
CHL resulted in synergistic effects in that it enhanced apoptosis in vitro and in vivo
which was caspase dependent. Importantly, VN/12-1 (5 mg/kg twice weekly) and VN/121 (5 mg/kg twice weekly) + chloroquine (50 mg/kg twice weekly) significantly
suppressed established SKBR-3 tumor growth by 81.4% (p < 0.001 vs. control) and
96.2% (p < 0.001 vs control), respectively without incurring overt signs of toxicity or
significant loss of body weight. Together, these findings suggest that autophagy
inhibitors may enhance the therapeutic effects of RAMBAs in the treatment of breast
cancer.
It is hoped that this combination therapy would solve the problem of the
development of acquired resistance due to autophagy that typically follows the

chemotherapeutic treatment of breast cancer. We envision further advanced preclinical
development of this combination therapy as potential therapy for breast cancer.
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1. Introduction
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1.1 The breast: The breasts are
composed

of

fatty

tissue

that

contains the glands responsible for
milk production in late pregnancy
and after childbirth. Within each
breast, there are about 15 to 25 lobes
formed by groups of lobules, the
milk

glands.

Each

lobule

is

composed of grape-like clusters of

Figure 1: Anatomy of human breast
Adapted from www.healthline.com

acini (also called alveoli), the hollow
sacs that make and hold breast milk. Anatomy of human breast is shown (Figure 1).

1.2 Breast Cancer: Breast cancer affects the breast tissue and surrounding adipose tissue. The
vast majority of breast cancer
occurs in women, although men
can develop breast cancer too. A
breast tumor is considered nonmetastatic if it is limited to a few
cell layers and does not invade
the

basement

membrane,

surrounding tissues or organs.
However, if the tumor spreads to

Figure 2: Breast cancer staging The figure
describes various stages of breast cancer
Adapted from www.wellsphere.com

surrounding tissues or organs, it is

2

considered metastatic [1, 2]. The majority of breast cancers (70% - 80%) arise from the ducts,
which make up the bulk of breast tissue. Since lobular and ductal cells are found in the glandular
tissues of the upper, central, and outer regions of the breast, this is where most breast cancers
occur. Breast cancer often metastasizes to sites such as the lung, bone, liver, and brain. If breast
cancer is detected at an early stage - for example, before metastasis - it usually can be cured;
however, as the disease progresses, the possibility of effective treatment is diminished.
Improvements in breast cancer detection have helped to limit the harmful potential of this
disease. In fact, during the last decade, the majority of breast cancers reported in the U.S. were
small, very treatable, early-stage tumors. Breast cancer staging is depicted below (Figure 2).

1.3 Breast cancer epidemiology: Breast cancer (BC) is the most common cancer among women
in the United States (accounting for 32% of the total diagnosed cases of cancer) and it is the
second leading cause of cancer related deaths among women. According to the American
Cancer Society statistics, in the year 2009, 207,090 new cases of BC will be diagnosed and
approximately 39,840 women are expected to die from BC [3]. Recent findings from the
National Cancer Institute (NCI) indicate that an American woman has a one in eight chance of
developing breast cancer during her lifetime. Breast cancer also can affect men, although cancer
of the male breast accounts for only 5% of all diagnosed breast cancers. Breast cancer related
statistics is shown in (Figure 3).
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Figure 3: Leading sites of new breast cancer cases and deaths
Adapted from www.cancer.org

1.4 Breast cancer diagnosis: There are several ways to diagnose breast cancer which include
clinical breast examination, mammograms, fine needle aspiration cytology, incisional or
excisional biopsy and ultrasound [2].
Mammograms
A mammogram is the gold standard for breast cancer screening and early detection. The
American Cancer Society recommends that women 40 years old and up have an annual
mammogram. Mammograms can help detect 85 to 90 percent of all breast cancers, even before
the patient can feel a lump.
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A breast MRI (Magnetic Resonance Imaging) reveals different details of your breast health
than a mammogram, so it can be used as a complementary test. MRIs don’t use compression,
like mammograms, but are much more expensive and not as widely available.
Elastography
Elastography is a new, though still investigational, technology for imaging breast tissue. It may
be better than mammography, ultrasound, and MRI at distinguishing between benign and
cancerous growths. Elastograms can find a cancerous lump without a biopsy.
Ductal Lavage: Screening for pre-cancerous and cancerous breast cells. Ductal lavage has been
referred to as the "Pap smear for the breast." A tiny tube is inserted into the breast to draw fluid
from the breast ducts, which is then examined under a microscope or screened for cancer cells.
This is also an investigational screening technique.
Aspiration: During an aspiration, the doctor uses a fine needle to suction a sample of fluid from
a lump, such as a cyst, to be screened.
Breast Biopsy: A surgeon removes a very small tissue sample from the breast. The tissue is
examined under a microscope for cancer.
(Tables 1-3) summarize the TNM staging of breast cancer. This staging is very important
determinant of the choice of treatment.
Breast ultrasound: ultrasound is another effective modality of diagnosing breast cancer.
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Table 1: AJCC tumor staging for BC
Adapted from www.cancerstaging.org
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Table 2: AJCC regional lymph node staging for BC

Table 3: AJCC distant metastasis staging for BC
Adapted from www.cancerstaging.org
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1.5 Breast cancer therapy: Surgery is the mainstay of the therapy for breast cancer. Standard
lumpectomy is followed by axillary lymph node dissection. If nodes are positive for metastasis,
the treatment then depends on ER-α  and progesterone receptor (PR) status. For ER-α positive
tumors, SERM (Selective estrogen receptor modulator) tamoxifen is given to the pre-menopausal
patients and letrozole or other aromatase inhibitor is given to the post-menopausal patients. The
schematic of therapeutic options for different stages of BC is shown in (Figure 4). Over the last
5 years, patients have benefited from many advances in breast cancer treatment. Breast
conservation - the saving of the breast - has increased enormously because of early diagnosis and
the widespread use of mammograms (x-rays of the breast). In addition, new anti-cancer drugs
such as paclitaxel (Taxol®) and trastuzumab (Herceptin®) have been approved by the Food and
Drug Administration (FDA) and show promise in the treatment of patients with advanced
disease.

Surgery

Radiation
therapy

Endocrine
therapy
Treatment
Options

Chemotherapy

RAMBAs???

Figure 4: Breast cancer -treatment options Surgery is the main therapy
Endocrine therapy, radiation, chemotherapy are other adjuvant therapies.
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1.6 Endocrine therapy and endocrine resistance:
In recent years, there has been the emergence of multiple strategies targeting endocrine
pathway. Endocrine pathway targets the estrogen signaling [4]. When estrogen binds to the
estrogen receptor (ER) it causes a cascade of events, which are responsible for initiation and
progression

of

breast tumor. The
goal

of

anti-

estrogen therapy is
for

the

anti-

estrogens to interact
with the ER-α and
deprive cancer cells
of the estrogen that
triggers their growth
and multiplication.

Figure 5: Mechanisms of action of anti-estrogen therapy
Figure depicts the mechanisms of action of aromatase
inhibitors and tamoxifen

Two currently
used endocrine therapies are: selective estrogen response modulators (SERM) e.g. tamoxifen and
aromatase inhibitors (AI) e.g. letrozole. Estrogen receptor-α (ER-α) i s an importnat determinant
in choice of therapy and prognosis. Tamoxifen exerts its anti-tumor effects by competing with
estrogen to bind to ER α. It is called a SERM because it has both antagonistic as well as
agonistic properties in tissues depending on the species, tissue and receptor type. Tamoxifen
exhibits antagonistic properties in breast and agonistic effects on bone and serum lipid levels,
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which are favorable functions but agonistic effects on the endometrium leads to endometrial
hyperplasia and endometrial tumors.
Aromatization is the last and unique step in the estrogen synthesis pathway. Inhibition of
aromatase leads to reduced synthesis of estrogen. This is a valuable approach for reducing
growth stimulatory effects of estrogens in estrogen-dependent breast cancer [5]. Mechanisms of
action of endocrine therapies is summarized below (Figure 5).
In 1998, Letrozole (also known as Femara® (CGS 20247) was approved by the United
States

Food

and
Surgery +
chemo/endocrine/RAMBA

Drug
Administration
(FDA) for "secondline" treatment [6].
In 2000, letrozole

ERα +
Hormone
dependent

ERα +
Hormone
Independent

Acquired
ERα –
Hormone
independent

Locally advanced
Breast Cancer

metastatic
Breast
cancer

Endocrine Therapy
Chemotherapy

RAMBAS

gained approval for
De novo ER –
Hormone
independent

the management of
postmenopausal
women

with

Figure 6: Breast Cancer- model of progression with current and
potential new therapies

metastaic breast cancer. Letrozole, a triazole derivative is a potent, highly selective and
competitive aromatase inhibitor that shows considerable advantage over tamoxifen with respect
to patient survival and tolerability [7].

Endocrine therapy has shown great benefits in estrogen

receptor-α (ER-α p ositive) tumors but little in ER-α negative tumors . The benefits of these
therapies are limited by de novo and acquired resistance to these therapies. The model of
progression of BC is summarized in (Figure 6).
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1.7: Her-2 receptor and its importance in breast cancer:
Human epidermal growth factor receptor-2 (Her-2), a 185-kDa protein that transduces
cell signaling [8]. Its overexpression is detected in 20–40% of patients with breast, ovarian and
endometrial cancers [9]. It is considered as a major reason for de novo resistance in some ER-α
positive tumors [10, 11]. ER-α negative tumors are hormone independent and are de novo
resistant to endocrine therapy [12]. ER-α positive tumors which initially respond to endocrine
therapy become non-responsive after a few years due to development of resistance. This acquired
resistance develops due to complex interactions between hormone receptors (ER-α, PR) and
other survival pathways (MAPK, AKT, IGF-1) [13-15]. Studies indicate that Her-2 plays a direct
role in the pathogenesis and aggressiveness of tumors and is associated with a poor clinical
outcome [16, 17]. It has been involved in increasing the frequency of tumor stem cells and drug
resistance [18, 19].
For our current studies, we primarily focused on a cell line which is deficient in ER-α and
which overexpresses Her-2 (SKBR-3 cells). SKBR-3 xenografts are one of the less commonly
tested xenografts in the literature because some groups reported inability of SKBR-3 cells to
form tumors in nude mice [20]. However, various other groups have successfully used this
xenograft model in SCID mice [21, 22]. Given the unique molecular characteristics of this cell
line as mentioned above, we also focused on SKBR-3 xenografts to characterize and evaluate the
in vivo efficacy of VN/12-1. It has been previously demonstrated that breast cancer stem cells
that overexpress Her-2 are inherently resistant to ATRA [23]. For these reasons, in such cells,
alternative approaches that combine a retinoid with a second agent exhibiting a different
mechanism of action are required to improve the efficacy and potency of the therapy.
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1.8 Retinoic acid derivatives and RAMBAs: Retinoids in cancer: ATRA, 13-cis-RA, 9-cis-RA
and retinal are naturally occurring derivatives of vitamin A (retinol). Vitamin A is obtained from
β-carotene, which is

fruits

and

vegetables

like

Smooth
Endoplasmic
Reticulum

Cell
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for
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Figure 7: Molecular mechanism of action of ATRA
Adapted from Njar et al Bioorg Med Chem 14:2006

for growth, immune function and development [24, 25]. ATRA is biologically the most active
isoform that is a potent regulator of cellular differentiation and proliferation of epithelial tissue,
which is critical for normal growth and development. Mounting evidence indicates that the
antitumor effects of ATRA are attributed to its ability to interfere with multiple facets of
oncogenic signaling pathways [26, 27]. Moreover, ATRA proved to be an effective anticancer
agent to treat hematological cancers [28]. This function of ATRA along with others like
apoptosis and cell cycle arrest is the basis of its important role in different cancers including
breast [29-31]. ATRA acts by binding to the RAR and RXR family of nuclear receptors [32]
(Figure 7).
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1.9 ATRA Metabolism and Resistance:
Several factors compromise the widespread clinical use of ATRA. They include low in
vitro anticancer potency, limited bioavailability and unfavorable pharmacokinetic behaviors due
to rapid metabolism by CYP26 enzymes [33, 34]. In the body, cytochrome P-450 dependent
enzymes metabolize retinal to form inactive polar metabolites that are then excreted. The most
common pathway adapted by ATRA for its metabolism starts with hydroxylation at C-4 position
converting ATRA to 4-hydroxy ATRA (Figure 8). This rate-limiting step is catalyzed by
enzyme

ATRA-4

hydroxlase

in

the

presence of co-factor
NADPH

[33].

4-

Hydroxy

ATRA

is

further oxidized to 4oxo

ATRA.

human

Several

CYPs

are

capable of metabolizing
ATRA

like

CYP2C8,

CYP3A4, and CYP3A7

Figure 8: Mechanism of ATRA metabolism by 4hydroxylation: The figure illustrates the site of metabolism
of ATRA

but their specificity is moderate. CYP26A is recognized as the most dedicated ATRA 4hydroxylase enzyme for ATRA only and not for 13-cis-RA and 9-cis RA [33]. CYP26A is
expressed in many tissues like liver, adrenals, placenta, and brain. A variety of human cancers
also possess this enzyme that leads to rapid metabolism of ATRA thus leading to its deficiency,
which is believed to be one of the major reasons for ATRA resistance. Consequently, the
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structural modification of ATRA to develop novel RAMBAs with improved potency and
metabolic stability has been the focus of our group for many years. This drug development effort
has led to several potent antitumor agents with distinct pharmacological activities [35].
1.10 RAMBAs:
Several retinoic acid metabolism blocking agents (RAMBAs) were designed and
synthesized in our laboratory which are structural analogues of ATRA (VN/14-1, VN/12-1), 13cis-RA (VN/69-1) and 4-HPR (VN/66-1) [36]. As ATRA is hydroxylated at C-4, a nucleophilic
group was introduced at this
position in these RAMBAs. These
substrate-like

compounds

not

only interact with the ATRAbinding site of the enzyme, thus
introducing high specificity, but
also provide a sixth ligand to the
Figure 9: Proposed model for p-450-inhibitor complex
The figure shows binding pocket of CYP 26 enzyme and site
of binding of the RAMBA. The imidazole group at C-4
inhibits the hydroxylation of ATRA at this position,

enzyme’s heme iron, resulting
in tight binding (Figure 9).
They compete with ATRA to

bind to the active site of the CYP-450 enzyme, thus preventing ATRA metabolism leading to
increased levels of endogenous ATRA [37]. This approach circumvents administering ATRA in
doses that can be toxic. All these RAMBAs have imidazole ring and different side-chains such as
VN/14-1 that has a free carboxylic acid at C-14, VN/12-1 is a methyl ester of VN/14-1 (Figure
10). Our RAMBAs are also considered to be atypical, because in addition to being potent
inhibitors of ATRA metabolism, they also possess potent intrinsic antiproliferative activities.
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4-(±)-(1H-imidazol-1-yl)-(E)-retinoic acid (VN/14-1) and its corresponding methyl ester,
VN/12-1 (Figure 10) are amongst our lead RAMBAs. However, VN/14-1 has been extensively
studied by our group.
It is a potent multitargeted
with

compound
exquisite

anticancer

activity

against several ER-α
positive human breast
cancer cell lines and
leterozole

Figure 10: Chemical structures of compounds

(an

aromatase inhibitor)- resistant breast cancer cell line LTLC [35, 36, 38, 39]. Indeed, the
compound has recently been licensed to Cancer Research UK for further development in view of
clinical trials in breast cancer patients. However, VN/14-1 unlike VN/12-1 exhibited weak
antiproliferative activity against ER-α negative breast cancer cell lines.
In our preliminary in vitro pharmacokinetic studies, surprisingly, we find that VN/12-1 is
stable under in vitro culture conditions and with unexpectedly robust terminal half-life (t1/2) in
female SCID mice (vide infra). Thus, we aimed to focus on investigating VN/12-1’s mechanism
of action in inhibiting the growth of ER-α negative cell line. The promising stability data
together with VN/12-1’s higher anti-proliferative potency against ER-α +ve and –ve breast
cancer cell lines provided the impetus for its comprehensive evaluation in drug-resistant SKBR-3
human breast cancer cells and tumor xenografts.
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Previously, we had reported that flow cytometric analysis of breast cancer cells treated
with our RAMBAs revealed significant growth arrest with only weak apoptosis [36], a
phenomenon also reported for a variety of retinoids [40]. In an effort to search for strategies that
could enhance cancer apoptosis (cell killing) mediated by VN/12-1, we looked for possible prosurvival pathways that may be activated in response to VN/12-1. Here, we report the induction of
pronounced endoplasmic reticulum (ER) stress and autophagy by VN/12-1-treated SKBR-3 cells
and tumors.
1.11 Endoplasmic Reticulum induced stress (ERS):
It is now generally accepted [41] that the accumulation of misfolded proteins in the
lumen of the endoplasmic reticulum (ER) results in cellular stress that initiates a specialized
response, designated ER stress response (ERS). Induction of cellular ERS subsequently leads to
activation of autophagy [42, 43]. Many anti-cancer drugs, including retinoids are known to
induce ERS in various cancers [44-46].
The endoplasmic reticulum (ER) is the first stop on the secretory pathway wherein
chaperone-assisted polypeptide folding and modification ensures that proteins obtain their
mature conformation. A center of protein-folding, the endoplasmic reticulum (ER) is extremely
sensitive to disruptions in homeostasis, including disruptions in calcium concentrations. Such
stresses induce the ERS, also called the unfolded protein response. The ERS is an evolutionarily
conserved pathway that seeks to relieve the build-up of unfolded proteins in the ER.
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When the capacity of the ER to fold proteins properly is compromised or overwhelmed, a
highly conserved unfolded protein response (UPR) signal transduction pathway is activated. The
UPR halts general protein synthesis while upregulating ER resident chaperones and other
regulatory components of the secretory pathway [47], giving the cell a chance to correct the
environment within the ER [48]. However, if the damage is too strong and homeostasis cannot
be restored, the mammalian UPR ultimately initiates apoptosis.

Overall ERS pathway is

summarized in (Figure 11).

Figure 11: The endoplasmic reticulum stress response
Adapted from Cancer Lett. (2008), doi:10.1016/j.canlet.2008.07.005
The figure describes the ER stress pathway in presence of low
or severe ER stress
The initial effort of the ERS response is to protect the stressed cells by reestablishing
homeostasis or otherwise neutralize the damaging consequences of the insult. One of the critical
players in this ‘‘yin” process is GRP78 (glucose regulated protein of molecular weight 78, also
called BiP: immunoglobulin heavy chain binding protein), a calcium-binding protein that is
primarily located in the ER lumen [49]. It functions as a major chaperone during protein folding
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and also controls the activity of three major signaling pathways that originate from different ER
transmembrane proteins. Unfortunately, because GRP78 also functions to suppress pro-apoptotic
pathways, its elevated presence in tumor cells supports chemoresistance and thereby may worsen
prognosis [49].
The protective ‘‘yin” effort of the ERS response does not have unlimited capacity. When
ER stress becomes too severe, this system turns on its pro-apoptotic ‘‘yang” module, which
triggers cell death despite the presence of high levels of GRP78. One of the decisive effectors of
this switch is CHOP (CCAAT/enhancer binding protein homologous transcription factor, also
called GADD153: growth arrest and DNA damage-inducible gene 153) [50]. Increased levels of
CHOP, a transcription factor, alters the transcriptional profile and facilitates a pro-apoptotic
‘‘yang” program that involves suppression of Bcl-2, stimulation of death receptor 5 (DR5),
activation of caspases, and mitochondrial events that function to integrate and amplify the death
pathway. In normal cells, CHOP is expressed at negligible levels. Similarly, tumor cells display
insignificant amounts of CHOP, despite chronic ER stress, because elevated levels of GRP78
suppress those signaling pathways that are able to activate CHOP transcription [49, 51]. In
response to acutely increased ER stress, however, both normal and tumor cells stimulate CHOP
expression, and the duration and amount of elevated CHOP levels are a decisive factor in
determining the cell’s fate [52]. In case the protective‘‘yin” components are able to regain
control and subdue CHOP expression, the cell will survive. However, if severe ER stress
persists, the pro-apoptotic ‘‘yang” module will attain dominance and will initiate cell death.
Because of its relatively short-lived struggle for control, CHOP expression levels can be used as
a convenient readout to reveal the acute phase of ER stress [50, 52]. Several reports have shown
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that ERS can activate autophagy, and conversely, blocking autophagy can enhance ERS-induced
cell death [53-56].
1.12 Autophagy:
Autophagy is an intracellular bulk protein degradation system, in which proteins and
some cytoplasmic organelles are degraded [57]. This system has been implicated in various
physiological processes such as cellular differentiation, response to starvation and pathogenesis
[58, 59]. Therefore, it has been considered an adaptive response to enhance cell survival.
Autophagy is also reported to be a mechanism of cell protection against drug-induced apoptosis
[60-62]. This realization has led to both laboratory and clinical studies that seek to block
autophagy as a strategy to sensitize cancer cells towards some clinically used anti-cancer drugs
[63].
In normal cells, autophagy functions to maintain homeostasis by eliminating excessive or
unnecessary proteins and injured or aged organelles. The discovery of autophagy-related atg
genes in the early 1990s and the elucidation of autophagy regulatory pathways have renewed
researchers’ interest in this cellular process. Additionally, autophagy is observed under
physiological conditions such as nutrient starvation and in some pathological conditions,
including myopathy, neuronal degeneration, infectious disease, and cancer.
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Although the reciprocal interaction between autophagy and ERS is not yet well explored,
it is likely that the accumulation of misfolded and other “garbage” proteins, as well as the
presence of aggresomes (juxtanuclear complexes of misfolded or insoluble proteins, chaperones,
and proteasome components), may represent important triggers that interdependently affect both
of these systems. For instance, obsolete proteins can be removed from the cellular inventory
through autophagic clearance or via ER-associated degradation (ERAD), which delivers the
proteins to the proteasome [64].

Figure 12: Molecular mechanism of autophagosome formation

If autophagy is blocked, a substantial portion of this two-directional traffic may be
rerouted towards apoptosis, possibly causing a backlog that exacerbates ERS. The execution and
regulation of the autophagic program relies on several autophagy-specific genes (atg), which are
characterized by a high degree of conservation among species as distant as humans and yeast
[65]. Some Atg proteins are directly implicated in the formation of the autophagosome. For
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instance, the ubiquitination of Atg5 and Atg12 by the E1-like enzymes Atg7 and Atg10 is
required to form Autophagic Vesicles [66].
The molecular mechanism of autophagosome formation is summarized in (Figure 12).
Microtubule-associated protein light chain 3 (LC3) is the mammalian equivalent of yeast Atg8
and exists in two forms, LC3-I and -II. LC3-I is an 18-kDa polypeptide normally found in the
cytosol, whereas the product of its proteolytic maturation (LC3-II, 16 kDa) resides in the
autophagosomal membranes [67].
Upregulation of LC3-II (also called LC3B) is a reliable indicator of the presence of
autophagy. Beclin-1 is the mammalian orthologue of yeast Atg6 and localizes to the trans-golgi
network, where it participates in autophagosome formation by interacting with the class III
phosphatidylinositol 3-kinase (PI3K) human vacuolar protein sorting factor protein 34 (hVps34)
[68].
1.13 Cellular Stress as a cause of autophagy:
Stress stimuli activate cellular pathways for adaptation that are crucial for cells to either
tolerate adverse conditions or to trigger cell suicide mechanisms, such as apoptosis to eliminate
damaged and potentially dangerous cells. Metabolic stress, including starvation, increases the
cellular requirement for energy production and damage mitigation, and catabolic cellular selfdigestion by autophagy plays a critical role in both instances. Stress activates autophagy, in
which double membrane vesicles form and engulf proteins, cytoplasm, protein aggregates, and
organelles that are then delivered to lysosomes where they are degraded. Autophagy serves to
maintain cellular metabolism through recycling of cellular components when the availability of
external nutrient sources is limited [63].
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The ERS response is tightly linked to autophagy, and the combined actions of these two
processes also represent a cellular ‘‘yin–yang” system that either protects cells and supports their
survival or triggers cell death. In situations where cells experience low to moderate levels of
certain types of stressful conditions, the protective ‘‘yin” components function to reestablish
homeostasis and proper cell functioning. However, if these insults become too severe, the proapoptotic ‘‘yang” effectors begin to dominate the cellular response and will initiate cell death.
Thus, in its entirety, this system musters substantial protective efforts in order to support cellular
survival, yet also ensures controlled destruction of the cell when too much cellular damage
threatens the organism as a whole.
Unlike normal cells, many cancer cells display chronically elevated activity levels of the
protective ‘‘yin” components, which not only support their survival and growth in a hostile
microenvironment, but also help them ward off the most severe stressor they will ever encounter:
chemotherapy. While this situation appears to provide a crucial advantage to tumor cells, it may,
however, also provide an opportunity for therapeutic intervention aimed at ERS and autophagy
[69]. Inhibition of autophagy has been shown to be a very effective strategy of inducing
apoptosis in cancer cells and has attracted researchers and clinicians.
Indeed, a number of clinical trials are being done with hydroxychloroquine (CHL) (a
known antimalarial agent), which inhibits autophagy by stabilizing lysomes and preventing
degradation of cellular proteins (Table 4). The other known autophagy inhibitors are: 3methyladenine (3-MA) and bafilomycin (Ba) [70-72].
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Table 4: Clinical trials of chloroquine as an autophagy inhibitor
Adapted from Clin Cancer Res 2009;15(17) September 1, 2009
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As shown in Table 5, Many clinically used anti-cancer drugs have been shown to induce
autophagy in cancer cells.

Table 5: Therapies that induce autophagy in cancer cells
Adapted from Clin Cancer Res 2009;15(17) September 1, 2009
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1.14.1 VN/14-1: Summary of important mechanisms of action
VN/14-1 is the one of the extensively studied RAMBAs in our laboratory. Since VN/12-1
is a methyl ester of VN/14-1, it is worthwhile to review the important properties of VN/14-1 [35,
36, 38, 39]. Because of the structural similarities of VN/12-1 and VN/14-1, it is reasonable to
predict that they are likely to exhibit overlapping biological activities:
●

Unlike ATRA, VN/14-1 is a potent inhibitor of CYP26 and of aromatase (Figure 13).

●

Unlike ATRA which is a RARα, β and γ pan agonist, VN/14-1 is a RARα selective
agonist. In addition, ATRA is a stronger (by 15-75-fold) agonist than VN/14-1.

●

Unlike ATRA, VN/14-1 is not a substrate for CYP26.

●

Unlike ATRA, VN/14-1 does not induce CYP26 in breast or prostate cancer cells.

●

VN/14-1 is a much more potent (76-843-fold) antiproliferative agent of some breast
cancer cell lines (MCF-7Ca, LTLC) than ATRA (Figure 16 and 17). – It should be noted
that the LTLC cells with overexpression of Her-2 are exquisitely sensitive to VN/14-1, in
contrast to previous reports by others who showed that Her-2 induces ATRA resistance in
breast cancer MCF-7 cells [23].

●

VN/14-1 has a superior oral bioavalability (F ~134%) in rats compared to ATRA (F ~
40%).

●

VN/14-1 exhibits superior (~3-fold) anti-tumor efficacy compared to ATRA in several
breast cancer xenograft models (Figure 14 and 15).

●

Unlike ATRA, VN/14-1 exhibits other anti-cancer activities not related to binding and
transactivation of RARs.

●

Unlike AIs, VN/14-1 potently inhibits breast cancer cells and tumors that are endocrineresistant.
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●

Unlike AIs, inhibition of HDAC sensitizes low ER-α +ve or –ve breast cancer cells to
VN/14-1.

●

Unlike AIs, VN/14-1 potentiates the antiproliferative activity of ATRA in several breast
cancer cell lines.

●

Finally, VN/14-1 has an advantage over the clinically used anti-estrogens (AEs,
tamoxifen and fulvestrant) and also the aromatase inhibitors (AIs, exemestane, letrozole
and anastrozole) because the AEs and AIs, are ineffective against endocrine-resistant
breast cancer cells and tumors.

Previous studies involving VN/14-1 on endocrine sensitive MCF-7 and T47D cell lines [36]
1) VN/14-1 has anti-proliferative effects in MCF-7 cells

Figure 13

Figure 14

Figure 13: VN/14-1 has anti-proliferative effects in MCF-7 cells
Figure 14: VN/14-1 synergistically enhances the anti-tumor effects of ATRA in MCF-7
xenografts
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2) Previous studies of VN/14-1 on a model of acquired endocrine resistance (LTLC cell lines)
[38]

Figure 15: VN/14-1 inhibits the growth of LTLC cells

Figure 16: VN/14-1 inhibits LTLC xenograft model
AD: androstene-dione, Let: Letrozole
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1.14.2 Microarray data on endocrine resistant LTLC cell line
Our published data on VN/14-1 strongly suggests that it works through various signaling
pathways to elicit its anti-proliferative and differentiating effects. In order to shed light on
VN/14-1’s mechanism of action, we performed a comparative microarray experiment using a
GeneChip human genome focus array. We compared the effects of VN/14-1 in the endocrine
resistant cell line LTLC [38]. The cell line was treated with 10µM of VN/14-1 or equal volume
of vehicle for 24hrs. The online database for annotation, visualization, and integrated discovery
(DAVID) was utilized to identify clusters of related genes affected by VN/14-1. Genes that were
2 fold up/down regulated, were used for DAVID analysis and are shown in (Table 6). Of note,
the important genes were PI3K and TGF β both of which have been shown to be critical in
autophagy and ESR [73, 74].
As shown in (Table 6), the most enriched up-regulated ontologies are those relating to
stress and metabolism, in particular amino acid metabolism. The downregulated ontologies
included starch, carbohydrate metabolism, signaling cascade and DNA replication (Table 6).
These preliminary findings led us to hypothesize that VN/14-1 may inhibit growth via induction
of the ERS and autophagy [56].

28

Figure 17: Volcano plot of VN/14-1 microarray showing the changes in gene expression In LTLC
cells. Red blocks indicate the genes that are at least 2 fold up / downregulated after the treatment of 10
µM VN/14-1 in LTLC cells while grey blocks represent the unchanged genes

Our data analysis focused on comparing and contrasting the set of significantly deregulated
genes for each treatment group (Figures 17 and 18). We focused on the difference in gene
expression profiles between vehicle control and VN/14-1 in LTLC cell line. This allowed us to
identify genes modulated by VN/14-1 and not by control group. Significant changes in gene
expression were evaluated using the program Signifcance Analysis of Microarrays (SAM 3.0;
Stanford University Laboratories). Red boxes indicate genes that were at lease 2 fold up or
downregulated. Grey boxes indicate genes that either did not change in expression compared to
control or were less than 2 fold up or down regulated
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Fig. 19A

Fig. 19B

Figure 18: Heat map of VN/14-1 microarray
Red color indicates upregulation and blue indicates downregulation. In each fig, first 3 columns from the
left represent vehicle treatment groups and next 3 columns represent VN/14-1 treatmented groups. Figure
18B is a magnification of part of figure 18A

Results:
127 Genes were differentially expressed (> 2 fold) in VN/14-1 treated group compared to control
72 genes are more than 2 fold up regulated and 55 genes are more than 2 fold down-regulated
(Table 6).
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As mentioned above, we utilized the online Database for Annotation, Visualization and
Integrated Discovery (DAVID) 2007, provided by the National Institute of Allergy and
Infectious Diseases and the National Institute of Health (http://david.abcc.ncifcrf.gov) to
determine what ontologies and pathways our significantly modulated genes were associated with.
Up-regulated Ontology

count

%

P-Value

cellular metabolic process
intracellular membrane-bound organelle
response to stimulus

46
40
19

63
54.8
26

1.20E-02
1.70E-02
9.40E-02

transcription regulator activity
cell differentiation
negative regulation of cellular process

18
17
12

24.7
23.3
16.4

8.50E-05
4.00E-03
8.40E-03

negative regulation of biological process

12

16.4

1.10E-02

Homeobox
cellular lipid metabolic process
generation of precursor metabolites and energy
regulation of protein metabolic process

8
7
7
5

11
9.6
9.6
6.8

1.50E-05
5.10E-02
6.00E-02
4.30E-02

proteasome

3

4.1

2.00E-02

endonuclease activity

3

4.1

6.90E-02

retinoic acid metabolic process

2

2.7

2.60E-02

Down-regulated ontology
Intracellular signaling cascade
UDP-glycosyltransferase activity
Starch and sucrose metabolism
calcium ion binding
Androgen and estrogen metabolism
response to chemical stimulus
nucleobase, nucleoside and nucleotide metabolic process
DNA replication

Count
11
10
9
9
9
7
4
4

%
16.2
14.7
13.2
13.2
13.2
10.3
5.9
5.9

P-value
6.30E-02
6.40E-10
1.60E-08
3.70E-02
6.50E-10
3.00E-02
7.50E-02
7.40E-02

metalloprotein
positive regulation of phosphoinositide 3-kinase activity

3
2

4.4
2.9

8.10E-02
1.60E-02

Table 6: Ontologies of the upregulated and downregulated genes in VN/14-1 microarray
experiment

31

Summary of Microarray data using VN/14-1 in LTLC cell line:
10 µM VN/14-1 treatment for 24 hours primarily induced the genes for intracellular membrane
bound organelle formation and genes related to cellular response to stress. There was a
downregulation of genes involved in DNA replication and starch and sucrose metabolism. In
other words, VN/14-1 produced a state of metabolic inertia in these cells. A thorough literature
search to find out the mechanisms producing metabolic inertia revealed autophagy as a possible
mechanism. The microarray data served as a basis for formulating the hypothesis for the current
project. Being a structurally related RAMBA, we hypothesized that VN/12-1 can be expected to
produce similar changes in gene expression in ER-α –ve cells- SKBR-3.

1.15 Rationale for studies of VN/12-1 in breast cancer model system
VN/14-1 unlike VN/12-1 exhibited weak antiproliferative activity against ER-α negative
breast cancer cell lines. Earlier in our work, we did not focus on VN/12-1 because we had
considered on the basis of several biological and pharmacological studies with methyl esters of
carboxylic acids that the compound would be readily hydrolyzed to its corresponding acid,
VN/14-1 both in vitro and in vivo [75, 76]. However, on the basis of recent reports of the unique
stability of the methyl ester of 2-cyano-3,12-dioxooleana-1,9(11)-diene-28-oic acid (CDDO-Me,
Figure 10), a compound currently in several clinical trials [77-79], we conducted preliminary in
vitro stability and pharmacokinetics studies of VN/12-1. Surprisingly, we find that VN/12-1 is
stable under in vitro culture conditions and with unexpectedly robust terminal half-life (t1/2) in
female SCID mice (vide infra). The promising stability data together with VN/12-1’s higher antiproliferative potency against ER-α +ve and –ve breast cancer cell lines provided the impetus for
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its comprehensive evaluation in drug-resistant SKBR-3 human breast cancer cells and tumor
xenografts.
1.16: Project overview and its Significance:
The long-term goal of the project is to develop a new therapeutic for the treatment of ER-α
negative breast cancer. Previously, we had reported that flow cytometric analysis of breast
cancer cells treated with our RAMBAs revealed significant growth arrest with only weak
apoptosis [36], a phenomenon also reported for a variety of retinoids [40]. In this study, we show
that VN/12-1 induces autophagy as an immediate protective response in SKBR-3 cells and
xenograft tumors. We also identify ER stress and G1-S phase cell cycle arrest as important
pathways targeted by VN/12-1. We report that VN/12-1 was effective on both ERα-positive and
- negative breast cancer cell lines, both in vitro and in vivo, by affecting various signaling
pathways. It is of significance that VN/12-1 was effective in ERα-negative, Her-2overexpressing breast cancer cells, because this type of breast cancer is resistant to hormonal
therapies and tends to have a more aggressive phenotype [80]. The combination of VN/12-1 with
autophagy inhibitor- CHL further enhanced the potency of VN/12-1 in ERα-negative, Her-2overexpressing SKBR-3 cells in vitro and in vivo.
Importantly, we demonstrate that inhibition of VN/12-1- induced autophagy using either
pharmacological inhibitors (e.g. CHL) or RNA interference of essential autophagy gene Beclin-1
potentiates apoptotic cell death induced by VN/12-1. Notably, VN/12-1 (5 mg/kg twice weekly)
and VN/12-1 (5 mg/kg twice weekly) + chloroquine (50 mg/kg twice weekly) significantly
suppressed established SKBR-3 tumor growth by 81.4% (p < 0.001 vs. control) and 96.2% (p <
0.001 vs. control), respectively, and enhanced apoptosis in a xenograft mouse model. Taken
together, these findings strongly suggest that inhibition of autophagy may enhance the
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therapeutic efficacy of VN/12-1 in the treatment of breast cancer. This study provides the first
evidence that a RAMBA activates autophagy in breast cancer cells and that such RAMBAinduced autophagy can be exploited as a target to achieve potent anti-cancer activity in drugresistant breast cancer.
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2. Hypotheses and Specific Aims

35

1.Specific Aims:
Specific Aim 1: Evaluate growth inhibitory effects of RAMBAs (VN/12-1, VN/14-1), ATRA,
Letrozole and 4-OHT in breast cancer cells in-vitro.
Hypothesis: RAMBAs, ATRA, Letrozole and 4-Hydroxytamoxifen inhibit the growth of breast
cancer cells with different potencies .
Strategy:
1.1 Evaluate growth inhibitory effects of RAMBAs (VN/12-1, VN/14-1), ATRA, Letrozole and
4-OHT in MCF-7, SKBR-3 and MDA-MB-231 breast cancer cells in-vitro.
1.2 Determine the in vitro pharmacokinetics of VN/12-1
1.3 Determine growth inhibitory effect of VN/12-1 on immortalized MCF10A cells
1.4 Determine time course of VN/12-1 action
1.5 Determine mechanism of growth inhibition with trypan blue exclusion assay on SK-BR-3
cell line

Specific Aim 2: Determine molecular mechanism of VN/12-1’s growth inhibition in SK-BR3 cells in vitro

Hypothesis: Based on our data about gene expression changes in the microarray experiment of
VN/14-1 in LTLC cells and survival response after short treatment of VN/12-1 in SKBR-3 cells
(per sub aim 1.4), we hypothesize that VN/12-1 mediated therapeutic stress induces a protective
response by way of endoplasmic reticulum stress and autophagy.
Strategy:
2.1 Determine whether VN/12-1’s action is dependent on Retinoic Acid Receptor (RAR)

36

signaling
2.2 Determine the effect of VN/12-1 on protein markers of ER stress
2.3 Determine the effect of VN/12-1 on cell cycle progression
2.4 Determine whether VN/12-1 induces autophagy in SKBR-3 cells
2.5 Determine the effect of pharmacological inhibition of autophagy on VN/12-1 mediated
growth inhibition
2.6 Determine the effect of genomic silencing of Beclin-1 on VN/12-1 mediated growth
Inhibition
2.7 Determine the effect of VN/12-1 and its combination with CHL on apoptosis

Specific Aim 3: Evaluate the in vivo efficacy of VN/12-1 and its combination with CHL and
compare it with ATRA

Hypothesis: 1. Because of VN/12-1’s multiple mechanisms of action, it will have efficacy against
SK-BR-3 tumor xenografts and it will show superior in-vivo efficacy over ATRA. The
combination of VN/12-1 and CHL will have superior efficacy over either agent alone.
Strategy:
3.1 Determine the toxicity profile of VN/12-1, CHL and ATRA in female SCID mice
3.2 Determine the in vivo pharmacokinetic profile of VN/12-1 in SCID mice
3.3 Determine the in vivo anti-tumor efficacy VN/12-1 alone or in combination with CHL and
compare it with that of ATRA alone or in combination with CHL
3.4 Determine the effect of VN/12-1 treatment alone or in combination with CHL on SKBR-3
tumor protein expressions
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3. Methods and Materials
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3.1 Chemicals and reagents:
ATRA and 4-hydroxytamoxifen were purchased from LKT Laboratories Inc. (St Paul, MN,
USA), while VN/12-1, other RAMBAs, letrozole [81] and 3-methyl adenine (3-MA) [82] were
synthesized in our laboratory. Chloroquine [41] and bafilomycin were purchased from Sigma
Aldrich. AGN193109 was purchased from Santa Cruz biotechnology Inc.
3.2 Cell culture:
The SKBR-3, MDA-MB-231 cell lines were kindly provided by Dr. Angelika Burger from
Wayne State University. MCF-7 cells were purchased from American Type Culture CollectionATCC (Rockville, MD, USA). Cells were maintained in ATCC recommended culture media
with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville, GA, USA) and 1%
penicillin/streptomycin (invitrogen). Cells were grown as a monolayer in T-75 or T-150 tissue
culture flasks in a humidified incubator (5% CO2, 95% air) at 37oC.
3.3 Cell growth inhibition (MTT colorimetric assay):
The cells were seeded in 96-well plates (Corning Costar) at a density of 5 x 103 cells per well.
Cells were allowed to adhere to the plate for 24 hours and then treated with various
concentrations of compounds dissolved in 95% EtOH. Cells were treated for 96 hours with
renewal of test compound and media on day 2. On the fourth day, medium was renewed and
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) (Sigma, St Louis,
MO, USA) solution (0.5 mg MTT per ml of media) was added to the medium such that the ratio
of MTT: medium was 1 : 10. The cells were incubated with MTT for 2 hours. The medium was
then aspirated and DMSO was added to solubilize the violet MTT-formazan product. The
absorbance at 562 nm was measured by spectrophotometry (Biotek Inc.). For time course study
of VN/12-1 experiment, cells were treated with the VN/12-1 for indicated time points; media
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was replaced with new media without the drug. MTT assay reading was done at the end of the
experiment as described above. Triplicates samples were used for each concentration and
experiments were independently repeated a minimum of three times. Results are expressed as
percentage of viable cells in the vehicle-treated control wells. IC50 values were calculated by
nonlinear regression analysis using GraphPad Prism 4.0 (GraphPad Software, San Diego, CA,
USA). Calculations of combination indexes were done using the Calcusyn program (Biosoft,
Cambridge, United Kingdom).
3.4 Western blot analysis:
For immunoblot detection of various proteins, SKBR-3 cells were cultured as described above in
T-75 flasks. Cells were treated with VN/12-1 or chloroquine and whole cell lysates were
prepared using RIPA lysis buffer (Sigma Aldrich) and protease and phosphatase inhibitors
(Sigma Aldrich). All of the antibodies were ordered from cell signaling technology. Protein
content was determined using the Bradford Assay (Bio-Rad, Hercules, CA, USA). Protein was
subjected to SDS–PAGE and transferred onto nitrocellulosemembrane. Membranes were then
incubated with secondary antibody (cell signaling technology) at room temperature for 1 hour.
Bands were visualized by chemiluminescence (Millipore). Protein expression was normalized to
β-actin and densitometry was carried out using Image J or ImageQuant 5.0 (Molecular
Dynamics, Sunnyvale, CA, USA).
3.5 Annexin FITC assay:
Cells were grown in T-75 flasks and treated with indicated concentrations of VN/12-1 and CHL
for 24 hours. Growth media were collected; cells were typsinzed, pelleted and washed with PBS.
The Annexin V-FITC Apoptosis Detection Kit I was used to determine the number of early and
late apoptotic/necrotic cells (BD Biosciences, San Jose, CA, USA). Cells were analyzed using a
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FACSort flow cytometer as mentioned above; 10 000 events were analyzed. CellQuest Pro
version 5.2.1 (BD Biosciences) was used to analyze the distribution of cells.
3.6 Immunofluorescence experiment:
SKBR-3 cells were grown on eight-chamber glass slides (BD biosciences) and treated with
various agents for 24 h. After fixing with 4% paraformaldehyde, cells were stained with LC3B
antibody (Cell signaling technology) overnight. Alexa fluor 488 (Invitrogen) was used as the
secondary antibody. Cells were viewed using a Leica DMI 6000 microscope. Images were
obtained and analyzed.
3.7 Electron microscopy:
Cells were grown to monolayer in plastic flasks and fixed in half- strength Karnovsky fixative
(2% paraformaldehyde, 2.5% glutaraldehyde, 0.025% CaCl2●2H2O, and 0.1 M sodium
cacodylate buffer, pH 7.4). Cells were postfixed with 1% OsO4 and 1% K4 Ru(II)(CN)6 or 1.5%
K3Fe(CN)6 , dehydrated in ethanol, and embedded in epon. Ultrathin sections were stained with
uranyl acetate and lead citrate. All EM sections were examined with a microscope (1200EX or
1010; Jeol). Autophagic vesicles, i.e., autophagosomes, amphisomes, and autolysosomes were
exclusively identified by morphology.
3.8 Si-RNA experiment:
For siRNA transfection, cells at a concentration of 2.5 or 5 x 104 cells/ml were incubated for
24 hours in six-well plates in culture medium. The cells were then transfected with 100 nM
Beclin-1 and scrambled siRNA (Dharmacon, Lafayette, CO, USA) for 72 hours in the presence
of Oligofectamine (Invitrogen) and subjected to Western blotting using anti-Beclin 1. The Beclin
1 siRNA sequence was 5'-CAGTTTGGCACAATCAATA-3'. To determine whether VN/12-1
induced autophagy and growth inhibition are affected by Beclin 1 or scrambled siRNA
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transfection, tumor cells transfected with 100 nM Beclin 1 or random siRNA for 24 hours were
treated with vehicle alone or VN/12-1 for 96 hours for the MTT assay.
3.9 Cell cycle analysis:
Cells were plated in T-75 flasks containing appropriate media. Cells were synchronized by serum
starvation by 0.2% FBS for 48 hours. Cells were then treated with VN/12-1 or CHL for various
time points, washed with PBS, trypsinised, resuspended in 10 ml PBS and counted. They were
then centrifuged (10 min, 2500 r.p.m. at 40C), resuspended in PBS, fixed in 70% ice-cold ethanol
and stored in -20 oC until staining. Cells were then stained for at least 1 h in the dark with a
solution containing 20 mg/ml propidium iodide (Sigma), 0.02 mg/ml RNAse and 1% Triton-X
100 (Sigma). The DNA content in the treated and control groups were measured by flow
cytometry analysis using a FACSort flow cytometer (Becton Dickinson, San Jose, CA, USA);
15000 events were analysed for each sample. WinMDI software was used to analyse cell cycle
distribution.
3.10 Pharmacokinetic study (PK):
Dosing and sampling Female SCID mice were used for PK studies (n = 2 per time point). Mice
were administered a single 20 mg/kg dose subcutaneously of VN/12-1 formulated in 3%
hydroxypropylcellulose and blood was collected at different time points ranging from 30 min to
21 hours after drug administration. Blood was collected in heparinized tubes after retroorbital
puncture (VN/12-1) using light halothane for anesthesia. The plasma was separated and stored at
-20°C until HPLC analysis.
In vitro metabolism studies: SKBR-3 cells were treated with 1, 2 or 4 µM of VN/12-1. Proteins
were precipitated by adding 500 µl ethanol and 500 µl saturated ammonium sulfate to 2ml of
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resuspended cells. Samples were vortex mixed and retinoids were extracted using 750 µl of ethyl
acetate + 10% methanol.
Sample preparation
Sample preparation for various agents involved a liquid–liquid extraction method using VN/1-2
as an internal standard. VN/1-2 is a methyl ester of all-trans retinoic acid. It was chosen as the
internal standard because its retention time (RT) does not interfere with that of VN/12-1 or
VN/14-1. Two hundred microliters of plasma sample was spiked with 15 µg /ml of internal
standard and extracted with 300 µl of ethyl acetate + 10% methanol. Samples were vortexed and
supernatant was transferred to another tube and dried under nitrogen gas. The samples were
reconstituted in 50 µl of methanol, passed through 0.22 µm syringe and 10 µl was injected onto
the HPLC system. Calibration samples were prepared by spiking control mice plasma with
various concentrations of agents (5–30 µg/ml) and processed and analyzed in the same manner as
described above.
HPLC bioanalytical conditions
The HPLC system from Waters, Miliford, MA, USA was used for both in vitro and in vivo
sample analysis. Chromatographic separation was achieved on a reverse phase C18 column (3.5
µm x 4.6 mm x 75 mm) (Novapak) using the gradient solvent system mobile phase of methanol:
water (60:40) with 20 mM ammonium acetate buffer (100 to 0%) at 0.8 ml/min for 20 min. For
the next 10 min the mobile phase was 100% methanol at 1 ml/min, during which time retinoids
were eluted. For the remaining 5 min the mobile phase was methanol: water (60:40) with 20 mM
ammonium acetate (0 to 100%) at a flow rate of 0.8 ml/min. The wavelength for detection had a
lambda max at 350 nM.
3.12 In vivo tumor growth
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All animal studies were performed according to the guidelines approved by the Institutional
Animal Care and Use Committee (IACUC) at Thomas Jefferson University. Female SCID mice
were used. Mice were obtained from the National Cancer Institute (Fredrick, MD). In these
experiments, three different treatments were applied (singly or in combination): CHL (50
mg/kg), ATRA (5 mg/kg), and VN/12-1 (at two different doses, 2.5 and 5 mg/kg). In total, 8
different groups were analyzed, each consisting of 8 animals: (1) control, (2) CHL 50 mg/kg, (3)
ATRA 5 mg/kg, (4) VN/12-1 2.5 mg/kg, (5) VN/12-1 5.0 mg/kg, (6) ATRA 5 mg/kg plus CHL
50 mg/kg, (7) VN/12-1 2.5 mg/kg plus CHL 50 mg/kg, and (8) VN/12-1 5.0 mg/kg plus CHL 50
mg/kg. Cells were suspended in matrigel (10 mg/ml) at 1 x 107 cells/ml and mice were injected
s.c. with 100 µl of cell suspension at one site on one flank. Tumors were synchronized to be
approximately 150-300 mm3 at the start of treatment (day 0), and were measured every 4 days
during the course of 4 weeks with calipers and tumor volume calculated. At the end of the
experiment, tumors were excised and weighed.
3.13 Statistical analysis
All experiments were carried out in at least triplicates and are expressed as mean ± S.E. where
applicable. Treatments were compared to controls using the Student’s t-test with either GraphPad
Prism or Sigma Plot. P-values less than 0.05 were considered to be statistically significant. For
xenograft studies, Mixed-effects regression was used for the main analyses of tumor growth.
This approach does not depend on an arbitrary endpoint target tumor size, yields generalizable
parameters of interest (e.g., average daily tumor growth rate and tumor doubling time), and can
investigate treatment interactions. It is also quite powerful since it utilizes the repeated tumor
size measurements obtained over the entire study period, while it appropriately handles
unbalanced data and the correlation of each animal’s measurements over time.
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4. Specific Aims:

Specific Aim 1:
Evaluate growth inhibitory effects of RAMBAs (VN/12-1,
VN/14-1), ATRA, Letrozole and 4-OHT in breast cancer
cells in vitro.
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4.1.1 Evaluate growth inhibitory effects of RAMBAs (VN/12-1, VN/14-1), ATRA, Letrozole
and 4-OHT in MCF-7, SKBR-3 and MDA-MB-231 breast cancer cells in-vitro.
To determine if VN/12-1 exerts a concentration-dependent direct growth inhibitory
effect, we treated ERα positive and negative breast cancer cell lines MCF-7, SKBR-3 and MDAMB-231 with increasing concentrations of VN/12-1 and found that the compound inhibited the
growth of all cell lines in the low micromolar range (Figure 19; Table 7). The potency of
VN/12-1 against SKBR-3 and MDA-MB-231 cell lines was ~10-fold less compared to that of
ER-α positive MCF-7 cells. Clinically used anti-cancer drugs ATRA, 4-hydroxytamoxifen (4OHT) and letrozole also effectively inhibited the growth of MCF-7 cells (Table 7). However,
their potencies were significantly less than that of VN/12-1 against SKBR-3 and MDA-MB-231
cells. Notably, VN/12-1 was ~ 3-fold more potent than VN/14-1 in inhibiting the growth of
SKBR-3 cells. VN/14-1 lacked any growth inhibitory activity against MDA-MB-231 cells even
at concentration up to 20 µM. Inhibition of MCF-7 cell viability in vitro by VN/14-1 was
previously attributed to the ability of VN/14-1 to act on the estrogen and/or retinoid signaling
pathways [36, 38]. However, as SKBR-3 and MDA-MB-231 cells are well-established ER-α
deficient cell lines [83], it is clear from these results that, unlike VN/14-1, VN/12-1 has activities
distinct from the estrogen axis.
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Table 7: Growth inhibitory effects of compounds in breast cancer cell lines
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Figure 19: Growth inhibitory curves of VN/12-1 in BC cell lines
VN/12-1 inhibits the growth of MCF-7 (green), SKBR-3(blue), MDAMB-231cells (red) MCF10A
(black) Curves generated from an MTT assay after 96 h exposure to VN/12-1. Points, mean of
replicates from three independent experiments; bars, SE. Solid line, best-fit sigmoidal-dose
response (variable slope).

Figure 20: in vitro pharmacokinetics of VN/12-1
HPLC chromatogram showing in vitro kinetics of 1 µM VN/12-1 treatment for 24 h in SKBR-3
cells Arrows indicate Retention time of indicated compounds. VN/1-2 is an internal standard
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4.1.2 Determine the in vitro pharmacokinetics of VN/12-1
To test whether VN/12-1 (methyl ester of VN/14-1) undergoes any hydrolysis to form
VN/14-1 in vitro, SKBR-3 cells were treated with 1µM of VN/12-1 for 24 hours, total proteins
were collected, VN/12-1 was extracted from the cellular extracts and analyzed using reverse
phase HPLC as described in methods section. There was no metabolism of VN/12-1 in vitro to
any of its polar metabolites as shown in the chromatogram (Figure 20). The peaks at Retention
times (RT) 15 and 20 min were specific for VN/12-1 and VN/1-2 (an internal standard).
However, VN/14-1 (RT = 10 min) was not detected in the VN/12-1-treated cellular extract. This
result suggests that VN/12-1 is a stable compound in vitro and its anti-proliferative effects are
not attributable to its metabolism to VN/14-1.

4.1.3 Determine growth inhibitory effect of VN/12-1 on immortalized MCF10A cells
In order to determine whether of VN/12-1 inhibits the growth of immortalized mammary
cells MCF10A, MTT assay was performed. VN/12-1 did not induce any significant growth
inhibitory effects in immortalized noncancerous MCF10A cell line even at concentrations as
high as 50 µM. This may be due to difference in the active physiological pathways in the cell.
This suggests that VN/12-1 has selective growth inhibitory activity against cancer cell lines
(Figure 19). This selectivity offers VN/12-1 a clear advantage over many other compounds that
are in development as potential new breast cancer therapies. VN/12-1 seems to be a good drug
candidate as its actions are quite specific to cancer cells.
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4.1.4 Determine time course of VN/12-1 action
Cancer cells have fundamental differences in their metabolism and sensitivity to
preconditioning, autophagy and apoptosis, so the dosage and duration of treatment with the
therapeutic agents is important. Typically, short duration of treatment has been shown to induce
a protective mechanism by way of autophagy in the cells to help them ward off the drug induced
stress [84].
To determine whether the short exposure to VN/12-1 was sufficient to induce reduction
in cell vaibility, MCF-7, SKBR-3 and MDA-MB-231 cells were treated with 10 µM VN/12-1
and the compound was washed away after 3, 6, 18, 24, 36 or 48 hours. The cells were then
maintained in regular growth media until the 96 hour time-point when the relative number of
viable cells was determined by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide] assay. As shown in (Figure 21), continuous exposure to VN/12-1 for 36 hours was
needed to reduce the cell viability of MDA-MB-231 cells by ~20% (p < 0.05). However, for
MCF-7 and SKBR-3 cells, the reduction in cell viability by 20% was achieved in 24 hours of
continuous treatment (p < 0.05). This indicates that the time of induction of growth inhibitory
effect of VN/12-1 is cell line dependent and time dependent. Collectively, these data also suggest
that the cells treated with VN/12-1 for a shorter time (< 36 hours for MDA-MB-231 cells) and (<
24 hours for MCF-7 and SK-BR-3 cells) manage to counter the growth inhibitory effect of
VN/12-1 by a protective mechanism possibly autophagy. We also observed a characteristic
morphological change in SKBR-3 and MDA-MB-231 cells after 10 µM treatment of VN/12-1
for 24 hours. Both the cell types became more elongated and started to form vacuoles (Figure
22).
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Figure 21: Time course study of VN/12-1 treatment
Cells were exposed to 10µM VN/12-1 for time points shown. After each timepoint, the compound
was washed away and cells were maintained in normal growth medium for 96 hrs, and cell
viability was measured with an MTT assay.* p<0.05, ** p<0.01.
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Figure 22: Light microscopy images of SKBR-3 and MDA-MB-231 cells treated with or
without VN/12-1
Light microscopic images of SKBR-3 cells (a-control, b-treated with 10µM VN/12-1 for 24 h)
and MDAMB-231 cells (c-control, d- treated with 10µM VN/12-1 for 24h). Change in
morphology in VN/12-1 treated group is noted.
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4.1.5 Determine mechanism of Growth Inhibition with Trypan Blue exclusion assay on
SK-BR-3 cell line
To determine whether VN/12-1 induced growth inhibition is accompanied by cell death
by necrosis and by membrane permeabilization, SK-BR-3 cells were treated with 1, 5 and 10 µM
VN/12-1 for 24 and 48 hrs and the percentage of dead cells was determined by ability to take up
trypan blue stain. Figure 23 shows that VN/12-1 does not induce cell death at concentrations up
to 10 µM. Thus, VN/12-1 has a cytostatic and not apoptotic/ necrotic effect on this cell line at
lower micromolar concentrations (up to 10 µM ).
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Figure 23: Trypan blue staining of BC cells following VN/12-1 treatment
SKBR-3 cells are treated with indicated concentrations of VN/12-1 for the indicated duration.
The percentage of cells which stained positively for trypan blue are calculated
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Summary and Conclusions of Specific Aim 1
In Aim 1, it is demonstrated that the RAMBA VN/12-1, as well as VN/14-1 exert growth
inhibitory actions with variable potency against the ER-α positive MCF7 cells and ER-α negative
cell lines SK-BR-3 and MDA-MB-231 (Table 7). VN/12-1 is more potent than VN/14-1, ATRA,
Letrozole or 4-OHT in inhibiting the growth of ERα negative breast cancer cell lines.
Importantly, ATRA did not show comparable inhibitory actions as VN/12-1 suggesting the
growth inhibitory effects are the result of a specific drug-target interaction, and likely involves
the imidazole and ester moiety. These effects appear to be cancer cell specific as VN/12-1 did
not inhibit the growth of MCF10A cells which are immortalized mammary cells. By exposing
cells to VN/12-1 for various time-points, it was determined that prolonged exposure is needed in
order to initiate growth inhibition. This means that at earlier time points, VN/12-1 must be
interfering in a reversible manner with a cellular target and is not having a rapid and irreversible
effect such as induction of apoptosis. This is important as it suggests that at concentrations up to
10 µM and at earlier time points (up to 24 hours) VN/12-1 does not induce necrosis, but induces
a survival mechanism. Furthermore, the trypan blue assay demonstrates that the growth
inhibitory effects of VN/12-1 are cytostatic and not necrotic. In vitro pharmacokinetics results
show that VN/12-1 is not metabolized to VN/14-1.
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Specific Aim 2:
Determine molecular mechanism of VN/12-1’s growth
inhibition in SK-BR-3 cells in vitro
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4.2.1 Determine whether VN/12-1’s action is dependent on Retinoic Acid Receptor (RAR)
signaling
It has been well documented that the effects of ATRA at the genomic level are mediated
mainly through heterodimerized forms of retinoid receptors, RARs and RXRs [34]. Recent data
showed, however, that ATRA action could be diversified to other cellular signaling pathways,
the so-called nongenomic action of RA. For example, ATRA has been shown to modulate
protein kinase C (PKC) activity by binding directly to PKC, Akt activation by ERK dependent
activation of CREB [85].
We sought to elucidate if the action of VN/12-1 is through the canonical RAR dependent
or noncanonical RAR independent pathway. Previously we had shown that our RAMBAs that do
not have free carboxylic acid at C-14 do not bind to or cause transactivation of the RARs (α, β or
γ) [36]. Since VN/12-1 does not have an acidic moiety at C-14, we did not expect it to bind to or
transactivate any of the RARs. To confirm that VN/12-1’s action was indeed independent of
retinoid signaling, we co-treated VN/12-1 treated cells with pan RAR antagonist AGN193109
[86]. VN/12-1 induced growth inhibition in SKBR-3 (Figure 24) even when the RARs were
deactivated by the antagonist. AGN193109 alone did not have any effect on the growth
inhibition induced by 1 and 5 µM of VN/12-1. This finding along with comparable IC50 values of
VN/12-1 against RAR proficient (SKBR-3) and deficient (MDA-MB-231) cell line (as shown in
table 7) suggests that VN/12-1 uses the non-canonical RAR independent mechanism to produce
its effects. However, we saw a modest upregulation of RARα and cytokeratin 8/18 protein
expression with VN/12-1 treatment. But, RARβ and RARγ levels remained unchanged (Figure
25).
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Figure 24: Pan-RAR antagonist AGN193109 has no effect on the growth inhibitory activity
of VN/12-1 in SKBR-3
Triplicate wells containing SKBR-3 cells were treated with the indicated concentrations of
VN/12-1 with or without AGN193109 for 4 days. Cell proliferation was measured using the MTT
assay as described in Materials and Methods. Cell viability is expressed as the percentage of the
viable cells compared with the control wells. Columns are the mean of three experiments; bars,
SE.

57

Figure 25: Effect of VN/12-1 on differentiation markers
Effect of VN/12-1treatment on differentiation markers. Cells were treated with indicated
concentrations of VN/12-1 for 24 h, whole cell lysates were tested for RARα, RARβ and RARγ
and cytokeratin 8/18 protein expression.
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4.2.2 Determine the effect of VN/12-1 on protein markers of ER stress
Many cancer therapies including retinoids are known to induce ERS in various cancers
[44-46]. The transduction of ERS is mediated by the binding of the chaperone BiP (GRP78) to
the misfolded proteins and its concomitant dissociation from another transducer of ERS- PERK
[87]. This dissociation results in its activation and subsequent initiation of a cascade of
downstream signals (e.g. attenuation of protein translation by inhibition phosphorylation of eIF2)
that ultimately aim to preserve cellular homeostasis facilitating cell survival. Prolonged ERS
however, beyond levels at which cellular homeostasis can be maintained, becomes proapoptotic
by upregulating CHOP [43, 50]. To investigate whether VN/12-1 leads to ERS in SKBR-3 cells,
we performed western blot analysis following treatment of SKBR-3 cells with indicated
concentrations of VN/12-1 for 6 and 24 hours. We looked at the induction of markers of ERS
such as phosphorylation of eIF2α, phosphorylation of PERK and expression of the defensive
pro-survival protein BiP. Western blot analysis revealed that there was 2- to 3-fold upregulation
of phosphorylated eIF2α (Ser51), and BiP in response to VN/12-1 in a concentration-dependent
manner. A modest increase in phosphorylated PERK (Thr981) was also seen (Figure 26B).
Increased phosphorylation of eIF2α was evident as early as 6 hours (Figure 26A). The
expression of phosphorylated PERK lagged behind phosphorylation of eIF2α. However, its level
was also modestly increased by 24 hours. Together, these data show that induction of ERS is a
concentration-dependent early event (i.e. after 6 hours) following VN/12-1 treatment. Figure 27
shows densitometric analysis of western blots in Figure 26B.
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Figure 26A: Effect of VN/12-1 on ERS markers – 6 hour exposure

Figure 26B: Effect of VN/12-1 on ERS markers – 24 hour exposure
Effect of VN/12-1 on ERS markers. Cells were treated with indicated concentrations of VN/12-1
for 6h (a) or 24 h (b), whole cell lysates were tested for BiP, p-eIF2α and p-PERK. TThapsigargine (20µM) was used as a positive control. Total PERK and total eIF2α was used as
loading control.
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Figure 27: Densitometry of western blots in Figure 27B
Densitometric analysis of the ERS markers following VN/12-1 treatment.

4.2.3 Determine the effect of VN/12-1 on cell cycle progression
Phosphorylation of eIF2α attenuates the expression of many proteins, including cell cycle
regulatory proteins. Hence, we examined the effects of VN/12-1 on the expression of p27 and
cyclin D1 in cells by Western blotting. p27 plays a central role in the negative control of cell
growth and is generally expressed at high levels in cells arrested by serum deprivation [88-90].
Some groups show that p27 expression induces apoptosis in several cell lines [49, 91], while
others have reported that p27 protects cells from apoptosis [92]. Treatment of SKBR-3 cells with
VN/12-1 for 24 hours resulted in dose dependent induction of cell cycle inhibitor p27 and
inhibition of cyclin D1 protein expression (Figure 28). We next analyzed the effect of VN/12-1
on cell cycle distribution in SKBR-3 cells by flow cytometric analysis of DNA content. We

61

noticed that treatment with VN/12-1 prevented the exit from G1 phase of the cell cycle in
synchronized cells (Figure 29). This resulted in a significant increase in the number of cells in
G0/G1 at 24 hours. These findings are in line with the findings of attenuation of cyclin D1
protein expression and induction of p27, as both are needed for transition to the S-phase of the
cell cycle [93]. As shown in Figure 29, following VN/12-1 treatment of SKBR-3 cells, we
noticed a dose dependent increase in the percentage of cells in G0/G1 phase of cell cycle. For a
concentration of 10 µM of VN/12-1, there was a > 20% increase in the percent of cells in G0/G1
phase compared to control (p = 0.0006). This was further enhanced by addition of the autophagy
inhibitor chloroquine (CHL) (p = 0.0167). CHL alone treatment did not result in significant
percent increase in G0/G1 population. In summary, following VN/12-1 treatment of SKBR-3
cells, there was dose-dependent induction of p27 and attenuation cyclin D1 protein levels which
led to G0/G1 cell cycle arrest. This arrest was further potentiated by the addition of CHL.

Figure 28: Effect of VN/12-1 on cell cycle regulatory proteins
Effect of VN/12-1treatment on cell cycle regulatory proteins. Cells were treated with indicated
concentrations of VN/12-1 for 24 h, whole cell lysates were tested for cyclinD1 and p27 protein
expression. β-actin was used as loading control.
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Figure 29: Cell cycle analysis following VN/12-1 treatment
Synchronized SKBR-3 cells were treated with indicated concentrations of VN/12-1 and/or CHL.
DNA content was analysed in the cells by flow cytometry using propidium iodide. % increase in
G0/G1 population of cells compared to vehicle control is shown. ** p<0.01.
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4.2.4 Determine whether VN/12-1 induces autophagy in SKBR-3 cells
Recent evidence indicates that retinoids can induce autophagy by RAR independent
mechanisms [85]. ER stress can also trigger autophagy [42, 43]. As described above, VN/12-1
mediated induction of ER stress and lower anti-cancer activity observed after shorter treatment
of VN/12-1 led us to hypothesize that SKBR-3 cells undergo a protective response possibly
autophagy at lower micromolar concentrations of VN/12-1 or upon short exposure.
In the course of our experiments, we observed that VN/12-1 caused cellular elongation and
vacuolization (Figure 22). To better understand the morphologic changes induced by VN/12-1,
transmission electron microscopy was performed on SKBR-3 cells treated with vehicle control
(Figure 30-a) or VN/12-1 10µM for 24 hours (Figure 30-b, c, d). We observed abundance of
autophagosomes in our electron microscopy studies. VN/12-1 treatment caused nucleolar
disruption (Figure 30-b), distortion of mitochondrial shape (Figure 30-c) and abundance of
cytoplasmic vacuolization (Figure 30-b). Numerous degradative autophagosomes in various
stages of maturation containing cellular organelles were also observed (Figure 30-d). We also
noticed dilated ER in the VN/12-1 treated cells which was a morphologic confirmation of ERS
(Figure 30-c). During autophagy, the full length form of microtubule associated protein- LC3
gets cleaved into the membrane form- LC3B which associates with the autophagosome to give a
punctuate pattern of fluorescent staining compared to uniform staining in the absence of
autophagy [94]. In SKBR-3 cells, 10 µM treatment of VN/12-1 for 24 hours also increased the
number and size of punctate LC3B aggregates (Figure 31b) compared to control (Figure 31-a).
These punctate LC3B aggregates did not colocalize with the vacuoles evident in the phasecontrast micrographs. Additional evidence that these punctate aggregates were autophagosomes
was derived from experiments showing that pre-treatment of cells with chloroquine (5 µM), an
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inhibitor of autophagy, reduced the VN/12-1-induced autophagic vesicles (as indicated by
reduction in puncate pattern in Figure 31-c). Collectively, these studies show that VN/12-1 can
induce morphologic and biochemical features of autophagy in SKBR-3 cells.
Beclin-1 is an important protein required for induction of autophagy [95]. Recent
evidence demonstrates that Beclin-1 overexpression enhances the ability of MCF-7 cells to resist
4-OHT therapy by induction of autophagy [96]. We assessed protein expression of markers of
autophagy (LC3 and Beclin-1) after VN/12-1 administration in SKBR-3 cell lines. There was a
dose-dependent upregulation of LC3B and Beclin-1 following VN/12-1 treatment (Figure 32).
Beclin-1 was also upregulated in a time dependent fashion (Figure 33). VN/12-1 increased
expression of LC3B in SKBR-3 (Figure 32) after 24 hours. These data show that VN/12-1
induces markers of autophagy such as LC3B and Beclin-1. Upregulation of the marker LC3B
was also seen in MDA-MB-231 and MCF10A cells following VN/12-1 treatment (data not
shown). However, neither ATRA nor VN/14-1 induced autophagy markers in SKBR-3 cells and
MDA-MB-231 cells (data not shown).
Recent evidence suggests that HSP70, through its interaction with HSP90 is involved in
the induction of autophagic pathway and induction of HSP90 corelates with initiation of
autophagic survival response [97, 98]. In line with this, we also noticed a dose dependent
induction of HSP90 protein expression following VN/12-1 treatment (Figure 32).
Under various conditions, a linear relationship is found between the percentage inhibition
of autophagic proteolysis and the degree of phosphorylation of S6, an important protein in AktmTOR pathway [65, 99]. We noticed dose-dependent downregulation of p70S6K and Her-2
following VN/12-1 treatment for 24 hours which correlates well with induction of autophagy
(Figure 32). The idea that Akt is involved in the negative control of autophagy is now generally
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accepted [100]. Because autophagy is a process of energy generation that can be used by cells
under conditions of nutrient deprivation or inhibition of the Akt/mammalian target of rapamycin
pathway [101, 102], we assessed effects of VN/12-1 on the level of Akt activation (Figure 32).
VN/12-1 treatment for 24 hours decreased Akt phosphorylation at S473, but the total levels of
Akt were not affected.
It was important to determine the chronology of our observations of VN/12-1-induced ER
stress and autophagy. We noticed that the markers of ER stress increased at earlier time point (6
hours) than the markers of autophagy. In contrast to early induction of markers of ER stress,
increased LC3B expression was not observed following 6 hours treatment (Figure 34). These
data suggest that VN/12-1 induces a mechanism of action where ER stress is followed by
autophagy.
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Figure 30: Autophagosomes in electron microscopy images of SKBR-3 cells following VN/12-1
treatment
Transmission electron microscopy of VN/12-1-treated SKBR-3 cells. Cells were treated with ethanol (a)
or 10µM VN/12-1 (b, c, d) for 24 h. (a and b) represent comparison of nuclear and nucleolar morphology
(arrow heads); (a and c) represent normal versus VN/12-1-treated mitochondria (solid arrows in (a) vs
arrow head in (c)); (b) VN/12-1-treated cell with vacuolated cytoplasm (solid arrow); (c) VN/12-1treated cell with dilated ER showing ER stress (solid arrow); and (d) early (solid arrow) and late (arrow
head) autophagosomes containing cellular organelles.
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Figure 31: Punctate staining pattern of LC3B in immunofluorescence images following
VN/12-1 treatment
VN/12-1 induces LC3 aggregation, which does not overlap with cellular vacuoles. SKBR-3 were
treated with ethanol (a, d) or 10µM VN/12-1 (b, e) or 10µM VN/12-1+ 5µM CHL (c, f) for 24 h.
Side-by-side fluorescent and phase-contrast images reveal that LC3 aggregation does not
colocalize with vacuoles in SKBR-3 cells.
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Figure 32: Effect of VN/12-1 on autophagy protein markers in SKBR-3 cells
Effect of VN/12-1 on autophagy markers. Cells were treated with indicated concentrations of
VN/12-1 for 24 h, whole cell lysates were tested for LC3B, Beclin-1, p70S6K, HSP90, Her-2 and
p-Akt. β-actin and total Akt were used as loading control.

Figure 33:

Figure 34:

Figure 33: Effect of VN/12-1 on Beclin-1 expression
Cells were treated with the indicated concentration of VN/12-1 for the indicated time, lysates
were prepared and probed for Beclin-1 protein expression
Figure 34: Effect of VN/12-1 on LC3B expression following 6 hour expression of VN/12-1
Cells were treated with 20µM of VN/12-1 for 6 h.Whole cell lysates were tested for protein LCB
protein expression.
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4.2.5 Determine the effect of pharmacological inhibition of autophagy on VN/12-1 mediated
growth inhibition
To assess whether VN/12-1-induced autophagy contributed to survival response of the
cells, we measured VN/12-1-induced reduction in cell viability in the presence or absence of IC20
concentrations of known inhibitors of autophagy- chloroquine (CHL), 3-methyladenine (3-MA)
and bafilomycin (Ba) [103, 104]. When combined with VN/12-1 all of the autophagy inhibitors
enhanced the VN/12-1-induced reduction in cell viability (p < 0.01) (Figure 35, 36, 37). We also
found that VN/12-1, combined with either CHL (Figure 38-a) or 3-MA (Figure 38-b), resulted
in synergistic effects, as assessed by isobologram analysis using the median-effect principle of
Chou and Talalay [105]. These data suggest that VN/12-1 and autophagy inhibitors elaborate
unique individual effects that are complementary when these compounds are used together.
In order to quantitatively evaluate the effect of the combination of VN/12-1 with CHL,
the dose reduction index (DRI) and combination index (CI) were calculated from the data in
Table 2 using a Calcusyn software program at 50, 60, 75, 90, and 95% inhibition levels of cell
viability. DRI values indicate that the synergic combination can result in 2.14-8.12 fold reduction
of the VN/12-1 dose and 3.37- 9.70 fold reduction of CHL dose in order to achieve 50-90% cell
growth inhibition respectively compared to the dose if they were used as single agent (Table 8).
The values of the CI suggest that the combination of VN/12-1 and CHL was synergistic at 50,
60, 75 and 90 %, respectively of growth inhibition. It also shows that the degree of synergism
increases as the percentage inhibition increases from 50 to 90 % inhibition. Similar outcome was
also observed when VN/12-1 was combined with 3-MA.
To further evaluate if the action of CHL was indeed to inhibit autophagy, cells were
treated with indicated concentrations of VN/12-1 alone or in combination with 5 µM CHL and
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the effects on the expression of LC3B and CHOP were assessed. Addition of CHL completely
abolished the expression of LC3B that was induced by VN/12-1 (Figure 39), indicating that the
CHL was active and capable of inhibiting autophagy. Increased CHOP expression was also
evident suggesting a switch from protective (BiP) to apoptotic pathway (CHOP) pathway
(Figure 39). Collectively, these results show that autophagy is a protective cellular response that
counters VN/12-1-induced growth inhibition and its inhibition by pharmacological means
enhances the growth inhibition by VN/12-1.

Figure 35: CHL enhances the growth inhibitory effects of VN/12-1
SKBR-3 cells were treated with indicated concentrations of VN/12-1 and IC20 concentrations of
CHL for 96hr in an MTT assay. Columns are the mean of viable cells in three experiments; bars,
SE. ** p<0.01
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Figure 36: 3-MA enhances the growth inhibitory effects of VN/12-1
SKBR-3 cells were treated with indicated concentrations of VN/12-1 and IC20 concentrations of)
3-Methyladenine(3-MA) for 96 hr in an MTT assay. Columns are the mean of viable cells in
three experiments; bars, SE.** p<0.01

Figure 37: Bafilomycin enhances the growth inhibitory effects of VN/12-1
SKBR-3 cells were treated with indicated concentrations of VN/12-1 and IC20 concentrations of
Bafilomycin (Ba) for 96hr in an MTT assay. Columns are the mean of viable cells in three
experiments; bars, SE. ** p<0.01
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Figure 38: Isobologram of VN/12-1 in combination with CHL (a) or 3-MA (b)
Normalized isobolograms are derived from MTT data analyzed using the median-effect principle
of Chou and Talalay (Calcusyn). The diagonal lines represent lines of additivity. Signs indicate
paired values of drug concentrations assessed for synergism at ED50 (Red), ED75 (Green), ED90
(Blue).

Figure 39: CHL inhibits VN/12-1-induced autophagy
CHL inhibits VN/12-1 induced autophagy and upregulates CHOP. Whole cell lysates obtained
after the treatment of indicated concentrations VN/12-1 with or without CHL were run on an
SDS-PAGE and probed for LC3B and CHOP expression.
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Table 8: Synergistic effects of VN/12-1 with CHL and with 3-MA as analyzed by calcusyn
software
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4.2.6 Determine the effect of genomic silencing of Beclin-1 on VN/12-1 mediated growth
inhibition
Beclin-1 is an important protein in the autophagic pathway [106]. To determine the role
of Beclin-1 in SKBR-3 cells treated with VN/12-1, this gene was targeted by small interfering
RNAs (siRNAs). For Beclin-1, the siRNA sequence that showed 90-100 % knockdown of the
protein was selected (Figure 40). As expected, SKBR-3 cells treated with VN/12-1 alone
showed a decrease in viability by the MTT assay when compared to the vehicle treated (no
siRNA) and scrambled sequence siRNA (scrambled-siRNA) controls (p < 0.05) (Figure 41).
Cells treated with scrambled-siRNA plus VN/12-1 showed comparable results to cells treated
with VN/12-1 alone (p > 0.05). In the absence of VN/12-1, siRNA targeting Beclin-1 exerted
little effects on SKBR-3 cell viability (p>0.05), but the combination of VN/12-1 with si-RNA for
Beclin-1 resulted in a dramatic reduction in cell viability (p < 0.0005).
To evaluate the effects of Beclin-1-siRNA on cell death at the cellular level, analysis by
trypan blue staining was used to obtain absolute live cell counts for each of the treatment groups.
The results confirm the MTT assay data. The addition of VN/12-1 for 24 hours caused an
increase in percentage of stained cells by trypan blue assay. This effect was not affected by the
addition of scrambled-siRNA, but was significantly (p < 0.0005) enhanced, when the cells were
treated with the siRNAs targeting Beclin-1 prior to VN/12-1 treatment (Figure 42). Thus,
treatment with 5 µM VN/12-1 alone resulted in a 10% stained cells in the absence of siRNA or
in the presence of control siRNA but when Beclin-1 was silenced prior to VN/12-1 addition this
number increased to >30% (p < 0.0005).
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Figure 40: Beclin-1 si-RNA abolishes Beclin-1 protein expression
SKBR-3 cells were transfected with two different siRNAs (si-Beclin-1 and si-scrambled) (0.1 µg)
specific for Beclin-1 transcript or with non-silencing control siRNA (0.1 µg); 72 hours later,
cells lysates were collected and Beclin-1 and β-actin expressions were determined.

Figure 41: Silencing Beclin-1 enhances the growth inhibitory effects of VN/12-1
Cell were transfected with si-Beclin-1 or si-Scrambled as described above. After 72 hours, they
were treated with indicated concentrations of VN/12-1 and cell viability was assessed by MTT
assay as described in methods section. * p<0.05, ** p<0.01
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Figure 42: Silencing Beclin-1 enhances trypan blue staining in VN/12-1 treated cells
Cell were transfected with si-Beclin-1 or si-Scrambled as described above. After 72 hours, they
were treated with indicated concentrations of VN/12-1 and cells were stained with trypan blue and
% stained cells were counted by hemocytometer . * p<0.05, ** p<0.01
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4.2.7 Determine the effect of VN/12-1 and its combination with CHL on apoptosis
To determine if VN/12-1 can induce apoptotic cell death, we measured the ability of
VN/12-1 treated cells to stain positively with Annexin and propidium iodide. VN/12-1 induced a
2-fold increase in the uptake of Annexin/PI in SKBR-3 cells at 24 hour at 10 µM concentration.
However, compared to control, this increase was not statistically significant (p > 0.05) (Figure
43). Statistically significant increase was only achieved at 20 µM of VN/12-1 when used alone (p
< 0.05). The addition of CHL however resulted in significant enhancement in number of
apoptotic cells for concentrations of VN/12-1 starting from 5 µM and above (p < 0.001). Western
blot analysis was then performed to assess the changes in pro-apoptotic proteins after 24 hours of
treatment with the compounds. At a concentration of 10 and 20 µM of VN/12-1, there was
cleavage of caspase-9 which was enhanced by the addition of 5 µM of CHL (Figure 44).
Cleavage of PARP, another apoptotic marker was seen only after addition of CHL to VN/12-1.
When the cell line was pretreated with 30 µM z-VAD-fmk (a pan caspase inhibitor), PARP
cleavage was abolished (Figure 45). Pre-treatment with 30 µM z-Vad-fmk also reversed the
growth inhibitory effects of VN/12-1 and its combination with CHL in MTT assay (p < 0.01)
(Figure 46).
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Figure 43: Effect of VN/12-1 +/- CHL on Annexin/FITC staining
The percent of late apoptotic/necrotic cells as determined by Annexin V-FITC and PI positive
staining by flow cytometry. **P<0.01. SKBR-3 cells were treated with indicated concentrations
of VN/12-1 or CHL for 24 h. % cells stained with FITC/PI was calculated using flow cytometry.

Figure 44: Effect of VN/12-1 +/- CHL on caspase-9 and PARP cleavage
SKBR-3 cells were treated with indicated concentrations of VN/12-1 or CHL for 24 h and
protein expression of cleaved caspase-9 and PARP was determined.
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Figure 45: Effect of z-Vad-fmk on VN/12-1 and CHL mediated PARP cleavage
Whole cell lysates made after treatment with indicated concentrations of VN/12-1, CHL and/or
30µM Z-vad-fmk were subjected for western blot analysis to look for the changes in PARP
cleavage.

Figure 46: Effect of z-Vad-fmk VN/12-1 mediated growth inhibition of SKBR-3 cells
Indicated concentrations of VN/12-1, CHL and/or 30µM Z-vad-fmk used in an MTT assay (as
described in Methods section) experiment to determine the cell viability in SKBR-3 cells.
Columns are the mean of three experiments; bars, SE.* p<0.05, ** p<0.01
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Summary and conclusions of specific aim 2:
Utilizing various molecular, pharmacological, and biochemical techniques, the likely
mechanism of action of VN/12-1 against SK-BR-3 cells is identified. VN/12-1’s action is
independent of Retinoic Acid Receptor (RAR) and pharmacological inhibition of RAR does not
result in reduction in the growth inhibitory activity of VN/12-1. VN/12-1 induces cytokeratin
8/18, a marker for differentiation.
VN/12-1 induces acute endoplasmic reticulum stress (ERS), resulting in upregulation of
chaperones like BiP (GRP78) and Hsp90. This results in inhibition of protein translation
machinery by phosphorylation of eIF2α (p-eIF2α). Regardless of its intracellular target,
induction of ERS is not likely to be selective for cancer cells in vitro. However, there is a
growing belief that agents that induce ERS may exhibit specificity for tumors in vivo as it is well
documented that tumors are under constant low ERS. This is in large part due to the hypoxic
conditions of tumor microenvironment [107].
The ERS results in induction of autophagy as shown by results of immunoblots for LC3B
and Beclin-1 and immunofluorescence images for punctuate staining pattern of LC3B protein.
VN/12-1 also affects the PI3K-mTOR pathway as shown by the attenuation of p-Akt and
p70S6K levels. Importantly, VN/12-1 treatment leads to downregulation of Her-2 protein levels.
VN/12-1 mediated ERS precedes autophagy and is seen as early as 6 hours after treatment.
Furthermore, the physical presence of autophagosomes following VN/12-1 treatment is
confirmed by electron microscopy images. When combined with VN/12-1 all of the known
pharmacological autophagy inhibitors enhanced the VN/12-1-induced reduction in cell viability
(p < 0.01). We also found that VN/12-1, combined with either CHL or 3-MA, results in
synergistic effects, as assessed by isobologram analysis using the median-effect principle of
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Chou and Talalay. These data suggest that VN/12-1 and autophagy inhibitors elaborate unique
individual effects that are complementary when these compounds are used together. Genomic
inhibition of Beclin-1, a critical autophagy gene, also synergistically enhances VN/12-1
mediated growth inhibitory effects in SKBR-3 cells. In summary, both pharmacological and
genomic inhibition of autophagy result in enhancement of the growth inhibitory activity of
VN/12-1.
VN/12-1 also inhibits the transition from G1 to S phase of cell cycle. This may be due to
VN/12-1-induced ERS resulting in phosphorylation and inactivation of eIF2-α. Inactivation of
eIF2-α is believed to shut down the protein translation and this may result in downregulation of
cyclin D1 a key protein for transition from G1 to S phase of cell cycle. Importantly, the
combination of VN/12-1 and CHL results in significant enhancement of apoptosis in SKBR-3
cells which is caspase dependent. Pre-treatment with pan-caspase inhibitor z-Vad-fmk results in
reversal of growth inhibitory effects of VN/12-1 or its combination with CHL.
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Specific Aim 3:
Evaluate the in vivo efficacy of VN/12-1 and its combination
with CHL and compare it with ATRA
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Experimental Design:
In vivo toxicity analysis: Female SCID mice were used to study the effects of each agent alone
or in combination. Mice were obtained from the National Cancer Institute (Fredrick, MD).
SK-BR-3 was selected for in vivo studies for reasons mentioned before. Initially, toxicity
analysis of all the compounds was done in these mice to decide on the appropriate dose and
frequency of administration. For toxicity analysis 4 mice per treatment group were used.
Tumor growth analysis: Mice were housed under defined conditions with 12 hours light and
dark cycles, 50% relative humidity and given free access to food and water. Cells were
suspended in matrigel (10 mg/ml) at 1x107 cells/ml and mice were injected s.c. with 100 µl of
cell suspension at one site on one flank. Tumors were allowed to grow until they reach
approximately 200 mm3 after which dosing was started. Tumors were measured twice a week
with calipers and tumor volume calculated. At the end of the experiment, tumors were excised
and weighed. The mice were divided into the following groups as shown in Figure 47:

64 Mice

Control

CHL
50 mg/kg/3d

VN/12-1
2.5mg/kd/3d
sc

VN/12-1
2.5mg/kd/3d
sc
+
CHL
50mg/kg/3d

VN/12-1
5 mg/kd/3d
sc

VN/12-1
5 mg/kd/3d
sc
+
CHL
50mg/kg/3d

ATRA
5 mg/kd/3d
sc

ATRA
5 mg/kd/3d
Sc
+
CHL
50 mg/kg/3d

Figure 47: Study design of SKBR-3 xenograft study The study involved 8 groups with 8 mice
in each group as shown in the figure
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4.3.1 Determine the toxicity profile of VN/12-1, CHL and ATRA in female SCID mice
In order to determine the appropriate dose for the murine anti-tumor studies, we first
assessed the toxicity profile of our compounds. We selected four different doses of VN/12-1 and
ATRA. Two of the doses were low and less frequent (2.5 and 5 mg/kg twice a week) and the
remaining doses were high and more frequent (10 and 20 mg/kg everyday). The higher doses
were selected based on the doses of VN/14-1 that were used in our published papers [35, 38, 39].
All the doses were given subcutaneously (s.c.). The dose of CHL was 50 mg/kg twice a week,
based on previous studies by several research groups [108, 109]. The injections were given for
14 days and mice were observed for signs of clinical toxicity. Four factors- mortality, alopecia at
the site of injections, scaly skin and loss of body weight were scored according to the severity.
Each group consisted of four mice. Clinical signs of toxicity (alopecia, scaly skin, and loss of
body weight), were observed during the 14 days of dosing and the maximum tolerated dose
(MTD) was determined following established procedures [39, 110]. Dosing with ATRA served
as a reference. The MTD was essentially the highest dose at which no mortality was observed.
Toxicities observed during the course of the study were scored according to their severities. The
degrees of ATRA or VN/12-1 toxicities in each animal at weighing were scored using the rating
scale described before [39]. Three physical parameters were scored on a scale of 0–4 as follows:
(1) weight loss: ( 10 g = 4, 7–9 g = 3, 4–6 g = 2, 1–3 g = 1, <1 g = 0; (2) hair loss at injection site
(alopecia): very severe = 4, severe = 3, moderate = 2, slight = 1, none = 0; (3) skin scaling: very
severe = 4, severe = 3, moderate = 2, slight = 1, none = 0. The total score for each animal was
obtained by adding the three individual scores. Scores are ranked as none (score = 0), mild (score
= 1–3), moderate (4–6), and severe (7+). Both ATRA and VN/12-1 when used in high (10 and
20 mg/kg) and more frequent doses (everyday) resulted in toxicity in mice. Hence, we used the
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lower (2.5 and 5 mg/kg) doses of each compounds for the combination studies. The lower doses
of both ATRA and VN/12-1 were not toxic either alone or in combination with CHL. (Table 9)

4.3.2 Determine the in vivo pharmacokinetic profile of VN/12-1 in SCID mice
The pharmacokinetic properties (PK) and metabolism characteristics of a compound are
important determinants of its further clinical development. Various PK parameters such as t1/2,
Tmax, Cmax and AUC for the plasma concentration versus time profile of VN/12-1 were
determined. SCID mice were given 20 mg/kg dose of VN/12-1 subcutaneously. Plasma was
collected and reverse phase HPLC analysis was performed to obtain the PK profile of VN/12-1.
The non-compartmental analysis using WinNonLin was performed. Following subcutaneous
administration of VN/12-1, there was an initial increase in plasma concentration up to a
concentration (Cmax) of 41.38 µg/ml. The time taken to achieve maximum plasma concentration
(tmax) was 2 hours (Table 10). After 2 hours the plasma concentration declined exponentially
with a mean t1/2 of 6 hours. PK profile of the metabolites was also determined. The metabolites
rose to a level of 11.98 µg/ml in 3 hours post-injection. Their t1/2 was exactly the same as that of
VN/12-1. The AUC of VN/12-1 and the polar metabolites were 83.78 and 89.24 hr x µg/ml
respectively. Surprisingly, VN/14-1 was not detected in the plasma of mice that were injected
with VN/12-1.
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Table 9: Toxicity analysis of VN/12-1, ATRA and CHL Indicated concentrations of VN/12-1,
ATRA and CHL were injected sc for 14 days and mice were observed for clinical signs of toxicity

Table 10: In vivo pharmacokinetics of VN/12-1 in SCID mice Female SCID mice were
injected with 20 mg/kg of VN/12-1 sc and their plasma was isolated at various time points. The
plasma was analysed by HPLC to measure VN/12-1 and its metabolites
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4.3.3 Determine the in vivo anti-tumor efficacy VN/12-1 alone or in combination with CHL
and compare it with that of ATRA alone or in combination with CHL
Because VN/12-1 was the lead RAMBA based on its in vitro anti-proliferative activity,
we evaluated its ability to inhibit the growth of SKBR-3 xenografts when given via s.c.
administration. Measurements were obtained from a total of 64 animals in 8 experimental groups
(8 animals per group). Geometric means of starting tumor sizes were comparable across the 8
groups and ranged from 208 to 266 mm3 (p = 0.224). Figure 49 is a graph of the estimated
arithmetic mean tumor size over time for each of the 8 groups and Figure 50 is a graph of the
geometric means. Table 11 summarizes the estimated tumor growth parameters (daily tumor
growth rate and tumor doubling time), while Table 12 shows the p-values for all the pairwise
comparisons among the 8 treatment groups. Tumors in the control group grew by an average of
6% each day (Table 11), a significantly higher growth rate compared to that in each of the treated
groups (p < 0.05 for all treated groups vs. control, Table 12). Furthermore, among the treated
groups, CHL alone was significantly worse than all the other groups (p < 0.01, Table 12). Daily
tumor growth was not significantly different between ATRA alone and VN/12-1 2.5 mg/kg alone
(3.9% vs. 3.6%, p = 0.551), but was significantly slower with VN/12-1 5.0 mg/kg (2.2%, p =
0.001 vs. both ATRA and VN/12-1 2.5 mg/kg).
The combination of ATRA with CHL did not significantly slow tumor growth over
ATRA alone (3.2% vs. 3.9% daily growth, p = 0.109). In contrast, the combination of VN/12-1
(either dose) with CHL slowed tumor growth compared to treatment with VN/12-1 alone (1.9%
vs. 3.6% for the low dose, 1.2% vs. 2.2% for the high dose, p = 0.001 for both). The combination
of VN/12-1 at 5 mg/kg with CHL was marginally better than the combination of VN/12-1 2.5
mg/kg with CHL (1.2% vs. 1.9%, p = 0.086).

88

The combination of VN/12-1 (at either dose) with CHL was better than the combination of
ATRA with CHL (p = 0.001 for both comparisons). However, this was mostly due to the
stronger effect of VN/12-1 compared to the effect of ATRA (as seen in the single-treatment
groups), rather to any substantial synergistic effects between VN/12-1 and CHL. VN/12-1 5
mg/kg and CHL showed almost exactly additive effects on tumor growth delay (on the log scale,
interaction p = 0.992). Graphically, the decrease in the tumor growth slope induced by VN/12-1
5 mg/kg alone over the untreated control and the decrease in the tumor growth slope induced by
CHL alone over the control add up almost exactly to the decrease in the slope seen with the
combination treatment (Figure 50). There was some weak synergy between VN/12-1 2.5 mg/kg
and CHL, but the corresponding p-value was non-significant (p = 0.171). ATRA and CHL did
not show any significant interaction either (p = 0.514).
It has to be noted that there seemed to be a flattening of the tumor growth curve during
the last week of follow-up in the groups that received VN/12-1 (alone, but particularly in
combination with CHL). This suggests some delayed or cumulative impact of VN/12-1 treatment
and/or synergy between VN/12-1 and CHL that becomes apparent after a few weeks (on day 28,
interaction p = 0.036 for the low-dose VN/12-1 with CHL, and p = 0.001 for the high-dose
VN/12-1 with CHL). However, a longer follow-up would be needed in the groups that received
VN/12-1 to clarify these issues. Representative pictures of tumors from each group are shown in
Figure 50. Figure 51 and Figure 52 show the average tumor weights and the body weights of
the mice in different groups respectively. There was a significant reduction in tumor weights of
mice in VN/12-1 plus CHL group compared to vehicle control (p < 0.05). However, the body
weights of the mice did not change in any group, suggesting that the treatments did not cause
general toxicity in the mice.
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Figure 48: Arithmetic means of tumor volumes in various treatment groups
The effect of VN/12-1 (2 doses- 2.5 and 5 mg/kg twice a week), ATRA (5 mg/kg twice a week)
alone or in combination with CHL (50 mg/kg twice a week) were evaluated in a SKBR-3
xenograft model in female SCID mice. Mice (n=8) were injected subcutaneously. Tumors were
measured twice a week. P-values are indicated separately in Table 12
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Figure 49: Geometric means of tumor volumes in various treatment groups versus days
The effect of VN/12-1 (2 doses- 2.5 and 5 mg/kg twice a week), ATRA (5 mg/kg twice a week)
alone or in combination with CHL (50 mg/kg twice a week) were evaluated in a SKBR-3
xenograft model in female SCID mice. Mice (n=8) were injected subcutaneously. Tumors were
measured twice a week. P-values are indicated separately in Table 12. Y-axis is in logarhythmic
scale in this graph
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Table 11: Estimates of the geometric mean tumor volume (in mm3) over time, as well as the
tumor growth rate and doubling time, by treatment group.
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Table 12: p-values for all pairwise contrasts among the treatment groups.
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Figure 50: Representative tumors from each group in the in vivo experiment
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Figure 51: Comparison of tumor weights in the treatment groups
Mean tumour weights taken upon euthanazing all mice and collecting tumours. *p<0.05,
**p<0.01. Data are mean (±s.e.).

Figure 52: Comparison of mice body weights in the treatment groups
Mice were weighed once a week for the duration of the study.Comparison of body weights is
shown in figure.
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4.3.4 Determine the effect of VN/12-1 treatment alone or in combination with CHL on
SKBR-3 tumor protein expressions
Immunoblot analysis with the tumor samples revealed that there was an increase in LC3B
expression in the VN/12-1 treatment groups and to some extent in the ATRA group. However,
this expression was abolished by the addition of CHL (Figure 53). Expression of Beclin-1 was
also upregulated as was previously seen in vitro in each of the VN/12-1 treatment groups which
was abolished by the addition of CHL. To test the effects of the compounds on apoptosis
markers in vivo, we examined the cleavage of PARP, and expression of Bax, Bad. PARP
cleavage was seen in the VN/12-1 (5 mg/kg), combination of VN/12-1 and CHL (for both doses
of VN/12-1) and in ATRA alone/in combination with CHL. Higher levels of the cleaved
fragment (89 kDa) were particularly seen in the treatment groups that involved VN/12-1. Bax
and Bad levels are both proapoptotic proteins. Their protein expression was elevated in all the
groups more so in VN/12-1 and ATRA treatment groups. There was a marked upregulation of
CHOP in the groups that had the combination of VN/12-1 and CHL. Surprisingly, CHOP was
also seen in the group treated with ATRA. There was no upregulation of CHOP in the group
treated with VN/12-1 5 mg/kg + CHL. The exact reason for this is not clear at this time. These
data support our proposed mechanism that autophagy is the initial response of the cells to
VN/12-1 treatment and inhibition of this autophagy by CHL leads the cells to apoptotic pathway.
To further evaluate the occurrence of the G1-S transition arrest in vivo, the protein expression of
various G1/S transition markers was assessed. For this purpose, we examined the expression of
cyclin D1 in all the treatment groups. Cyclin D1 was downregulated in all the treatment groups
particularly in the combination of VN/12-1 and CHL. CHL alone was not responsible for any
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significant downregulation of cyclin D1. These data corroborate the in vivo confirmation of our
in vitro findings about cell cycle arrest.

Figure 53: Effect of indicated treatments on the protein expressions in vivo
Western blot analysis of protein expression in SKBR-3 tumors dissected from the mice.
Autophagy markers (LC3B, Beclin-1), ERS marker (CHOP), Cell cycle marker (cyclin D1),
Apoptosis markers (Bad, Bax, PARP cleavage) were probed.
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Summary and conclusions of Specific Aim 3:
In the toxicity analysis of the compounds, both ATRA and VN/12-1 when used in high
(10 and 20 mg/kg) and more frequent doses (everyday) resulted in toxicity in mice. Hence, we
used the lower (2.5 and 5 mg/kg) doses of each compounds for the combination studies. The
lower doses of both VN/12-1 (2.5 and 5 mg/kg twice a week) and ATRA (5 mg/kg twice a week)
were not toxic either alone or in combination with CHL.
In the in vivo pharmacokinetic analysis following subcutaneous administration of VN/121, there was an initial increase in plasma concentration up to a concentration (Cmax) of 41.38
µg/ml. The time taken to achieve maximum plasma concentration (tmax) was 2 hours. After 2
hours the plasma concentration declined exponentially with a mean t1/2 of 6 hours. VN/14-1 was
not detected in the plasma of mice that were injected with VN/12-1 indicating that VN/12-1 does
not metabolize to VN/14-1 in vivo and thus its effects should not be attributed to its conversion
to VN/14-1 in vivo.
Daily tumor growth was not significantly different between ATRA alone and VN/12-1
2.5 mg/kg alone (3.9% vs. 3.6%, p = 0.551), but was significantly slower with VN/12-1 5.0
mg/kg (2.2%, p = 0.001 vs. both ATRA and VN/12-1 2.5 mg/kg). The combination of ATRA
with CHL did not significantly slow tumor growth over ATRA alone (3.2% vs. 3.9% daily
growth, p = 0.109). In contrast, the combination of VN/12-1 (either dose) with CHL slowed
tumor growth compared to treatment with VN/12-1 alone (1.9% vs. 3.6% for the low dose, 1.2%
vs. 2.2% for the high dose, p = 0.001 for both). The combination of VN/12-1 (at either dose)
with CHL was better than the combination of ATRA with CHL (p = 0.001 for both
comparisons). However, this was mostly due to the stronger effect of VN/12-1 compared to the
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effect of ATRA (as seen in the single-treatment groups), rather to any substantial synergistic
effects between VN/12-1 and CHL.
There was a significant reduction in tumor weights of mice in VN/12-1 plus CHL group
compared to vehicle control (p < 0.05). However, the body weights of the mice did not change in
any group, suggesting that the treatments did not cause general toxicity in the mice.
The protein expression in various treatment groups confirmed the findings of in vitro
experiments. Surprisingly, induction of apoptotic genes- Bad, Bax and activation of PARP
cleavage is seen in all the treated groups except CHL. Autophagy markers LC3B and Beclin-1
are upregulated in VN/12-1 treatment groups. CHOP upregulation in the VN/12-1-treated groups
confirm the irreversible stage of ERS.
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Thus, the molecular mechanism of action of VN/12-1 in combination with CHL can be
summarized as below (Figure 54):

Figure 54: Mechanism of action of VN/12-1 in combination with CHL
VN/12-1 induces ER stress. This leads to inhibition of protein translation leading to
downregulation of key cell cycle proteins such as cyclin D1. VN/12-1 also inhibits Akt-mTOR
pathway. Addition of CHL enhances the ER stress and switches it from reversible (protective)
pathway to irreversible (apoptotic) pathway by upregulation of CHOP. VN/12-1-mediated ER
stress also activates autophagy. Inhibition of VN/12-1-induced autophagy by CHL potentiates
apoptosis by activation of caspase 9 and PARP cleavage.
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5.Overall Conclusions and Future Directions
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:
The work outlined here sheds light on the multiple mechanisms of action of a novel
RAMBA VN/12-1 against ER-α –ve breast cancer cell line SKBR-3. VN/12-1 is a methyl ester
of VN/14-1. VN/14-1 and other RAMBAs have been licensed by Cancer Research UK for
clinical development and VN/14-1 is expected to enter clinical trials within a year. It is important
to gain better understanding of VN/12-1’s mechanism of action and its potential efficacy and
limitations. Aim 1 described the unexpected finding that VN/12-1, designed as a RAMBA ester,
remains stable in vitro and does not hydrolyze to its acid VN/14-1. Out of all the compounds
tested, VN/12-1 is the most potent compound at inhibiting the growth of breast cancer cells in
the low micromolar range and it was more potent than VN/14-1 and the clinically used
compounds such as ATRA, letrozole and 4-OHT. Importantly, VN/12-1 is effective against ER-α
negative breast cancer. There are very few compounds which are active against ER-α negative
breast cancer. Aim 2 showed that VN/12-1 does not act via the canonical RAR pathway. It was
further shown that VN/12-1 induces autophagy and ERS and inhibition of autophagy enhances
the anti-cancer activity of VN/12-1. Aim 3 evaluates the efficacy of VN/12-1 alone or in
combination with CHL, an inhibitor of autophagy in in vivo model of breast cancer. It was noted
that VN/12-1 alone was effective in reducing the tumor growth by ~81.4% compared to control.
This effect was further enhance by the addition of CHL and the combination reduced the tumor
volume by 96.2% compared to control.
It is clear that VN/12-1 has at least 3 mechanisms of action: 1) inhibition of retinoic acid
metabolism, 2) induction of ERS and 3) induction of autophagy. The molecule has at least 2
cellular targets, CYP26 and a hitherto unidentified target(s) that is responsible for the induction
of the ERS and autophagy. It appears that VN/12-1’s mechanism of action may depend on the
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concentration of the molecule being administered. In the low to mid micromolar range, VN/12-1
seems to induce the protective component (BiP) of ER stress and autophagy. In the high
micromolar range, the molecule begins to induce the lethal component (CHOP) of ER stress and
apoptosis. In the low to mid micromolar range (concentration up to 10 µM) the molecule induces
ERS markers such as BiP, phosphorylation of eIF2α and phosphorylation of PERK.
Phosphorylation of eIF2α leads to shutdown of protein translation. Whether this shutdown of
translation is responsible for the downregulation of cyclin D1 is still unclear. This can be
investigated by doing RT-PCR studies aimed at RNA expression changes of the housekeeping
genes. There is a possibility that the downregulation of cyclin D1 is due to its increased
degradation rather than reduced synthesis. This can be determined using proteasome inhibitors to
determine if the downregulation of cyclin D1 can be reversed. The involvement of ubiquitinproteasome pathway is also a likely mechanism of VN/12-1 mediated downregulation of Her-2,
p70S6K or p-Akt and similar experiments using proteasome inhibitors can help us evaluate this
mechanism. Another likely mechanism of downregulation of key proteins is Ca2+ rise following
VN/12-1-induced ERS leading to activation of calpains [111]. The overlap in concentrations
causing both ERS and autophagy is a key finding as increases in ERS have been shown to induce
autophagy [69]. Future studies should certainly investigate the exact molecular cause of ERS
activation. Increases in ATRA levels have been shown to induce ERS. Whether VN/12-1
mediated inhibition of ATRA metabolism is the direct cause of VN/12-1 mediated ERS in vivo is
still unclear.
It has been shown that the azole antifungal clotrimazole inhibits both SERCA and store
operated calcium channels (SOC) in the plasma membrane [112]. Whether VN/12-1 works
through a similar mechanism as clotrimazole, and leads to intracellular increase in Ca2+ levels
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needs to investigated. Combining VN/12-1 with various anti-oxidants (NaC, BHT) to see if
VN/12-1 induces any oxidative stress may identify potential molecular targets of VN/12-1. There
is no reason to believe VN/12-1-induced ERS is a cancer-cell specific target in vitro. However,
VN/12-1 may exhibit specificity for cells within tumors in vivo as it is well documented that
these cells utilize the ER stress response to survive under the hypoxic conditions within tumors
[113]. It should be noted that in all in vivo studies where VN/12-1 was administered in low and
less frequent doses (2.5 and 5 mg/kg twice a week), no overt signs of toxicity were observed.
However, significant toxicity was observed in high and more frequent doses (Table 9). The
doses used in the in vivo studies were given s.c. However, some unpublished data conducted at
Cancer Research UK did show that the mice tolerate high doses of VN/14-1 (up to 80
mg/kg/day) when given by oral route.
One of the most exciting findings of the studies outlined here is VN/12-1’s superiority
over ATRA in in vivo SKBR-3 tumor xenografts (Figure 48). It appears as though VN/12-1’s
improved efficacy over ATRA is due to its stability and long half-life. This may also be related
to VN/12-1’s ability to induce the ERS in cells at concentrations that are achievable in vivo.
VN/12-1’s ability to act through multiple mechanisms of action means that there are many
possibilities for it to be combined with other anti-cancer agents. For instance, many molecules
including naturally dietary compounds and synthetic derivatives as well as histone deacetylase
inhibitors have been identified that can induce autophagy through various mechanisms of action
[114]. It is possible that such molecules may act synergistically with VN/12-1 to target the ER
stress-autophagy pathway. Furthermore, molecules that induce autophagy through mechanisms
different than that of VN/12-1, or inhibit the survival aspects of the ERS may also have a

104

synergistic effect. Interestingly, 4-OHT has been shown to induce autophagy. 3-MA has been
shown to potentiate growth inhibitory effects of 4-OHT [115].
It is clear from this and our previous studies [35, 36, 38, 116], that the construction of an
azole moiety at C-4 and modification of terminal carboxylic acid moiety of ATRA imparts
tremendous multiple biological activities compared to ATRA. However, as with our other lead
RAMBAs, the molecular targets (except CYP26) of VN/12-1 are yet to be identified. We
envision that this will be achieved with ongoing studies directed at design and synthesis of
appropriate biotin-RAMBAs conjugates (molecular probes that retain potency in bioassays) for
use in affinity chromatographic technique of biotinylation, an important molecular tactics for
identifying target proteins [117].
Another direction this project can lead to is synthesis of mutual prodrugs of VN/12-1 and
autophagy inhibitors (e.g. CHL). If this strategy becomes successful, there will be a better
compliance with the patients as one mutual prodrug could replace two individual drugs that it is
made of.
Collectively, this study provides the first evidence that a RAMBA potently inhibits both
ER-α positive and negative cell lines and rapidly activates autophagy in these cancer cells and
that induction of autophagy by VN/12-1 can be exploited as a target to achieve potent anti-breast
cancer activity. On a broader note, this work reinforces the belief that cancer cells can ward-off
therapeutic stress, following inhibition of critical oncogenic pathways, by inducing autophagy
and inhibition of autophagy can be used as a strategy to improve the efficacy of the anti-cancer
agents. Future therapeutic strategies that aim to inhibit autophagy in cancer cells treated with
novel RAMBAs, represent a promising approach that will target cancer cells.
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