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ABSTRACT
Cancer is a class of diseases in which cells divide uncontrollably and are able to spread
throughout the body. In particular, cancer of the prostate and brain, specifically
medulloblastoma, are particularly deadly because the early detection methods are not accurate
nor are the treatment options adequate in that they often fail, resulting in recurrence and
metastasis, or spreading, of the tumor to other organs. In our characterization of both cancers,
we identified that these cancer cell lines are highly aggressive. Consequently, we found this
state rendered them sensitive to treatment by cyclin dependent kinase (CDK) inhibitors,
including a novel CDK inhibitor, VMY-1-103 we developed by adding a unique dansyl sidechain to the 2,6,9-trisubstituted purine compound purvalanol B. We found that VMY was
significantly more effective at inducing apoptosis than its parent compound in cancer but not
normal immortalized cells. In the current study, we present new data revealing that VMY
induces cell death in part through autophagy, an alternative form of cellular death.
We also hypothesized that the unique dansyl moiety of VMY could enhance
bioavailability and detection in vivo. Using preclinical models, we developed a rapid organic
phase extraction technique for quantifying VMY-1-103 and PVB in mouse tissue. Our analyses
revealed that VMY-1-103 is widely distributed to the tissues, including prostate and brain at
varying concentration while PVB levels were significantly lower. Importantly, we found that
VMY-1-103 was detected in the brain cortex and cerebellum of normal mice and in MB tumors,
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while PVB was undetectable. Analyses of mice treated with 20 mg/kg VMY for an average of 65
days revealed tumor growth volume inhibition compared to untreated mice. MR-spectroscopic
analysis found that treated mice show a unique spectroscopic profile in response to VMY.
Finally, we confirmed cellular death ex vivo by immunohistochemically staining MB tumors and
found a decrease in proliferation markers Cyclin D1 and an increase in apoptosis markers. Taken
together, the significance of this study establishes that VMY is a promising anti-cancer agent and
that dansylation of compounds could be used to enhance tissue distribution in vivo and detection
in both prostate and medulloblastoma.
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1. INTRODUCTION
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1.1

CELL CYCLE: APOPTOSIS AND AUTOPHAGY

1.1.1

The Cell Cycle in cancer
In order to propagate, mammalian cells must undergo a process of self-replication, in

which a cell produces an exact copy of its genetic material and itself. This process is a highly
orchestrated event that is tightly regulated by a series of checkpoints to insure transfer of the
genetic material and survival of the daughter cells. The series of events that occur in a cell that
lead up to cell division is collectively known as the cell cycle, which can be broken down into
four distinct phases, G1, S, G2, and mitosis (1, 2).
All of these phases are regulated by critical proteins, most notably the cyclin dependent
kinases (CDKs) and their partner Cyclins, whose interactions must occur in order to facilitate
progress to the next cell cycle phase. In the G1 phase, cells increase in size while exhibiting an
increase in D type cyclins (notably Cyclin D1) which bind to CDK4 and CDK6 (1, 3). This
Cyclin D1/CDK4/CDK6 complex phosphorylates the Retinoblastoma (Rb) protein to a
hyperphosphorylated state, releasing it from the inhibitory effects of E2F (4) and allowing E2F
to act as a transcription factor to activate the other Cyclins (Cyclin E, A, B). Here, at the end of
the G1 phase and just before the S-phase, is the first checkpoint, also called the Restriction point.
The restriction checkpoint is predominantly controlled by the cell cycle inhibitory protein p16,
which can inhibit the CDK4/6 complex formation with Cyclin D1 and is enhanced by the p27
complex (which simultaneously inhibits S-phase E andA type cyclins). If the cells do not pass
this checkpoint, such that the environment is not suitable, DNA is damaged and/or DNA content
2

is incorrect, or cell size is not adequate, the cells may be arrested in this phase. Cells that pass
this initial checkpoint enter the S-phase of the cell cycle and are committed to completing the
rest of the cell cycle from this point on. At this stage, levels of cyclin E rise which subsequently
binds to cdk2 to promote cell cycle progression (1). P27 levels also decrease which promote this
binding (5). It is during S phase that the DNA is replicated. In late S and G2 phase, cyclin A
levels rise and bind to cdk2 and cdk1, which prepare the cell and duplicate the DNA.
At the end of S-phase, there is another checkpoint which assesses the quality of the DNA.
In instances of significant errors in DNA replication or non-replication, the cells arrest to allow
repair of the DNA. The conclusion of this phase exhibits a rise the levels of Cyclin B increase
and partner with cdk1 to form the Maturation-promoting factor (MPF) in the G2 phase to ready
the cell for mitosis. Up to this point, if the cell and its DNA maintain their integrity and pass yet
another checkpoint, the cell progresses to the final stage, mitosis (1, 3, 5). In this checkpoint, the
CyclinB-cdk1 complex is inhibited by Wee1 kinase which phosphorylates cdk1 on tyrosine 15.
This blocks its activity because tyrosine 15 resides in the ATP binding site, thereby blocking its
activity. In order for progression to the final stage of the cell cycle, mitosis, polo-like kinase
(PLK1) must phosphorylate and activate CDC25 phosphatase, which in turn removes the
inhibitory phosphate from CDK1 Tyr 15 and promotes entry to mitosis.
Mitosis can be characterized by 4 distinct phases, prophase, metaphase, anaphase, and
telophase that occur in sequence (6). In prophase, chromatin condenses into chromosomes. In
metaphase, chromosomes will align at the metaphase plate, directed and aligned by spindle fibers
at the poles of the cell. During anaphase, the chromosomes will split apart to the poles of the cell,
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where in telophase, they will de-condense and the cytoplasm pinches the cell into two cells
through a process called cytokinesis (5, 7).
Although this process occurs hundreds of times, cancer cells can arise through the
accumulation of many mutations in either the checkpoint genes or proliferation related genes in a
cell (8). Together, these abnormalities disrupt the normal checks and controls that regulate the
cell cycle, leading to uncontrolled cellular proliferation, or cancer. Since cancer is a genetic
disease, recent advances in molecular, proteomic, and cellular biology has been used to uncover
these abnormalities so that drugs can be developed to target mis-behaving proteins and eliminate
the problematic cells. However, current therapeutics often have many side effects, and as a result
lead to a poorer quality of life for patients (8-10).

1.1.2. Apoptosis and Autophagy
Apoptosis is a vital component of many cell functions, including development, cellular
turnover, and induced cell death by chemicals or intracellular signals such as stress, hypoxia,
hormones and metabolism. The process of apoptosis is influenced by numerous types of signals
such as those from the tumor suppressor p53, but is executed predominantly in two manners: the
intrinsic mitochondrial pathway and the extrinsic pathway. In the intrinsic pathway, upon the
appropriate signals, cytochrome C is released from the mitochondria and binds to Apaf-1 and
caspase 9 to form the apoptosome. This structure can directly cleave caspase 3 to execute
apoptosis. In the extrinsic pathway, ligands such as TNFα, Fas, and TRAIL bind to extracellular
death receptors (DR) which signals are transduced to the initiator caspase 8 via FADD. Caspase
8 then indues apopsosi by directly cleaving caspase 3. Apoptosis is distinct from necrosis in that
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necrosis is a passive and toxic process where the cell follows an energy-independent mode of
death and degradation.
Another form of cell death that has been observed is autophagy. Autophagy is a catabolic
process in which a cell degrades its own components through the lysosomal machinery. Basal
autophagy occurs as a natural process due to signals such as stress and nutrient depravation to
foster more energy for cellular use. Briefly, induction of autophagy occurs when a portion of the
cytoplasm that is to be degraded is pinched off to form a double membrane bound vesicle
induced by PI3K related protein Beclin-1 and autophagy related complex ATG5-12. This vesicle
then fuses with a lysosome to form an autophagolysosome and binds to LC3 and p62 where it is
degraded. Though this is generally a pro-survival mechanism for the cell, abhorrent autophagy
can produce extensive stress on the cell and even kill the cell. Chemicals such as clonidine,
mTOR inhibitors, rapamycin have been shown to increase cellular death by increased
autohpagy. Therefore, induction of autophagy could provide a novel mechanism to which drugs
can act and kill tumor cells.

1.2.

PROSTATE CANCER: DIAGNOSIS AND CURRENT TREATMENT

1.2.1

PROSTATE HISTOLOGY AND PATHOLOGY
The prostate is a small sized spheroid gland in the male reproductive system involved in

secreting fluids that contribute to reproductive processes. Though it is small in size
(approximately 11 grams) it is structurally composed of four zones. The peripheral zone, which
is the sub-capsular portion and referred to as the posterior lobe, the central zone (median lobe)
which surrounds the ejaculatory ducts, the transition zone (anterior lobe) which surrounds the
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prostatic urethra, and finally the anterior fibromuscular zone (lateral lobe) that is comprised of
muscle and fibrous tissue. Cancer can arise in all areas but have been found most commonly in
the peripheral zone (11), with 10-20% of prostate cancers originating in the transition zone and
less in the central zone. Most prostate cancers are fairly slow growing, making the average age
of diagnosis over 60 years of age (12). In some cases, the cancer has been shown to spread, or
metastasize, to areas of the body such as bone, lymph nodes, and brain and result in death. Risk
factors can include smoking, obesity (diet), lack of exercise, and age as the risk of developing
cancer increases with age (13).
Cancer of the prostate can be diagnosed in several tests. As early prostate cancers show
little to no symptoms, they can be difficult to detect. Most cases can be initially suspected by
screening for prostate-specific antigen (PSA), a protein that may be elevated in cases of prostate
cancer. However this test is not conclusive in that levels of PSA have also been found to not
correlate with prostate cancer incidence (14). Magnetic Resonance Imaging (MRI) has also been
used to detect prostate cancer, but as the tumors are initially quite small, this can be challenging
and is prone to false positives (15). Currently, the only conclusive way to diagnose prostate
cancer is from a prostate biopsy and analyzing the sample for malignant tissue (12). Due to the
complexity of the organ and cancer development, prostate cancer is staged into four categories.
Stage I prostate cancer is diagnosed when a small section of a biopsy exhibits microscopic
tumors. -. Stage II prostate cancer means that the cancer has spread to other parts of the prostate
but not outside the prostate. In stage III, the cancer has spread beyond the outer layer of the
prostate and may infiltrate the surrounding seminal vesicles. Finally, Stage IV prostate cancer is
when the disease has spread beyond the seminal vesicles and infiltrated nearby organs such as
6

the pelvic wall, rectum, bladder, or even distant organs such as bones or the brain. More
recently, prostate cancer can be also categorized using the Tumor Nearby Metastasis (TNM)
staging system in which T describes the size of the primary tumor, N is the nearby lymph nodes
that may be involved, and M refers to distant metastasis.
Samples from prostatic biopsies are often graded using the Gleason Grading System
which is based on the tissue architecture and cellular content, providing an estimate of the extent
and prognosis of the disease. This system assigns a numerical value from 2-10 depending on the
severity of the disease. Typically, a score of 2-4 is assigned to well-differentiated tumors or
Stage I. Scores of 5-6 are moderately well differentiated and are assigned to stage II/III. Scores
of 7-10 are moderately poorly to poorly differentiated cancers and have the worst prognosis.

1.2.2

CURRENT TREATMENT
As it is a complicated organ and cancer, treatment can depend on a myriad of factors and

are dictated by stage. These include the aggressiveness or Gleason score of the tumor, age of the
patient, and quality of life (16). In some cases with preliminary stages of prostate cancer,
immediate treatment may not be necessary as physicians may recommend watchful waiting or
active surveillance with regular blood tests, prostate exams, or biopsies. Stage II cancers that
have higher Gleason scores are followed by active surveillance with PSA monitoring. The
current therapy for these tumors is a radical prostatectomy. For more advanced tumors such as
Stage III that are more likely to recur after treatment than earlier tumors, a more aggressive
regimen including external beam radiation, hormone therapy, and radical prostatectomy may be
used. Finally, for the most advanced Stage IV tumors that have spread to other parts of the bod,,
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hormone therapy, radiation, surgery as well as chemotherapy is used in combination to combat
the tumors (11, 12, 13, 17). Surgery is sometimes pre-opted by chemotherapy to reduce the
tumor size for a more complete surgery. All of these treatments have potential side effects such
as erectile dysfunction, loss of bone mass, weight gain, heart disease (12, 18), underscoring the
need for new treatment options that are less toxic while still presenting potent anti-tumor
properties. Additionally, these treatment options often fail in that the tumor will recur even after
surgical resection and/or radiation therapy. Though castration is sometimes effective, this too
fails in that castration resistant prostate cancers (CRPCs) may develop that are hormone
refractory and androgen independent. There is a lack of effective treatments after CRPC in that
these types of tumors are very aggressive and do not respond well to current therapies and can
severely impact the quality of life of the patient.

1.3.

MEDULLOBLASTOMA: CLINICAL SYMPTOMS, DIAGNOSIS, AND TREATMENT

1.3.1

Clinical symptoms

Medulloblastoma (MB) are highly aggressive primary brain tumors arising from the
cerebellum, predominantly in children but can also occur rarely in adults. Typically, these types
of tumors are referred to as primitive neuroectodermal tumors (PNETs) and are the most
common embryonal tumor, occurring near the fourth ventricle between the cerebellum and the
brainstem (19). As the most common embryonal tumor, comprising 25% of childhood brain
tumors with an average onset of 3-7 years of age, MB can be particularly burdensome one
developing youths. Symptoms may include hydrocephalus, motor coordination dysfunction
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which can result in nausea, headaches, an ataxia, and may occur from 2-5 months before a
patient receives a diagnosis (20). Other symptoms may include vomiting which may lead to
misdiagnosis of migraine or gastrointestinal disorders.
More recently, several subtypes of MB have been identified which have a variety of clinical
outcomes depending on the genetic abnormality (21). These include mutations in the WNT
pathway which cause constitutive WNT activation and therefore Beta-catenin overexpression,
and present the best clinical prognosis. Mutations in Sonic Hedgehog (SHH) pathway which
exhibit constitutive activation of the protein Smoothened have shown to have a worse prognosis.
A third type that shows amplification and overexpression of MYC, a transcription factor
involved in promoting cell proliferation. These tumors have been shown to be very aggressive
due to the MYC amplification. Still, a fourth subtype has been identified that is characterized by
undefined genetic abnormalities and as such, has the worst prognosis among all subtypes of MB.
Adding to the complexity of the disease, MB can be further subdivided into five subtypes
based on histology. These (in order of best to worse prognosis) include classic (representing 70%
of cases), desmoplastic (7%), anaplastic (2-4%), and large cell (10-22%) (22, 23) MB.
1.3.2 Diagnosis
As the cerebellum is a critical organ involved in motor coordination, MB may first be
suspected during a neurological examination which tests simple coordination, reflexes, –motor
and sensory functions of cranial nerves (24). A physician that may suspect MB will then follow
up with a more specific test. Due to the location of the tumor, medulloblastoma is most
commonly detected using T1 or T2 weighted Magnetic Resonance Imaging (MRI). MRI is ideal
because it is a highly sensitive detection method that can yield important information such as the
9

size of the tumor, location, and even the metabolic profile through spectroscopy (20). This
technique also has the advantage of being non-invasive and less time intensive. Though
computed tomography (CT) scanning can also be used, MRI is preferred because of the
multiplanar scanning which provides a better three dimensional representation of the entire
tumor and also signs for edema and metastasis (25). Contrast agents such as Gadolinium (Gd) or
manganese which are paramagnetic compounds are sometimes used to enhance the signal of the
image. Other contrast agents range from superparamagnetic iron oxide and iron platinum. In
addition to tumor volume data, Magnetic Resonance Spectroscopy (MRS) can also be used to
provide useful information and prognosis of the tumor using a non-invasive measurement. MRS
measures metabolite levels such as choline, myoinositol, taurine, and creatine among others by
placing a 3-dimensional voxel over the area of interest. In this manner, the voxel can be placed
directly over the tumor image that was captured by MRI and the tumor metabolism can be
measured directly at the time of imaging. This is desirable because studies have shown that the
tumor environment and metabolism contrasts starkly with normal surrounding tissue.
Furthermore, changes in tumor metabolism post treatment can be used as a marker for
responsiveness to a drug as the tumor cells absorb the drug and die off. However, because
tumors in the brain may be several types of cancers such as glioblastoma multiforma or
astrocytoma, , the ultimate diagnosis is made through a biopsy, in which a small sample of the
tumor is extracted and examined by a pathologist for tumorous cells as well as
immunohistochemically stained for overexpression of specific genetic abnormalities such as
increased WNT, Beta-catenin, SHH, MYC, and others (21, 22, 26).
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Mutations in the sonic hedgehog (SHH) pathway for are common for medulloblastoma,
in that one of the functions is its involvement in the development of the midline structures of the
brain, thalamus, and brain. Indeed, inactivating mutations of SHH have shown loss of ventral
midline (holoprosencephaly). Briefly, binding of SHH ligand to the receptor Patched-1 (PTCH1)
relieves PTCH1 inhibition of smoothened (SMO). The resulting activation of smoothened
activates downstream targets GLI2 and GLI3 which translocate to the nucleus and transcribe Hh
target genes, including those that stimulate cell proliferation. In the absence of SHH, activation
of smoothened is inhibited by PTCH1, and transcription of SHH target genes are repressed by a
GLI-SUFU complex. Mutations in patched and smoothened have been shown to increase cell
proliferation and even medulloblastoma.
As the smoothened protein is critical for the function of the Hh pathway and its
constitutive activation has been found in medulloblastoma, mouse models have been developed
to model this disease. In this study, we have used the SMO-ND2 mouse model, which contains
the SmoA1 transgene. This mouse model contains an activated smoothened receptor under the
control of the neuroD2 promoter (ND2). This model exhibits cerebellar medulloblastoma at 3-4
months of age.
1.3.3 Treatment
Medulloblastoma presents a challenge for physicians to treat due to the tumor arising in the
brain and treatment options present many problems. This isalso compounded with the fact that
the average age of the patients is comparably young and may not be eligible for more extensive
treatments such as radiation or chemotherapy (27). Indeed, the current standard treatment is
surgical resection, followed by low-dose (23.4 Gy) radiation plus adjuvant chemotherapy which
11

include in single or combination of cisplatin, vincristine, cyclophosphamide, etoposide, and N(2-chloroethyl)-N-cyclo-hexyl-N-nitrosurea, to eradicate residual tumor tissue (28-30). This
treatment has a 5-year disease free survival rate of 80% in patients with an average age of 5.
Children under the age of 3 are much more difficult to treat mainly due to the fact that they
cannot undergo radiation. Approximately 40% of these patients will present metastatic disease at
diagnosis, complicating the disease and prognosis. However a benefit of these patients is that
they typically present desmoplastic MB which is more susceptible to chemotherapy. The 20-year
survival rate is 51% in children (29). Cases of of MB in adults, though rare, fare much worse
than children. As the incidence is so low, the etiology has been problematic to study due to
insufficient patient sample size. It could also be attributed to damage done by more aggressive
cancer cells that may metastasize through the cerebral spinal fluid (CSF) as well as the use of
radiation therapy that may damage other areas of the brain. Another significant consideration
and problem with current therapies is that despite long term disease-free survival, many patients
who were treated for MB exhibit neurological, neuroendocrine, and cognitive loss throughout
life, causing long-term morbidity (27).

1.4

Chemical inhibitors of proliferation

1.4.1

Small molecule inhibitors for cancer treatment
One strategy to combat cancer cells and their uncontrolled growth is to target the cell

cycle proteins themselves which are either acting uncontrollably through a mutation, or are
constitutively activated by a network of proteins. Prime examples are small molecule inhibitors
12

of RAF-1 and VEGFR-2 such as sorafenib that inhibit angiogensis and prevent the tumors that
overexpress these receptors from receiving necessary growth stimulants from the enhanced blood
supply. In tumors that show increased ERBB2, or HER2, trastuzumab has been shown to be
effective in that it specifically inhibits the HER2 pathway which has been shown to be
overexpressed in breast tumors. In the prostate and many other tumors, Phosphatidylinositide 3kinases (PI3K) are frequently overexpressed. These kinases can include PTEN, AKT1, AKT2,
AKT3, mTOR, and PIK3CA. These kinases initiate a wide range of signal transduction
networks that promote cancer cell growth and survival. Inhibitors have been developed for many
of these kinases such as mTOR inhibitors, PI3K inhibitors, as well as combination panPI3K/mTOR/AKT inhibitors and have been effective in some tumors.
As cancerous cells are characterized by their rapid growth that often outpaces
untransformed cell growth, it has been beneficial to use compounds to inhibit the cell cycle
process through targeting the cyclin dependant kinases (CDKs) or mitosis directly. Using this
approach, one can use a small molecule to directly inhibit the cell from progressing through
unchecked cell growth. These can include drugs that inhibit the mitotic process directly such the
taxanes: paclitaxel and docetaxel (31). Still, other inhibitors target the cyclins or cdks
themselves, such as a broad spectrum cdk inhibitor like Roscovitine, Flavopiridol, to the
purvalanols which exhibit inhibition against multiple cdk targets (5, 32, 33). Despite widespread clinical trials currently, the use of these cell cycle inhibitors has revealed a number of side
effects in patients, most commonly myelosuppression or bone marrow toxicity, hair loss and
nausea, underscoring the need for new therapeutics that are highly effects yet exhibit little to no
side effects. Furthermore, these therapies often fail in that they do not adequately target the
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kinases or proteins responsible for the abborent signaling in the tumors, or are ineffective in the
clinic.

1.4.2

VMY-1-103: Development and application in prostate cancer and medulloblastoma
We have recently developed a promising CDK inhibitor termed VMY-1-103. This

compound is a novel analog of the 2,6,9-trisubstituted purine Purvalanol B (PVB). VMY was
synthesized by coupling a dansyl ethylenediamine group to the 6-anilino position of Purvalanol
B, which enables both CDK inhibitory function and fluorescent imaging (34). These 2,6,9trisubstituted purines have been shown to compete with ATP in the targeted CDKs (35). We
have previously shown that VMY exhibits potent apoptotic properties in both prostate and
medulloblastoma cell lines, of which both types of cancer will be the focus of this thesis.
Notably, VMY is able to induce cell cycle arrest and apoptosis in human prostate and breast
cancer cell lines, but is not as active or able to induce the same effects in immortalized normal
cells (6, 36). Interestingly, VMY was significantly more potent in its effect to arrest cancer cells
and induce apoptosis than its parent compound, Purvalanol B, and was found to decrease cdk1
activity by over 90% using an in-vitro kinase assay in nocodazole synchronized DAOY cells
(36).
In the human medulloblastoma DAOY and D556 cell lines, we have shown that treatment
with VMY results in a G2/M arrest, induces apoptosis, PARP and caspase-3 cleavage and
increases the levels of DR4, DR5, Bax and Bad, indicative of activation of the extrinsic pathway
of apoptosis. We did not see any of these effects when using the parent compound, PVB.
Finally, utilizing live cell imaging with fluorescently labeled stable GFP-H2B DAOY cells, we
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observed that VMY disturbed the polarity of centrosomes during mitosis which affected
chromosomal alignment and migration and potently disrupting mitosis (6).

Figure 1. Structure of A) Purvalanol B, the parent compound of B) VMY-1-103. Dansyl side
chain modification is designated using a green line.

1.5 CURRENT RESEARCH AIMS IN MEDULLOBLASTOMA AND PROSTATE CANCER
Medulloblastoma and prostate cancer are highly malignant and deadly tumors that affect the
quality of life for not only the patients, but also survivors. Though there are treatments available,
the reduced quality of life among the survivors urges the need for effective drugs that have
reduced toxicity. For MB, there is even more a need for compounds that can pass through the
blood-brain barrier (BBB), reduce or eliminate the tumor with less side effects and eliminate the
need for damaging radiation or surgery (28). The development of small molecule CDK inhibitors
such as VMY-1-103 in vitro and also through the use of the preclinical mouse model SmoA1ND2 show promise in treating this disease, as well as open a window to treat other cancers that
may have similar characteristics. Thus, the aims of this thesis are 1) Identify the mechanism of
action of VMY in vitro and its effect on apoptosis and autophagy in cancer cell lines and 2)
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Determine whether VMY-1-103 can cross the blood-brain barrier, be detected in the tumor, and
reduce tumor volume size in a medulloblastoma mouse model.

1.5.1

Identifying the mechanism of action of VMY in vitro and its effect on apoptosis and
autophagy.

Among cancer patients, there continues to be poor therapeutic outcomes, acquired
resistance, and detrimental side effects to multiple drug regimens that are commonly used for
cancer therapies. Thus, there is an urgent need for new therapeutics to combat various types of
cancer.
CDK inhibitors specifically inhibit the actions of critical cell cycle related proteins in
addition to other functions. Those that disrupt the cell cycle may induce any number of cell
cycle checkpoint proteins which may signal the cell to inhibit its proliferation and terminate by
apoptosis. However there are problems associated with the current regimen of CDK inhibitors.
Flavopiridol, the first cdk inhibitor used in human clinical trials for example, arrests the cells in
the G2/M phase of the cell cycle but exhibits mitotic slippage in that the cells will slip out of the
arrest, yielding dysfunctional cells with chromosomal abnormality. We have shown that the
CDK inhibitor VMY-1-103 induces cellular death by apoptosis through activation of caspase 8,
9, as well as death receptors DR4 and DR5. Here, we determine whether treatment of either
prostate and medulloblastoma cell lines with VMY can also induce autophagy in conjunction
with apoptosis. The experiments performed involve using inhibitors of autophagy and detection
of specific markers of autophagy including autophagic vesicle formation and visualization at the
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cellular and protein level. The results of these studies characterize an alternative mechanism of
cellular death induced by VMY that occurs in conjunction with apoptosis and enhance our
understanding of the mechanism of action of VMY.

1.5.2

VMY-1-103 blood-brain barrier penetrance in the SMO-ND2 mouse model, tumor

volume analysis and spectroscopy.
Determining the biodistribution of small molecules from in vivo samples has been a
challenge in that the assays used to quantify the compounds are time consuming, labor-intensive,
and not practical. Furthermore, when treating a brain tumor, it is imperative to determine the
quantity of drug that crosses the blood brain barrier (BBB) accurately in order to identify the
precise amount of compound that reaches the tumor, so as to not treat with toxic doses which
may damage sensitive organs. The blood-brain barrier is an interface that separates the brain
from the circulatory system to protect the brain from potentially harmful substances. It is formed
of highly specialized endothelial cells that line the brain capillaries. These endothelial cells are
tightly joined by tight and gap junctions that are bound to each other through connexins, claudin5, and ZO-1. The function of the BBB is to protect the brain from infection by microbes and
harmful poisons while allowing penetrance of nutrients such as glucose and oxygen that are
necessary for its activity. Therefore, it is impermeable to large molecules and those that are not
lipid soluble. Many methods have been developed to circumvent the BBB such as BBB
disruptants, high intensity ultrasound, or adenosine agonists. However, all of these techniques
have undesirable side effects on the brain due to compromising the BBB. In addition, frequently
these studies are hampered by use of an inappropriate model. We have found that the SMO-ND2
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mouse model is a suitable model to study medulloblastoma and also blood brain barrier
penetrance in that this model exhibits many of the symptoms and characteristics of clinical MB
such as upregulated sonic hedgehog pathway expression and more importantly, an intact BBB.
In studying a tumor, it is often desirable to measure tumor volume in order to determine
whether a drug is effective at decreasing the tumor size or studying the tumor growth kinetics.
For brain tumors, this is especially challenging due to the location in the brain that prevents
direct palpation by the physician to determine the size. The preferred method of detecting MB is
MRI, however only measuring the size of the tumor is not sufficient enough for determining the
aggressiveness of the tumor. Therefore, Magnetic Resonance Spectroscopy can be used at the
time of imaging to place a 3-dimensional voxel over the tumor and directly measure the tumor
metabolism. In the present study, we evaluate whether VMY can successfully penetrate an intact
blood brain barrier. We also use MRI to analyze the MB tumor volume of SMO-ND2 mice that
were treated with VMY and measure drug response by MRS. We further confirmed the effects
of VMY on the tumors by performing immunohistochemistry on the brain sections of these mice.
Therefore the results of this aim will determine whether VMY crosses the BBB, reduces tumor
volume, and induces a response as detected by MRS and immunohistochemical staining.
1.6 STATEMENT OF PURPOSE
The burden of prostate cancer and medulloblastoma hold great challenges for patients,
doctors, and the investigators who develop treatments. Adequately combating these diseases will
require both in vitro and in vivo based approaches. Therefore, the purpose of this study is to
determine the efficacy and mechanism of action of the small molecule inhibitor VMY-1-103 in
cancer cells in vitro, as well as determine the biodistribution and effect of the drug on the tumors
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in vivo. For the in vitro part of this study, I will determine if VMY induces both apoptosis and
autophagy as well as suggest a proposed mechanism of action from these findings. Translating
these findings to an in vivo model, I will also evaluate the biodistribution of VMY using a mouse
model and determine its effect on tumor size.
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2. TECHNIQUES AND METHODS APPLIED IN THIS THESIS
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2.1

IN VITRO ANALYSIS OF CELL CYCLE PHASE, PROTEINS, AND AUTOPHAGIC
MARKERS INDUCED BY VMY-1-103

2.1.1

Cell culture
The human medulloblastoma cell lines, DAOY, D556, and the human prostate cancer cell

line LNCaP were obtained from the Tissue Culture & Biorepository for Cell Lines and Biofluids
Shared Resource at Georgetown University. Cells were maintained in RPMI 1640 media (Gibco,
Grand Island NY) supplemented with 10% Fetal Bovine Serum, 0.1 mM non-essential amino
acids, 100 U/ml Penicillin-Streptomycin and 1 mM sodium pyruvate (Invitrogen), at 37 °C in 5%
CO2 as previously described (36). DAOY cells express the smoothened protein (37), while D556
have amplification of the MYC gene, resulting in its overexpression (38).

2.1.2. Cell Cycle Analysis
Medulloblastoma and LNCaP cells were collected in the following manner. After seeding
plates and allowing the cells to grow to 70% confluency, the cells were treated with either
DMSO, 30 µM VMY, or an inhibitor of apoptosis or autophagy, or co-treated with VMY and
autophagy inhibitors (for 18 hours). The cells were collected by trypsinization, resuspended in
Phosphate buffered saline (PBS) and fixed in 10% ethanol and stored at -20 °C until analyzed.
For analysis of cell cycle phase, the previously mentioned cells were pelleted and
resuspended in 20 ug/ml propidium iodide (PI) and 5U RNase A. DNA content was measured
using a FACStar Plus dual laser FACSort system (Becton-Dickinson) as previously described
(36).
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2.1.3. Western blot Analysis
Western blot was used to assess protein expression of human MB cells after VMY
treatment. After treatment, the cells were collected by trypsinization, pelleted by centrifugation,
washed once with PBS, and lysed using RIPA buffer (Roche) supplemented with protease
inhibitors and phosphatase inhibitors (Millipore) and quantitated as previously described (36).
Protein lysates (35 micrograms per lane) were incubated with a 2:1 ratio of NuPage LDS
Sample Buffer (Invitrogen) and β-mercaptoethanol. Prepared protein samples were run on a TrisGlycine 4-20% polyacrylamide gel (PAGE) for 2.5 hours and transferred overnight to a PVDF
membrane, which was blocked in 5% milk in a solution of 1X Tris-buffered saline and 0.05%
Tween 20 -(TBST) for 30 minutes and subsequently probed with the following antibodies. Total
CDK1(Santa Cruz, CA), phosphor-cdk1 Thr161, phosphor-cdk1 Tyr15, plk1, wee1, cdc25A,
aurora A kinase (Cell Signaling Technologies, Cambridge, MA) antibodies were utilized for the
G2-Mitosis transition experiments. For the autophagy experiments, mouse monoclonal anti-p62
(BD Biosciences) and rabbit monoclonal anti-LC3B (Cell Signaling) antibodies were utilized. βactin protein expression was probed as a loading control for total protein and used to normalize
for any variation between gel lanes as previously described (36). In some cases, the membranes
were stripped prior to re-probing with anti- β-actin antibody. Stripping was performed by
incubating membranes in 1X Pierce Restore Western Blot Stripping Buffer for 15 minutes with
gentle rocking, followed by rinsing three times with TBST and subsequently blocking again with
5% milk for 30 minutes
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2.1.4

Staining for acidic vesicles using Acridine Orange
For Acridine Orange (AO) staining, a 1 mM stock solution was prepared from powder

(MW: 369.94) in PBS. DAOY, D556, or LNCaP cells were grown on 50 mm glass cell culture
fluorodishes in the appropriate media and grown overnight. After an 18 hr incubation with either
30 µM VMY or the autophagy inhibitors, the Acridine Orange solution was added at a final
concentration of 10 µM in the media and the cells were incubated for 20 minutes at 37ºC. Live
cells were imaged directly on a Zeiss LSM510 Meta microscope using the following parameters
for non-protonated (green fluorescence) and protonated (orange fluorescence) species of AO. For
orange (pH 4 species), a mult-photon chameleon laser was set to 760 with a 700 short pass filter
using a metadetector of 651/42 emission filter. For green, an argon 488 laser using a 488
dichroic mirror and a 525/50 bandpass filter was used. All images were captured on live cells
directly from the cells adhered to the glass culture dish.

2.1.5

Immunofluorescence
DAOY, D556, or LNCaP cells were seeded on glass coverslips and treated with either

DMSO, VMY-1-103, or in combination with either Bafilomycin A1 or chloroquine to inhibit the
autophagic process and incubated for 18 hrs. After treatment, cells were washed with PBS and
fixed by immersing with 10% formalin for 10 minutes. The cells were then washed three times
with PBS, permeabilized with 0.1% Triton-X-100, washed again with PBS, and blocked in 1%
BSA in TBS as previously described (6). Cells were next incubated with a 1:200 dilution of
either anti-p62, anti-LC3B primary antibodies, washed with PBS 3 times and then stained with a
donkey anti-rabbit Alexa 488 antibody (Invitrogen) for LC3 or anti-mouse Alexa 594
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(Invitrogen) for p62 expression. Finally, slides were counterstained with DAPI for 5 minutes,
washed 3 times, and mounted on glass slides with Tris-buffered fluoro-gel (Electron Microscopy
Sciences, Hatfield, PA). Immunofluorescent imaging was performed using a Carl Zeiss LSM510
Meta and Deep Tissue Imaging Microscope at 63x with immersion oil. For the DAPI channel, a
multi-photon coherent chameleon laser (690-1040) was set to 790 nm using a short pass 700 nm
filter and a 460 emission filter with a 460/50 bandpass filter. For the green channel, an argon
488 laser using a 488 dichroic mirror and a 525/50 bandpass filter was implemented.

2.2

ANIMAL MODELS OF MEDULLOBLASTOMA AND BLOOD BRAIN BARRIER PENETRANCE

2.2.1

Transgenic mouse models of medulloblastoma

The SmoA1-ND2 preclinical mouse model was a generous gift from James Olsen (Fred
Hutchinson Cancer Research Center). These mice contain the SmoA1 transgene, which has a
point mutation in the Smoothened transmembrane receptor resulting in constitutive expression
and activation of the sonic hedgehog (SHH) pathway, a pathway shown to be implicated in the
development of medulloblastoma (39). This transgene is under the control of the neuro-D2
(ND2) mouse promoter, resulting in spontaneous cerebellar medulloblastoma at 3-4 months of
age. Normal, non-transgenic C57Bl6 mice were used as a control for the in vivo studies. All
handling, storage, and euthanization was done in accordance with the Georgetown University
Animal Care and Use Committee (GUACUC) guidelines. All mice were genotyped for the
SmoA1 transgene at the appropriate age with primers as previously described (20, 39).
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2.2.2

Solubility and LogD
In order to determine the solubility and lipophilic characteristics of VMY-1-103

compared to the parent compound Purvalanol B, solubility and Octanol-PBS partition coefficient
LogD tests were performed. PBS is a solution that has similar physiological properties and pH to
the phosphate buffering system in mammals. Octanol is a fatty alcohol (structure CH3(CH2)7OH)
that is immiscible in aqueous solutions such as water or PBS. The distribution of a compound
between the PBS and octanol is used to calculate the partition coefficient or LogD (40).
The octanol and PBS at pH 7.4 partition coefficient (logD) was analyzed using the
traditional shake flask method (41) and incubated at 37 °C. One milligram of either purvalanol B
or VMY-1-103 was weighed using an analytical scale in a 4 mL vial. The compounds were
dissolved in 1 mL of octanol-presaturated PBS, which was then shaken with 1 mL of PBSpresaturated octanol in a 37 °C incubator for 24 hours. After 24 hours, the two phases were
separated by centrifugation at 10,000 and each layer was carefully extracted to separate vials,
which were subsequently analyzed by injecting into an LC-MS/MS mass spectrometer to detect
and quantify the amount of specified compound in each layer. Quantification was done using the
peak intensity value and calculating the area under the curve (AUC). The partition coefficients at
pH 7.4 were calculated by using the AUC of the peak intensity and utilizing equation 2 as
previously described (42), and the experiment was done in triplicate.

2.2.3

Treatment of mice with VMY-1-103 or Purvalanol B and collection of tissues
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After a tumor was identified by MRI, mice were randomly assigned to be either
untreated, treated with VMY, or treated with PVB. These identified mice were injected with
20mg/kg VMY-1-103 or purvalanol B (dissolved in peanut oil) subcutaneously 3 times a week.
An additional group of mice was injected with only peanut oil to serve as a control. For timepoint studies, mice were sacrificed 1 hour, 4 hour, and 24 hours post injection. Serum and tissues
were collected at necropsy and flash frozen until analyzed (42).

2.2.4

Rapid phase extraction assay
Isolation of VMY-1-103 and PVB was performed using a novel rapid phase separation

assay. Mouse tissues were removed from any adherent liquid or moisture and weighed on an
analytical scale to obtain precise weight. Tissue samples were placed individually in 2 mL
Eppendorf tubes, to which 600 µL of HPLC grade distilled deionized water was added. Tissues
were then homogenized on ice using an OMNI Tissue Homogenizer (TH-115) equipped with
two-piece OmniTips (3750H) at 35,000 rpm in three 45 second bursts. Following
homogenization, 600 µL of HPLC grade dichloromethane (DCM, Fisher Scientific) was added to
each tube which was then vortexed for 1 minute and incubated on ice for 2 hours. Samples were
then centrifuged at 14,000 rpm using an Eppendorf 5415R refrigerated centrifuge at 4°C for 20
minutes, resulting in a biphasic solution that comprised an aqueous layer with tissue debris and a
clear organic dichloromethane layer. The organic layer containing the VMY or PVB and aqueous
phases were extracted carefully and placed in clean separate tubes.
This extraction was repeated twice by adding an additional 600 µL of dichloromethane to
the original distilled water tubes with the tissues and the resulting organic layer of each sample
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was combined respectively to obtain maximum recovery. Each sample was evaporated and
stored at -20°C. Efficiency of the extraction of VMY and PVB from the tissues was measured by
analyzing the quantity of each compound in the aqueous layer versus the organic layer by LCMS/MS (42).

2.2.5

Liquid Chromatography Mass Spectrometry
Varian 212-LC chromatography pumps were employed with a Pursuit XRs 3 µm C18

100X2.0mm column, Restek Ultra 5 µm 20X2.1 mm guard cartridge. Pump A ran water with
0.1% formic acid while Pump B used methanol with 0.1% formic acid. The program of the
pumps is listed in Table 2. The column was equilibrated for 15 minutes in between automated
runs with 7 minutes for ramp and 8 minutes holding which was found to be optimal for this
system. For automation, a Varian Prostar 410 autosampler was used for automation of vial
handling and injection. 10–20 µL of sample were injected using partial loop fill technique for
maximum reproducibility.
Detection of VMY or PVB was performed using a Liquid Chromatography Mass
Spectrometer (LC-MS/MS), specifically a Varian 500-MS ion trap. Varian workstation version
6.9.1 software was used to setup and operate the instrument, autosampler, and data aquisition.
Ionization was achieved using an electrospray interface (ESI) in the positive mode. Conditions
for the pump and operating program are summarized in Tables 1 and 2. VMY (exact mass
707.28 amu) was detected at 708.35 m/z as an (M+1) ion. Purvalanol B (exact mass 432.17) was
detected at 433.21 m/z as an (M+1) ion. Conditions are summarized in Table 2. Since the
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samples were run and detected using an ion trap, both VMY and PVB were detected in a single
run simultaneously using two different channels (42).
For quantitation, standard curves were generated using serial dilutions of stock VMY or
PVB in methanol at 0.02, 0.25, 0.5, 1, 2, 4 µM concentrations and analyzed by LC-MS/MS.
Correlation coefficient R-values were calculated using GraphPad Prism software by plotting the
linear regression against the calibration curve intensity.
In preparing frozen tissue samples from the phase extraction for injection into the mass
spectrometer, 80 µL of HPLC grade methanol was used to resuspend each evaporated tissue
sample which was then transferred to 0.25 mL glass conical inserts with poly-support springs
(VWR 46610–762) inside of Snap-vials (National Scientific). These vials were injected using
partial-loop µL injection. To control for quantification across multiple experiments, 125
nanomoles of PVB was added to VMY samples as an internal standard prior to LC-MS/MS
analysis. Similarly, 125 nanomoles of VMY were added to PVB samples as an internal control,
which were detected simultaneously using the ion trap. Quantification of VMY and PVB in
tissue samples was performed using Area Under the Curve analysis (AUC) by integrating the
peak intensity curve obtained from the LC-MS/MS using Varian Data Viewer 6.9.1. To
determine tissue delivery, each VMY sample was normalized using the internal standard and the
total quantity of VMY was calculated by comparing the AUC of the normalized sample to the
VMY calibration curve. Student’s t-tests were used to calculate statistical significances at 0.05
(42).
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2.2.6

Statistical and empirical limit of quantitation (LOQ)
The limit of quantitation for VMY and PVB was determined both statistically and

empirically. Ten blank controls with a matrix identical to the average samples were analyzed by
LC-MS/MS and the mean blank signal value and standard deviation (SD). Statistical limit of
quantitation (SA)LOQ was calculated using the mean blank value plus ten standard deviations and
calculated using equation 1 . (SA)LOQ is described as the signal at the limit of quantitation, (Sreag)
is the average blank signal, σ is the standard deviation, and z is the significance level which was
set to 10 for the strictest criteria.). The lowest limit of quantitation (LLOQ) is defined as the
lowest concentration in the calibration curve at which the (SA)LOQ signal is equal to 20 kilocounts
or the signal to noise ratio is greater than 10 (42).
For determining the empirical lowest limit of detection (LLOQ), the following method
was used. Limiting dilutions of PVB and VMY were performed to define the limits of detection
for both compounds. The samples were analyzed using the same LC-MS/MS peak intensity
AUC analysis as described above. The experiments were repeated in triplicate the LLOQ was
reported.

2.3

In vivo imaging and ex vivo analysis

2.3.1

Magnetic Resonance Imaging
Magnetic Resonance Imaging (MRI) was done using a 20 cm bore 7T Bruker horizontal

magnet running Paravision 5 at the Georgetown Lombardi Preclinical Research Imaging
Laboratory (PIRL). Tumor volume was quantified as previously described (43). Mice were
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imaged under anesthesia using 1.5% isoflurane and 30% nitrous oxide while positioned inside
the magnet using a custom designed animal management system which was further adapted to
accept the Bruker 4 channel brain array coil with full temperature and respiration control. For
imaging and anatomical evaluation, a T2-weighted rapid acquisition with relaxation
enhancement (RARE) method was used with the following parameters: matrix: 256 ×256, TR:
4660 ms, TE: 36 ms, spatial resolution: 137 µm/pixel and slice thickness: 0.5 mm. Volumetric
analysis of tumors were performed as previously described by tracing the tumor volume for each
section and calculating the total volume (42, 43).

2.3.2

Magnetic Resonance Spectroscopy (MRS)
To analyze tumor metabolism, single voxel proton MRS using the Position Resolved

Spectroscopy Sequence (PRESS) was performed as previously described (44). Parameters for the
MRS sequence were TE: 20 ms, TR: 2500 ms, averages: 1,024, spectral width of
4 kHz, and 2,048 complex data points and 6 Hz line broadening, using a voxel of 1–2 mm on
edge carefully placed entirely in tumor areas to avoid contamination from the normal brain area
of the tissue. Positioning of the voxel was accomplished using the RARE anatomical image as a
location scan.
To quantify the levels of neurochemicals, the Bruker developed software TOPSPIN was
used. Corrections were made for voxel volume related to size, shape, and location for tumor
when necessary. For comparison of in vivo MRS data and standardization, choline was used as
an internal standard since it is relatively consistent between tumor tissue and normal brain (45).
A non-parametric Mann-Whitney U test was used for statistics due to the small sample size with
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p values calculated. At termination of the MRS on the mice, the tissues and serum were
harvested immediately for mass spectroscopy analysis or fixed in formalin to process for
immunohistochemical staining.

2.3.3

Immunohistochemical staining of brain sections
For determination of apoptosis related proteins in tumor samples, immunohistochemistry

was used. Mouse tumors and brains were fixed in formalin, embedded in paraffin, and slide
sections were cut and mounted in the Georgetown Histopathology and Tissue Shared Resource
(HTSR) Core. Staining was essentially as previously described (46). Slides were deparaffinized
by heating in an oven for 1 hour at 60 °C followed by rehydration using a gradient of Xylenes
and Ethanol and finally immersing in distilled water using the Dako automated rehydration
system. Antigen Retrieval was done by microwaving slides in a coplin jar with 10 mM Citrate
Buffer pH 6.1. After blocking in goat serum, a 1:150 dilution of one of the following antibodies
was applied overnight at 4 °C in a humidifying chamber. Rabbit anti-PCNA, rabbit anti-cyclin
D1 were used for cell proliferation markers. TUNEL (Terminal deoxynucleotidyl transferase
dUTP nick end labeling) was used for detecting apoptosis. Dako kit HRP Labeled Polymer antirabbit secondary antibody was added for 30 minutes at room temperature in a humidifying
chamber, washed twice with TBS, incubated with 1 drop of Dako prepared DAB substrate,
incubated for 30 seconds, and washed with distilled water.
Next, all slides received hematoxylin (Invitrogen) to stain for nuclei which was then washed
in distilled water. Slides were then dehydrated using a gradient of ethanol to xylene and
counterstained with bluing reagent (Invitrogen) for hematoxylin visualization. Finally, all slides
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were dried and mounted with glass coverslips using permount (Fisher) and imaged with an
Olympus bright field microscope at 20x and 40X magnification.

2.4

Statistical Analysis
Statistical testing for comparisons were calculated and assed using unpaired two-tailed T-

test or one-way ANOVA as mentioned in the text unless otherwise stated. For some tests where
the sample size was small and the distribution of variables did not show a normal distribution, a
non-parametric Mann-Whitney test was used and p values were calculated using GraphPad
Prism.
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3. VMY-1-103 INDUCES AN AUTOPHAGIC RESPONSE IN VITRO IN PROSTATE
AND MEDULLOBLASTOMA CELL LINES

33

3.1

VMY-1-103 USES AUTOPHAGY AS A COMPONENT OF ITS MECHANISM OF ACTION

3.1.1

Autophagy and Cancer
Macroautophagy, here on termed autophagy, is a highly conserved eukaryotic catabolic

process that involves the degradation of a cells own components, such a proteins that are no
longer needed or organelles, through the cells lysosomal machinery. During periods of low
nutrients or starvation, a cell can breakdown its own components to be recycled for energy as a
means of cell survival (47, 48).
Though the process is complex and requires the coordination of a multitude of proteins,
much of the pathway has been delineated, identifying that autophagy can have either pro or antioncogenic functions. Indeed, in this manner when autophagic processes overcome the cell and
result in its death, the event is known as Type II Programmed Cell Death. In contrast, Type I
programmed cell death is characterized by apoptosis which occurs through either apoptosome
formation and activation of caspases or activation of death receptors. During autophagy,
portions of the cytoplasm, including organelles and degraded proteins, are pinched off and
enclosed by an isolation membrane, known as a phagophore, which results in what is known as
an autophagosome. Autophagosomes then fuse with endosomes and finally a lysosome,
becoming an autophagolysosome. It is this structure, the autophagolysosome, in which the
internal organelles and proteins are degraded so that they can be recycled into other necessary
components such as new organelles, proteins, or as an energy source (49).
There are a number of proteins that orchestrate this process, particularly the autophagyrelated gene (ATG) family and regulatory proteins exist that either promote or repress
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autophagic induction signals , including TSC1, TSC2, PTEN, pERK, and p53 (46, 50) as
inducers and mutant p53 as repressor of authophagy (46). Once autophagy is initiated, Beclin 1
signals ATG5 to bind with ATG12 to form an ATG5-12 complex. The ATG5-12 complex
facilitates the formation of the autophagosome (51) through the tethering of LC3I, which further
conjugates with phosphatidylethanolamine to become LC3II or LC3-PE. LC3II recruits the
autophagasome to the lysosome, creating an autophagolysosome (47). Finally, p62 will bind to
the autophagic cargo as waste and act as an targeting marker in order to facilitate the degradation
of the vesicle via lysosomal breakdown of the autophagolysosomal contents. During this process,
p62 is itself degraded (47, 48). It has also been shown that Beclin 1 can directly induce
autophagy independent of the ATG5-12 complex (49).
Recent studies have shown evidence of cross talk between both the intrinsic and extrinsic
apoptosis pathways and autophagy through p53, Damage-regulated autophagy modulator
(DRAM1), and Death Receptors DR4,5 (52). In our previous studies, we have shown that VMY1-103 induces apoptosis in the prostate cancer cell line LNCaP through a p53 dependent manner,
resulting in mitochondrial membrane depolarization, reduced levels of inhibitors of apoptosis
such as XIAP and cIAP-1 and activation of caspase-3 with PARP cleavage (36), all of which are
hallmarks of the intrinsic pathway of apoptosis. The result of this cascade shows an increase in
cellular death as detected by Trypan Blue Dye Exclusion assay and also by analyzing the SubG1
content through flow cytometry cell cycle experiments. However, the parent compound
Purvalanol B was unable to induce apoptosis (36). We saw a similar induction of apoptosis was
seen in human medulloblastoma DAOY and D556 cells, though we observed that the mechanism
of cell death appears to be partly due to the activation of the death receptors DR4 and DR5 (6).
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As caspases are the executing step of apoptosis, we attempted to inhibit apoptosis by
using a combination of commercially available caspase inhibitors. Z-LEHD-FMK (Tocris) is an
irreversible inhibitor of caspase-9, which is mainly involved in the intrinsic mitochondria
pathway of apoptosis, while Z-IETD-FMK (Tocris) can be used to inhibit caspase -8, which is
involved in the extrinsic death receptor pathway of apoptosis. In experiments in LNCaP and
DAOY cell lines using either compound individually or in combination while co-treating with up
to 30 µM VMY, it was possible to inhibit over 50% of cell death. However, inhibiting apoptosis
per se did not completely abrogate the cell death, suggesting that there may be an alternate
mechanism of cellular death occurring such as autophagy (6).

3.1.2

Inhibitors of autophagy reduce VMY-1-103 induced cell death
To test our hypothesis that autophagy may be an additional mechanism induced by

VMY-1-103 to induce cell death, we investigated whether the autophagic pathway was involved.
Several inhibitors of autophagy were initially employed. These are 3-Methyladenine (3-MA) and
Bafilomycin, which inhibit early autophagy and formation of the autophagosome, and
chloroquine, which inhibits the acidification of the autophagolysosome and its degradation (53).
When DAOY cells were treated with 5, 10, and 30 µM VMY for 18 hours, there was a 6 fold
increase in the subG1 population compared to DMSO control, indicating a substantial amount of
cellular death (Figure 3). However, when the same cells were treated for 18 hours with 30 µM
VMY after 30 minutes of pretreatment with either 5 mM 3-MA or 100 µM chloroquine, there
was an observed reduction in cell death by nearly half. Similar results were seen with LNCaP

36

cells. Taken together, these results support that autophagy is may play a role in the cellular
response to VMY.

3.1.3

VMY-1-103 induces autophagy in cancer cells
In order to further confirm that VMY causes an increase in autophagic vesicle and

consequently cell death, two separate immunofluorescence assays were used. First, both LNCaP
and DAOY cells were treated with 30 µM VMY for 18 hours. After 18 hours, the cells were
incubated with acridine orange (AO) and imaged using a Zeiss multi-photon microscope.
Acridine Orange is a lysosomotropic dye, meaning that it will accumulate in acidic organelles
such as lysosomes in a pH-dependent manner (54). At neutral pH, the dye is hydrophobic and
fluoresces green. But, within acidic vesicles, the dye is protonated and trapped within the
autophagolysosome. This protonated form aggregates and fluoresces within the red spectrum (excitation 502 nm/ emission 650 nm). After incubating LNCaP and DAOY cells with AO, it was
found that only VMY treated cells showed bright orange/red punctate, indicative of acidic
vesicles and alluding to autolysophagosomes versus DMSO control treated cells where acridine
orange punctate were not observed. (figure 4).
To directly visualize whether VMY induces the formation of autolysophagosomes, we
next treated cells with 15 µM VMY for 18 hrs, fixed the cells with formalin followed by staining
with an anti-LC3 antibody for immunofluorescence using. In the control DMSO treated group,
only baseline levels of diffuse LC3 were detected in the cytoplasm. Interestingly, we observed
many LC3 punctate in the VMY treated group (Figure 6). For control samples, LC3 punctate
were not observed when the LNCaP cells were pretreated for 30 min with the early inhibitor of
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autophagosome formation 3-MA, followed by 18hrs treatment with 15 µM VMY hours. When
the cells were pre-treated with chloroquine, a late autophagic inhibitor, followed by VMY,
numerous LC3 punctate were observed. These data indicate that the autophagic machinery was
functioning properly. Finally, a western blot-based analysis of protein from both LNCaP and
DAOY cells treated with VMY for 4, 6, and 24 hours showed an increasing trend in the levels of
LC3II, a marker for the presence of a fully functional autophagolysosome, as time progressed,
agreeing with the immunofluorescence data. Conversely, the levels of p62 were observed to fall
as time progressed (Figure 7). The total amount of protein in each sample well was normalized
using beta-actin.

3.2

Conclusions and future directions
In the present study, we found that VMY-1-103 may be a potent anti-cancer compound

that induces both apoptosis and also autophagy in multiple prostate and medulloblastoma cell
lines. This is an important finding because the parent compound of VMY, purvalanol B, was
found to not have any significant effect on cell in terms of viability or protein expression. One
reason for this is that we have found the modification of VMY by adding the dansyl side chain
makes the compound significantly more lipophilic, such that VMY is able to better penetrate the
cell membranes and reach its target (42). Western blot analyses of the critical G2/M related
proteins phospho-cdk1 Thr161, phosphor-CDK1 Tyr15, Wee1 kinase, plk1, cdc25A, and Aurora
A kinase showed a profound decrease after only 18 hours of treatment, indicating that VMY has
a deleterious effect on the cell cycle progression at the G2/M transition. Cell cycle analysis
established that cells that were treated with VMY exhibited a dose dependent response to VMY
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with arrest in the G2 phase of the cell cycle and an increase in the subG1 population. In addition,
proteome analysis revealed that there was an upregulation of p53, as well as pro-apoptotic genes
such as p21, caspase 3, DR4 and DR5 (52). In our current interrogation of autophagy related
genes, we also observed significant increases in pro-autophagy LC3II protein and a decrease in
p62, indicating that the autophagic machinery is degrading autophagolysosomes at a rapid pace.
Using western blot analysis and also through immunofluorescence staining of LC3 punctate, we
confirmed that autophagy was occurring in VMY treated cells, which were absent in the DMSO
control group.
One such explanation as to why both types of cell death are occurring is that there may be
some bridge or crosstalk between the apoptotic and autophagy pathways. Indeed, it has been
previously shown that small molecules can induce both apoptosis and also autophagy by a link
through critical signaling proteins such as p53, DRAM, or DR4 (52). In a previous experiment,
we used specific inhibitors for caspases 8 and 9 to determine if we could prevent VMY mediated
apoptosis. Using these compounds to inhibit the apoptosis pathway led to the observation that
the relative amount of cellular death was diminished. However, we were unable to completely
abrogate VMYs ability to induce cell death in that cellular death was still apparent. This may
indicate that even though we have inhibited apoptosis, the cells may still be dying through a
second pathway, and that in using the caspase inhibitors we have only inhibited one arm of
VMY’s combined mechanism. To confirm that both autophagy and apoptosis were responsible
for cell death, we inhibited both processes by using commercially available inhibitors. In doing
so, we observed a complete abrogation of cellular death as determined by subG1.
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Therefore, for the future directions for this aim, it will be important to look at the effect
of ATG5 and p53 knockdown on the viability of the cells and see if the proportion of dead cells
decreases as well as a change in autophagic markers. In cells that have ATG5 knocked down
and are treated with VMY, if there is a reduction in cell death but p53 is still being induced, then
it may suggest that p53 is an important mediator in signaling both apoptosis and autophagy. As
such, it will also be important to knock down p53 and then treat cells with VMY to determine if
autophagy markers such as LC3 and p62 are absent, which would further confirm the effect of
p53 inducing autophagy after VMY treatment.
Taken together, the results suggest that VMY-mediated cell death can occur by both
apoptosis and also autophagy, possibly through ATG5 and p53 signaling. These data further
indicate that VMY is a unique drug that shows promise to test on aggressive tumors in the
preclinical setting, not only due to its potency in reducing cancer cell viability but also that it was
ineffective at killing normal immortalized cell lines.
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3.3.

Figures and Tables

Figure 2. Protein expression of critical G2-M transition proteins in DAOY cells after
treatment with DMSO, 30 µM PVB, 30 µM VMY, or 10 µM Flavopiridol (FLV)for 18
hours. Both DMSO and PVB show little change in nearly all protein expression.
Conversely, VMY and FLV show a profound decrease in G2-M related proteins.
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Figure 3. Cell Cycle analysis of DAOY cells treated with either 30 µM VMY in single or
co treated with low and high doses of 3-MA or chloroquine. SubG1 content graphed as fold
change from DMSO. VMY treatment shows a nearly 6 fold increase in SubG1 content
from DMSO. Inhibiting autophagy with either 10 mM 3-MA or 100 µM chloroquine
reduces the SubG1 content by nearly half.
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Figure 4. Immunofluorescence imaging of DAOY cells stained with the Acridine Orange
(AO) after treatment with A) DMSO show no acidic punctate vesicles after 18 hours. B)
Treatment with 30 µM VMY resulted in accumulation of AO punctate, and thus acidic
vesicles, after 18 hours.
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Figure 5. Immunofluorescence staining of LNCaP cells with anti-LC3 antibody (green) and
DAPI (blue). A) Treatment of cells with DMSO show diffuse green LC3. B) Cells treated with
15 µM VMY show numerous LC3 punctate in the cytoplasm.
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Figure 6. Immunofluorescence staining of LNCaP cells with anti-LC3 antibody (green) and
DAPI (blue) with autophagy inhibitors. A) Treatment of cells with 15 µM VMY for 18 hours
after pre-incubation with 3-Methyladenine for 30 minutes show diffuse LC3 but no punctate . B)
Cells treated with 15 µM VMY for 18 hours after 50 µM chloroquine pretreatment for 30
minutes show numerous LC3 punctate in the cytoplasm.
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Figure 7. Western blot using: anti-p62 and anti-LC3B antibodies on lysate from LNCaP cells
treated with 30 µM VMY for 4, 6, and 24 hours. Apparent p62 levels decrease as time
progresses. Conversely, LC3II levels increase as time progresses. An anti-actin antibody was
used to detect actin for loading control.
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4. BLOOD-BRAIN BARRIER AND DRUG PENETRANCE

Adapted from Publication:
Sirajuddin P, Das S, Ringer L, Rodriguez OC, Sivakumar A, Lee YC, Üren A, Fricke ST, Rood B, Ozcan A, Wang SS, Karam S,
Yenugonda V, Salinas P, Petricoin E 3rd, Pishvaian M, Lisanti MP, Wang Y, Schlegel R, Moasser B, Albanese C, “ Quantifying
the CDK inhibitor VMY-1-103's activity and tissue levels in an in vivo tumor model by LC-MS/MS and by MRI” Cell Cycle,
11(20): 3801-9. 2012.

With kind permission from Landes Bioscience
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4.1

Solubility and LogD
We previously established that VMY was significantly more effective than PVB in

inducing cell cycle arrest and apoptosis in cancer cells (6, 36). Because of its structure, we
hypothesized that the dansyl modification increased VMYs lipophilicity, which may also
enhance its ability to traverse the cell membrane and other lipophilic barriers such as the bloodbrain barrier. Having developed a sensitive mass spectrometry assay for quantifying VMY and
PVB (42), we next did specific tests to address the effects of dansylation on the chemical
characteristics of VMY.
In order to quantify the lipid solubility of both compounds, VMY and PVB, we
performed partition coefficient measurements that quantify solubility in either an organic or
aqueous phase. Either VMY or PVB was dissolved in a mixture of 1:1 phosphate buffered saline
as the aqueous phase and n-octanol as the oil-organic phase. After 24 hrs incubation, each layer
was extracted, assayed for chemical content and then by applying the LogD formula described in
section 5.5 (equation 2), the partition coefficients of VMY and PVB at pH 7.4 were found to be
2.03 ± 0.02 (n = 3) and 0.15 ± 0.002 (n = 3). Thus, VMY was found to be substantially more
lipophilic than PVB.

4.2

Treatment of SmoA1-ND2 mice with VMY-1-103
For in vivo delivery experiments, mice were injected with either vehicle (peanut oil),

VMY, or PVB at 20 mg/kg. Tissues were collected at 1, 4, and 24 hrs after the last injection.
Venous blood was collected from the heart by cardiac puncture prior to sacrificing. The excised
tissues were weighed on an analytical balance, homogenized in water and processed using the
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rapid organic phase extraction assay described in the methods section. As an internal standard,
125 nanomoles of PVB was added to the VMY samples. Similarly, an equal amount of VMY
was added to the PVB samples respectively, which were then assayed using LC-MS/MS as
described (42). Chromatograms from representative kidney samples are shown in figure 11. The
peak intensities occurred at 7.7 minutes for PVB and 8.7 for VMY, as expected.
We next did an extensive analysis of multiple tissues from the mice. Kinetics and
distribution of VMY in tissues are shown in Figure 12. At 1 hour post-injection, VMY was
detected in prostate, pancreas, fat, urine, serum, and spleen. By 4 hours, VMY was detected at
its highest levels in these tissues and was also found in the kidney. Finally, at the 24 hour time
point, VMY was detectable in all tissues (except the spleen) at reduced levels compared to the 4
hour time point. In a separate experiment, we also administered VMY by oral gavage at the
same 20 mg/kg dose. The highest amount of VMY was found in the kidney and serum at 1 hour,
and in the pancreas and spleen at 4 hours post-injection (figure 13).
Next, we investigated the tissue distribution of PVB and similarly administered 20 mg/kg
via intraperitoneal injection. PVB was detected in kidney, spleen, pancreas, prostate, lung and
serum (Figure 12B). Overall, the tissue and serum levels of PBV, while lower than VMY (note
differences in scale), were within the linear range of detection.

4.3

LC-MS/MS detects VMY in brain and tumor tissue.
Tissue samples from the normal cerebellum and brain cortex were excised from mice

four hours after VMY or PVB injection. As with the other tissue samples, the brain samples
were homogenized in water, extracted with dichloromethane and analyzed by LC-MS/MS.
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While PVB was not detected in measureable amounts in the cortex or cerebellum (Figure 12C),
VMY at concentrations of 0.14 +/- 0.05 µM and 0.53 +/- 0.17 µM were found in the cerebellar
and cortical tissue, respectively (Figure 12C). Similar results were seen for VMY delivery to the
brain when mice were administered oral gavage (Figure 13).

4.4.

Conclusions and future directions
In the present study, we evaluated the compound VMY-1-103 for its potential to be used

in the preclinical mouse model setting. We found that VMY was distributed in a wide variety of
tissues including spleen, prostate, pancreas, liver, kidney, and more difficult to reach targets such
as the cortex and cerebellum. The concentration of VMY was detectable at 1 hr post-injection
and peaked at 4 hours, finally receding by 24 hrs. The levels of PVB peaked at 1 hr postinjection and the total quantity was found to be lower than VMY. With any drug that targets a
tumor derived from the brain, the ability to cross the blood-brain barrier is critical in order for the
drug to reach its target. Though there are many methods in circumventing this barrier such as
Blood-Brain Barrier (BBB) disruptants, high intensity ultrasound, or adenosine receptor agonists
((55-57), there is a need for small molecules that can natively cross the BBB without extraneous
procedures. We were successful in detecting VMY in homogenized tissue from the brain,
cerebellum, and also the medulloblastoma tumors of mice that were injected intraperitoneally.
Additional confirmation needed for this finding is discussed in the future directions below. The
parent compound, PVB, was undetectable in the brain or tumor. This finding is important
because it shows that our drug could potentially reach the targets directly for this type of tumor.
One explanation as to why VMY but not PVB was detected in the brain is due to the increased
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lypophilicity of VMY that occurs by virture of the dansyl side chain. It is well established that
highly soluble and lipophilic compounds can readily penetrate the BBB (56, 57). In our
solubility testing, VMY was found to have a logD partition coefficient of 2.03 ± 0.02, indicating
that it is significantly more lipophilic than PVB which had a LogD partition coefficient of 0.15 ±
0.002 (n = 3). Therefore, it could be postulated that VMY may diffuse across the BBB, however
further tests are needed. Another explanation of a mechanism in which VMY might enter the
brain could be through the cerebral spinal fluid (CSF), as that is a mechanism in which the MB
tumors metastasize. This result may also indicate that similar modifications might be made in
existing small molecules to increase their cell permeability, potency, and also facilitating the
drugs capability to cross the blood brain barrier.
We were also successful in developing a rapid and highly sensitive mass spectrometry
assay. We found that VMY and PVB could be extracted using organic phase extraction with
dichloromethane and water. This assay was found to be ideal for our extractions because it was
fast and highly accurate in that we were able to recover 97% of the injected VMY or PVB,
suggesting that the quantification of VMY or PVB from the tissue samples was accurate. Due to
the rapid nature of the assay and its accuracy, this method could be applied to detect other small
molecules that utilize preclinical in vivo testing.
For the future directions of this aim, and additional experiment would be to purge the
serum from the mice first through total body perfusion and then harvesting the brain, as some
molecules that are not BBB permeable may reside in the location of the the brain arteries, but not
not directly in the brain per se. Regardless, the immunohistochemical staining from these brain
sections that is described in chapter 5 show a consistent pattern of apoptosis and a decrease in
51

cell proliferation of VMY treated mice compared to control that we have observed in vitro.
Finally, it is of interest to examine if VMY can be detected in the CSF of injected mice as that
may be an alternative mechanism for which VMY can enter the brain.
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4.5. Equations, Figures, and Tables

Equation 1) Equation used for statistical LOQ. ( SA )LOQ is the signal at the limit of
quantitation, (S reag ) is the value of the average blank signal, σ is the standard deviation, and z
is the significance level.
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Equation 2) Partition coefficient at pH 7.4. AUCoct is the area under the curve for the LCMS/MS detection of VMY in the octanol phase and AUCbuffer is the area under the curve for the
aqueous phase.
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Table 1) Liquid chromatography tandem mass spectrometry. Operating conditions for detection
of VMY and PVB.
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Table 2) Mass spectometry parameters for detecting VMY and PVB. LC-MS/MS Pump
Program.
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Table 3) Octanol-PBS LogD partition coefficient at 37 °C as detected by LC-MS/MS. LogD is
calculated using LC-MS/MS integrated Area Under the Curve (AUC) data and equation (1). MW
values are reported in Daltons. Experiments were done in triplicate.
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Figure 8. Detection of VMY (708.3 m/z) and PVB (433.2 m/z) base peaks by LC-MS/MS in
positive mode (M+1).
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Figure 9. Calibration curves. (A) LC-MS/MS calibration curves of PVB (7.7 min) and VMY
(8.7 min) at the concentrations shown. (B) Calibration curve calculations and R correlation
coefficients for VMY and PVB.
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Figure 10. Limits of detection by LC-MS/MS. VMY and PVB at the concentrations shown and
plotted against intensity counts in arbitrary units (AU). Data are average ± standard deviation of
n = 3 separate experiments. *, p < 0.01 vs. PVB using Student’s t-test’s.
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Figure 11. Measuring VMY or PVB in tissue samples. Representative dual ion LC-MS/MS
tissue spectra from mice injected with (A) VMY, (B) pVB and (C) vehicle (peanut oil). D)
aqueous phase following extraction from tissues of mice injected with VMY or E) PVB.
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Figure 12. In vivo tissue delivery and quantification. Tissue samples were collected at the times
shown from mice that received intraperitoneal injections of (A) 20 mg/kg VMY or (B) 20 mg/kg
PVB (note: Y axis is micro-molar in (A) vs. nanomolar in (B). (C) Brain tissue from mice
injected with VMY or PVB. All data are average ± standard deviation of three separate
samples. panc, pancreas; Cb, cerebellum; Ctx, cortex; MB, medulloblastoma; N.D., not
determinable (below levels of detection).
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Figure 13. Oral administration of VMY and quantitation in tissues. Tissue samples were
collected from mice administered 20 mg/kg VMY by oral gavage at the times shown. A) body
organs and B) brain samples were collected at necropsy. Data are of representative samples.
Panc, pancreas.
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5. VMY-1-103 AS A NOVEL THERAPEUTIC FOR MEDULLOBLASTOMA IN A
PRECLINICAL MOUSE MODEL

Adapted from Publication:
Sirajuddin P, Das S, Ringer L, Rodriguez OC, Sivakumar A, Lee YC, Üren A, Fricke ST, Rood B, Ozcan A, Wang SS, Karam S,
Yenugonda V, Salinas P, Petricoin E 3rd, Pishvaian M, Lisanti MP, Wang Y, Schlegel R, Moasser B, Albanese C, “ Quantifying
the CDK inhibitor VMY-1-103's activity and tissue levels in an in vivo tumor model by LC-MS/MS and by MRI” Cell Cycle,
11(20): 3801-9. 2012.

With kind permission from Landes Bioscience
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5.1

TUMOR VOLUME ANALYSIS BY MAGNETIC RESONANCE IMAGING
Through the Preclinical Imaging Research Lab (PIRL) at Georgetown, we applied MRI

to non-invasively measure tumor response to VMY as measured and analyzed by segmentation
using Paravision 5. The SMOA1-ND2 mouse model develops medulloblastoma by 3-4 months
of age (39). When a mouse with MB was identified, it was randomly assigned to either a control
group or a group that was treated intraperitoneally with 20 mg/kg VMY. Volume measurements
were taken at the time the mice were placed on the trial and after 3 months. It is important to
note that there were no statistical differences in tumor volume at the start of the experiment. We
found that control mice injected with peanut oil had substantial tumor growth up to 1.45 +/- 1.21
mm3, a fold change of 10.02 +/- 3.6. Interestingly, mice treated with VMY showed reduced
tumor volume at the end of treatment with a final tumor volume size of 0.31 +/- 0.25 mm3,
representing only a 3.74 +/- 1.45 fold change of the final volume versus the initial volume. This
suggests that intraperitoneal treatment of VMY reduced the MB both tumor growth kinetics and
overall tumor size versus control mice .

5.2.

TUMOR METABOLISM ANALYSIS AND DRUG RESPONSE BY MRI-SPECTROSCOPY
At the time of MRI analysis, we also performed Magnetic Resonance Spectroscopy (1H-

MRS) to non-invasively measure tumor responses to VMY. In addition to inhibiting tumor
growth as measured by segmentation, 1H-MRS established that relative ratio of taurine and
myo-inositol were altered in tumors following treatment with VMY. Both of these metabolites
have key roles in the nervous system including osmoregulation, integrity of neuronal
membranes, as well as homeostasis. Other metabolites measured, choline and N-acetylaspartate
65

(NAA) were found to be relatively unchanged by VMY treatment. These two metabolites are
involved with neuronal metabolism and suggest that VMY did not have an overall adverse effect
on the brain and did not compromise the animal. All metabolites were normalized to the levels
of creatine, which was found to be consistent in all mice and has been typically used for
normalization in the literature.

5.3.

IMMUNOHISTOCHEMICAL STAINING FOR APOPTOSIS AND CELLULAR PROLIFERATION
FROM VMY-1-103 TREATED SMOA1-ND2 MOUSE BRAIN SECTIONS

Finally, we took the mice that were scanned, isolated the tumors and normal cerebellum,
fixed and embedded them with paraffin to do immunohistochemical analysis of critical proteins
involved in cell proliferation and apoptosis. We performed immunohistochemical analyses for
specific markers of cell proliferation or cell viability to assess whether VMY was an effective
anti-tumor agent, in vivo. TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end
labeling) is a method for detecting DNA fragmentation and works by labeling the terminal end of
nucleic acids. DNA fragmentation is a hallmark of apoptosis. PCNA (proliferating cell nuclear
antigen) is a protein that is highly active during cell proliferation in the G2 and Mitosis phases of
the cell cycle (58). Similarly, Cyclin D1 is a protein whose expression is critical for progression
of the cell cycle from G1 to S phase and hence proliferation of the cells (59). We found that
VMY induced significant increases in TUNEL-positive cells (8.9% ± 1.8 for VMY vs. 5.9% ±
0.5 for control, p = 0.01) and also in PCNA-positive cells (38.3% ± 12.4 for VMY vs. 13.3% ±
12.1 for control, p = 0.025). Cyclin D1 positivity (13.8% ± 4.0 for VMY vs. 33.1% ± 4.9 for
control, p = 0.024) levels were observed to decrease.
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5.4

Conclusion
In the present study, we developed a method for analyzing tumor volume non-invasively

of mice with medulloblastoma. Studies using clinical data have shown that about 25 to 30% of
medulloblastoma cases are caused by mutations that elevate the activity of the sonic hedgehog
pathway (60), making our SmoA1-ND2 model, which similarly overexpresses this pathway, an
relevant model to study. As we had hypothesized, we found that mice with MB that were treated
with VMY had on average a reduced tumor size compared to control mice at the end of the
treatment period and that the difference was statistically significant. The ability to detect,
quantify, and monitor tumors quickly and accurately is of utmost importance in it that can be
translated to the clinic.
While the field of Magnetic Resonance Spectroscopy is gaining momentum in that tumor
metabolism can be non-invasively analyzed (44), we found that MRS can yield valuable insight
into response of the drug treatment. This is particularly useful for brain tumors because of the
size and aggressiveness as well as the response to drug treatment are difficult to assess using
traditional methods. In our study, we found that taurine and myo-inositol were altered in tumors
following treatment with VMY. Taurine has been shown to play a number of roles in the
nervous system such as affecting osmoregulation, maintaining integrity of membranes,
regulating calcium transport, homeostasis, and functioning as a neuro-protectant (61).

The

increase in taurine after VMY treatment may be attributed to its osmo-regularity role or could
perhaps be a response to the increase in overall cellular apoptosis brought about by VMY. Myoinositol (mI) is considered a marker of glial cells. Changes in mI levels are associated with white
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matter diseases and grade II astrocytomas (62). Additionally, mI levels can be expected to be
augmented in response to damaged cellular membranes. Increased mI levels are also associated
with inflammation (44, 62), which agrees with the histological data from the mice. We did not
observe significant changes in the choline levels, which are abundant in the MBs of this mouse
model (45). Studies have also shown that the levels of choline are relatively consistent in both
the brain tumors and normal brain tissue (62), and our studies support this finding. Nacetylaspartate (NAA) is a marker of neuronal metabolism (62), and we found that the relative
levels of NAA were not impacted by VMY. This suggests that VMY did not have an overall
adverse effect on the brain, as levels of NAA would be expected to change if the integrity of the
brain was compromised.
We further analyzed the brains and tumors of these same mice following termination of
the study by immunohistochemistry. Our findings show an increase in TUNEL staining, which
is a well-established marker of apoptosis (63, 64). It is also known that cells which are not
proliferating rapidly or dying have low levels of cyclin D1 (3). Consist with the TUNEL result,
Cyclin D1 levels in our samples were found to be decreased in VMY treated mouse MBs
compared to control, indicating that cell proliferation may be reduced. Though we found PCNA
levels elevated in VMY treated samples, this was expected since the levels of PCNA are elevated
in the G2-Mitosis phases of the cell cycle and our previous in vitro data have shown that VMY
causes a dose dependent cell cycle arrest in the G2 phase of the cell cycle of medulloblastoma
cells in vitro (6, 58). Taken together, these results indicate that VMY reduces MB tumor size in
a mouse model, alters the metabolism of the tumor and induces apoptosis, thus exemplifying that
VMY could be a potential therapeutic for the clinic.
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5.5.

Figures and Tables

Figure 14. Example MRI image of a SMOA1-ND2 mouse with medulloblastoma. A) Initial scan
detects a small mass. B) Scan of the same mouse after 3 months without treatment.
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Table 4) Effect of VMY on tumor growth. Initial and final tumor volumes as measured by MRI.
Data are average ± of either standard deviation (SD) or standard error of the mean (SEM) of n =
6 mice in each group.
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A

B

Figure 15. Effect of VMY on tumor metabolism. A) Representative voxel placement and in
vivo MR-spectral profile of MB. (B) effect of VMY on metabolite ratios. Metabolite ratios were
established relative to creatine (Cr).
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Figure 16. Effect of VMY on tumor cells from treated MB mice. Immunohistochemical
staining of TUNEL, PCNA, and Cyclin D1 of control and VMY treated MB samples from the
mice in Figures 12, 15, and 16.
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Figure 17. Hematoxylin and Eosin staining of MB sections from SMOA1-ND2 mice.
Representative section of tumors from control mice treated with A) peanut oil or with B)
20mg/kg VMY.
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6. SUMMARY, GENERAL DISCUSSION, AND FUTURE DIRECTIONS
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Recent characterization and diagnostic techniques have increased our understanding and
etiology of both prostate and medulloblastoma. Specifically, categorization of specific types of
MB have led to more targeted drugs, such as those that target the sonic hedgehog or WNT
pathways specifically. While there are treatments currently available, targeting these specific
pathways, the treatments do not account for tumor cells that mutate and become resistant to the
drugs, rendering them more ineffective as the tumors relapse. There is also a need for new
therapeutics that can target and eliminate tumors in patients that are not able to receive radiation,
such as individuals who are too young, as well as improve the quality of life of individuals who
have received treatment, as many patients frequently have impaired neural function and disorders
as they age. Furthermore, with respect to the worst prognostic subtype of medulloblastoma, the
undefined genetic abnormalities, there is an urgent need of more effective treatment options. In
addition to treatment, there is also a need for assays to detect and quantify the response to the
drugs. The current study presents data showing, VMY-1-103, as a novel candidate small
molecule that induces apoptosis and autophagy in MB and prostate cancer cell lines in vitro and
reduced the tumor size in a mouse model of medulloblastoma.
It is important when evaluating a new small molecule that they are robust, effective, and
not harmful to non-cancerous cells. In our preliminary results in vitro, VMY-1-103 induced a
rapid apoptotic response including activation of caspases, depolarization of mitochondrial
membrane and fragmentation of DNA in human prostate and human medulloblastoma cell lines.
These events have all been shown to be hallmarks of apoptosis (64-66), indicating the cells were
undergoing cellular death. In addition to apoptosis, cells can also undergo a form of
programmed cell death by the process of autophagy through an increase in cellular stress and
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activated kinases from small molecules (53). Surprisingly, further investigation into the
mechanism of cellular death by VMY revealed that the compound also induces an autophagic
response. When we pre-treated prostate and MB cells with inhibitors of autophagy followed by
treatment of cytotoxic concentrations of VMY, we saw a reduction in cell death as detected by a
decreased SubG1 population, indicating the cells may be dying through an autophagic process.
With VMY treatment alone, we also saw an increase in LC3 levels with a concomitant decrease
in p62 levels, which are hallmarks of autophagy, but not when treated with two different
autophagy inhibitors. This finding was further confirmed through the visualization of LC3
punctae that accumulate in VMY treated samples through immunofluorescence. Importantly, we
did not see any of these effects in normal cells or cancer cells that were treated with DMSO.
Many studies have similarly shown crosstalk between apoptosis and autophagy, be it through
activation of p53, Death Receptors 4 and 5, Beclin 1, ATG5, or BCL2, in multiple cancer cell
types (50, 52). Such crosstalk, combined with our findings, suggests that VMY-1-103 may be a
compound that concomitantly induces both pathways, which could attribute to the rapid nature of
cell death and the profound decline of cell cycle related proteins found after only 18 hours of
treatment. At the present time, a proposed mechanism of action for VMY is illustrated in Figure
18.
With any compound that has promise in preclinical testing, the ability to accurately,
rapidly detect, and quantify the delivery of a potential therapeutic compound to target tissues is a
critical component of the drug discovery process. Assays that have previously been used to
perform these analyses are inefficient in that they are time consuming, complicated, and result in
significant sample loss. In the present study, the development of a novel rapid phase extraction
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LC-MS/MS assay should ameliorate this process and further allow high throughput screening of
compounds. Dansylated compounds are more readily detected by mass spectrometry due to its
increased ionization (67). We expected that VMY’s dansyl modification would enhance our
ability to measure the distribution of the compound in tissue by LC-MS/MS. Indeed, we found
that VMY was 15 fold more sensitive even at the lowest limits of detection and the overall
sensitivity increased by 2 fold over PVB. In addition to sensitivity, we had speculated that the
dansyl modification of VMY may also aid in increasing its potency due to the increased lipid
partitioning compared to PVB. It is well known that lipophilic molecules can cross the bloodbrain barrier readily (57). VMY was indeed found to be significantly more lipid soluble than
PVB in our LogD and partition coefficient experiments. In agreement with this, we found higher
overall amounts of VMY in the blood and tissues or numerous organs, including the prostate,
which is one of VMYs proposed target organs. Though we observed PVB in samples using the
same methodology, the concentrations detected were much lower, and we did not detect any
PVB in the brain, cerebellum, or tumors of the mice. As such, dansylation could also be used as
a “tag” to increase the measurement of the drug using this assay. This approach and technique
could prove useful in future studies where biodistribution and detection can be enhanced by a
single modification.
One of the challenges in developing a drug to target a tumor arising in the brain is
tracking its ability to cross the blood-brain barrier. Many methodologies exist for delivering
drugs to the brain, including intrathecal administration, convection enhanced delivery via
surgically implanted catheters, surgical implantation with drug infused discs (56). Another
strategy has been to use BBB disruptants such as bradykinin, mannitol, or high intensity focused
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ultrasound (57). Recently, activating adenosine receptors has investigated and found to allow
drugs minimal BBB penetrance (55). These techniques, while not ideal, underscore the need for
compounds that have a native ability to cross the BBB. In our study, we found that dansyl
modification can increase the delivery of purvalanol-based compounds across an intact BBB.
This suggests that similar modifications on other compounds may enhance their delivery to the
brain, which could be especially important in the design of compounds that target the brain either
by intravenous injection, orally, or intranasal administration.
Another challenge that comes with studying a brain tumor is detecting the tumor itself
and monitoring the drug response non-invasively. We found that MRI could be used to
accurately image the tumors over a period of time and quantify the change in tumor volume size
precisely. Mice with MB that were treated with VMY were found to have a reduced tumor size
compared to mice treated with peanut oil. Our IHC data agrees with this data in that we saw a
decrease in cell proliferation active Cyclin D1, as well as an accumulation of PCNA expression
which correlates with high levels of cells arresting in the G2 phase of the cell cycle. Finally, we
saw a significant increase in TUNEL staining, which is a marker for fragmented DNA and thus
apoptosis (64).
We also found through 1H-MRS analysis that the tumor metabolism of mice that were
treated with VMY were altered compared to the tumors of mice that were treated with peanut oil.
Of particular interest were the metabolites creatine, choline, taurine, myo-inositol and nacetylaspartate. These metabolites have all been shown to be important in the regulation,
maintenance, development and function of brain tissues (45, 61). The increase in taurine
suggests a change in the osmoregulation of the tumor cells, due to the overall increase in
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apoptosis. Similarly, the increase in myo-inositol may be a response due to damaged cell
membranes from apoptosis. The choline and N-acetylaspartate levels were not found to change
significantly, which suggest that VMY did not impact the integrity of the overall brain. We also
did not experience any detectable side effects or additional maladies to the mice from VMY
treatment. Future preclinical studies or clinical evaluations of the progress of MB could be
monitored in a similar fashion to evaluate drug response.
While much work has been done, there are several future directions for studying VMY.
A critical component in studying VMY is to identify the target or targets that the compound
binds to. One manner in which this can be done is taking advantage of the fact that VMY has a
dansyl side chain, to which a commercially available anti-dansyl antibody could be used to
immunoprecipitate the VMY-protein complex, and then identify the direct protein target by
protein sequencing. Validation of this target by knockdown experiments will prove to be
valuable as well as revealing which potential novel proteins that are involved in illiciting both
apoptosis and autophagy. Such findings could be utilized in the future design of anti-cancer
drugs that are more effective and specific. Taken together, the development of non-invasive
imaging methods to measure, quantify, and analyze responses to chemotherapy is strengthened
by using appropriate and clinically relevant models such as the SMOA1-ND2 medulloblastoma
mouse model and MB cell lines. In these models, we have shown that VMY-1-103 not only is a
promising candidate for brain derived cancers in that it was detected in the brain, but may also be
effective in treating other types of tumors such as those in the prostate. More importantly, these
methodological approaches can be easily translated to the clinic, which will ameliorate our
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ability to treat tumors, predict their responsiveness in vivo, and using biopsied tissue to
accurately measure drug delivery.
Fig. 18. Proposed Mechanism of Action of VMY-1-103
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