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ABSTRACT

 

 

  The mammalian cell cycle is a tightly controlled process that regulates cell growth and 

division.  Several checkpoints exist, including the G1/S phase checkpoint and the G2/M, or 

mitotic, checkpoint.  Upon activation of either checkpoint, a cells fate is determined and can 

either continue through the cell cycle, halt and repair itself before going further, or undergo 

apoptosis.  Although it is unclear how a cell determines whether to arrest in the cell cycle or to 

go through apoptosis, both mechanisms can involve the activation of tumor suppressor protein 

p53.  Regulation of the cell cycle is often lacking somewhat in cancer cells, therefore many 

inhibitors of the cell cycle are currently in development and clinical trials for the treatment of 

many cancer types.  We have developed a novel analog of cyclin-dependent kinase inhibitor 

Purvalanol B, termed VMY-1-103 (VMY), which has unique pro-apoptotic properties in cells 

and has potential as a cancer therapeutic agent. 

  In all cell lines tested, VMY induces a G2/M cell cycle arrest, consistent with its ability 

to inhibit cdk1/cyclin B activity.  In medulloblastoma cells, VMY treatment has unique 

properties in mitosis that other cdk inhibitors do not.  Treatment of these cells following 

nocadozole block and release significantly increases time in mitosis, as cells are arrested in 
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metaphase for a prolonged period of time.  Furthermore, VMY treatment quickly induces mitotic 

abnormalities, such as mislocalized chromosomes and merotely in these cells, while the parent 

compound Purvalanol B and pan-cdk inhibitor Flavopiridol do not.   In addition to its effect on 

the cell cycle, VMY also causes rapid p53-dependent apoptosis in cell lines containing wild-type 

p53.  In LNCaP prostate cancer cells, which are p53 wild-type, siRNA knockdown of p53 

diminishes VMY-induced cell cycle arrest and apoptosis.  Furthermore, transfection of wild-type 

p53 into null PC3 cells renders them sensitive to VMY, as does restoration of wild-type p53 in 

mutant DU145 cells by PRIMA-1.  Importantly, VMY induces increased apoptosis in primary 

prostate cancer cell lines as compared with matched normal prostate cells from the same human 

patients.   Therefore, VMY has great potential as a possibly therapeutic agent to treat many types 

of cancer.   
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1.1 THE MAMMALIAN CELL CYCLE: CHECKPOINTS AND DEREGULATION IN HUMAN CANCER 

 

1.1.1 Introduction to the cell cycle 

The mammalian cell cycle is a tightly regulated process that controls cell division and 

replication.  The two main phases of the cell cycle are interphase and mitosis.  During interphase, 

which consists of Gap 1 (G1), synthesis (S), and Gap 2 (G2) phases, the cell undergoes growth 

and DNA replication leading up to mitosis (M), where cell division occurs.  The orderly 

progression of the cell cycle is tightly controlled by the synthesis and degradation of various 

cyclins at different points throughout the cell cycle, whose interactions with cyclin-dependent 

kinases (cdk) allows the cell to progress through the cycle (1).  

.   

1.1.2 Cyclins and cyclin-dependent kinases 

Cyclins and cdks interact at various checkpoints throughout the cell including the G1/S 

checkpoint and the G2/M, or mitotic, checkpoint.  The purpose of the checkpoints is to halt 

cellular progression at crucial points in the cell cycle to ensure that the cell is not replicating 

mutated or damaged DNA.  Many mitogenic factors play a role in these checkpoints in response 

to external DNA damage, such as that from radiation or hypoxic conditions, for example.  The 

first checkpoint a cell encounters is the G1/S, or restriction, checkpoint, where a cell decides 

whether to continue with DNA synthesis, to enter a senescent state, or to undergo apoptosis.  The 
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first major driver of G1/S progression is the interaction of cyclin D1 with either cdk4 or 6 and 

this interaction is inhibited in the cell by the p16INK4a class of inhibitors.  The cdk4/6-cyclinD1 

complex then phosphorylates Rb, relieving the inhibition of transcription factor E2F.  This 

causes an increase in cyclin E levels, which complex with cdk2 to drive the cell into S phase (2).   

The second major checkpoint of the cell cycle is the G2/M transition before a cell 

undergoes mitosis.  Cyclin B1 with its cdk partner, cdk1, partner to drive a cell from G2 into 

mitosis.  The cdk1/cyclinB1 complex is tightly regulated by inhibitory phosphorylation by Wee1 

or Myt1 kinase and the activating desphorylation by cdc25 phosphatase (3).  Once a cell passes 

through this checkpoint, it enters the prometaphase and metaphase states of mitosis where the 

chromosomes align at the metaphase plate before dividing in half.  At this point, another 

checkpoint exists called the metaphase, or mitotic spindle, checkpoint before a cell can enter 

anaphase.  Briefly, the mitotic spindle checkpoint is regulated by the anaphase promoting 

complex (APC/C), which degrades cyclin B to allow for sister chromatid separation and 

separation into two daughter cells (4).    

 

1.1.3 p53 activation of the cell cycle 

The tumor suppressor p53 plays a crucial role in both the G1/S and mitotic checkpoints.  

In the G1/S checkpoint, introduction of stressors to the cells can induce ATM or ATR.  The 

proteins can phosphorylate and activate p53 either directly on serine 15 (5) or indirectly through 

activation of chk2 or chk1, which then phosphorylate p53 on serine 20 (6).  ATM or ATR can 

also activate p53 by phosphorylation of mdm2, which regulates p53 by normally degrading the 

protein.  Phoshorylation of p53 can also result in a conformational change so that it can no longer 
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bind to mdm2 and is not degraded, therefore leading to stabilization and cellular accumulation of 

p53.  p53 can then activate p21(WAF1), which is an inhibitor of cdk/cyclin E complexes.  This 

can lead to cell cycle arrest and damage repair or apoptosis if the damage is beyond repair (7).   

The G2/M checkpoint can be either p53-independent or p53-dependent.  p53-dependent 

arrest at the G2/M checkpoint is similar to p53 arrest at G1/S.  Like at the G1/S checkpoint, 

ATM, ATR, chk1, and chk2 can all be activated by p53 either directly or indirectly to halt 

progression into mitosis.  This occurs through phosphorylation of cdc25 by chk1 or chk2, 

causing it to bind to 14-3-3 proteins.  14-3-3 anchors cdc25 to the cytoplasm where it cannot 

activate cdk1 and drive cell cycle progression.  Furthermore, p21 plays an important role in 

G2/M by inhibiting cdk1.  Another p53 transcriptional target, Gadd45, also plays a role by 

causing dissociation of cdk1 from cyclin B and inhibiting cell cycle progression (8).   

 

1.1.4 Cell cycle deregulation in cancer 

The cell cycle is deregulated in nearly all cancer cases.  A majority of these deregulations 

stem from an over expression of cyclins or cdks, particularly cyclin D1 and cdk4/6, or from 

mutations in Rb or other inhibitors of the cell cycle.  Loss of function by mutation, gene deletion, 

or loss of heterozygosity of the cdk4/6 inhibitor p16INK4a is common in human tumors, 

including prostate cancer, breast cancer, and glioblastoma.  Furthermore, loss of p16INK4a has 

been associated with reduced survival and high risk of metastases in prostate cancer as well as 

other tumor types (9).   
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1.2  APOPTOSIS: CELLULAR MECHANISMS IN RESPONSE TO STRESS AND INVOLVEMENT OF 

TUMOR SUPPRESSOR P53 

 

1.2.1 P53 mediation of apoptosis 

In addition to causing cell cycle arrest, p53 can also function as a mediator of apoptosis.  

Upon external or endogenous stress to a cell, p53 becomes activated, which can lead to cell cycle 

arrest or apoptosis.  The precise mechanism by which a cell chooses one versus the other is not 

fully known, although may be dependent on p21 activity and Myc status (10).  p53 can activate 

either the intrinsic or the extrinsic pathway of apoptosis, as it has direct transcriptional targets in 

both.  These transcriptional targets include, but are not limited to, Fas and TRAIL DR5 death 

receptors of the extrinsic pathway, as well as Bax, Puma, Bid, and Caspase 6 of the intrinsic 

pathway (11).  As a direct mediator of cell cycle progression and survival in cells, p53 has 

become a crucial tumor suppressor involved in nearly all cancers.   

 

1.2.2 P53 mutations in cancer 

Mutations or functional inactivation of p53 are a hallmark of cancer.  Approximately 

40% of all tumors have p53 mutations, although the numbers are variable between tumor types.  

Lung and ovarian cancer, for example, have mutation frequencies as high as 70%, while 

mutations in breast and prostate tumors are much less common at around 20%.   Mutations 

become much more frequent in prostate cancer as the stage of the disease increases, with a 

majority of p53 mutations found in metastatic disease (12).  Of these mutations, 74% are 

missense mutations in the DNA binding domain of p53 and cause an increase in protein stability 
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and subsequently an increase in protein levels in the cell.  Mutations in p53 often display a 

dominant-negative effect in the cell.  P53 normally binds to DNA as a dimer of dimers to lead to 

downstream transcriptional activation.  If a copy of mutant p53 is present in the cell, this impairs 

the ability of the tetramer to bind to DNA, which can inhibit transcription and lead to cancer 

development (13).  Furthermore, p53 mutations can cause a gain of function, oncogenic effect in 

the cell.  This can occur by several mechanisms including causing chromosome instability, 

impaired spindle checkpoint control and polyploidy (14), or inhibition of the DNA repair 

pathway (15).  Due to these oncogenic effects of mutant p53, several therapeutic strategies are 

being investigated to restore wild-type p53 function in these cells (16).     

P53 mutations often correlate with poor prognosis in cancer patients.  This may be due to 

the fact that typically advanced, metastatic tumors are the types that often bare these mutations, 

or possibly because these mutations may limit the ability of the cell to respond to certain 

therapeutics and cause treatment-related apoptosis (17).  Many studies in numerous cancer types 

have shown that p53 mutations may decrease sensitivity to commonly used therapeutic agents 

both in vitro (18) and in vivo (19).  Furthermore, cell culture based evidence suggests that 

transfection of p53-mutant cells with a wild-type p53 vector strongly increases their sensitivity to 

various chemotherapeutics (20).  Alternatively, in some cases p53 mutations may actually 

increase sensitivity to therapy.  For example, a study done with breast cancer patients treated 

with epirubicin and cyclophosphamide showed a 60% drug response rate in individuals 

harboring p53 mutations, compared to no response for the wild-type p53 women (21).  

Therefore, the association between p53 mutations and chemotherapeutic response may differ 

depending on tumor type and therapeutic agents used in the study.   
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1.3 CYCLIN-DEPENDENT KINASE INHIBITORS AND SYNTHESIS OF VMY-1-103 

 

1.3.1 Strategies and challenges 

Because deregulation of the cell cycle and expression of p16INK4a and p27Kips1 cdk 

inhibitors are common in cancer patients and correlated with poor prognosis, several 

pharmacologic cdk inhibitors have been designed in hopes of arresting cell cycle progression.  

Much of the early cdk inhibitor development included pan-cdk inhibitors that had little 

specificity and showed activity against all cdks involved in the cell cycle (22).  The pan-cdk 

inhibitors have not had much clinical success thus far, which may be due in part to their lack of 

specificity.  This may have led to high toxicities from off-target effects in phase 1 clinical trials 

(23).  More recently, emphasis has been placed on developing specific cdk inhibitors and a vast 

amount of this research has been placed on developing cdk4/6 inhibitors.  Conceptually, 

targeting cdk4/6 may not be the best approach because although specific cdk4/6 inhibition leads 

to cell cycle and growth arrest, it can fail to result in apoptosis.  This has been shown in several 

cancer models, including recent findings in glioblastoma multiforme (23).   

A more effective approach may be to target cdk2 or cdk1, as inhibition of either has been 

shown to lead to apoptosis in several cancer cell lines (24).  Furthermore, since the cdk1/cyclin B 

complex plays a central role in regulation of mitosis, inhibition of cdk1 may enhance the anti-

proliferative potential of compounds by leading to apoptosis in the mitotic phase.  Because cdk1-

cyclin B activity is required for exit from mitosis, inhibition of the cdk1/cyclin B complex results 
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in apoptosis in cells that manage to enter mitosis from G2 through a decrease in surviving levels 

(25).  In addition, cdk1 is critical for progression and cdk1 alone is sufficient to drive the cell 

cycle forward (26).  Therefore, inhibition of cdk1 and cdk2 activity may enhance and are 

possibly critical for cell cycle arrest and apoptosis in comparison to cdk2-targetting alone.   

 

1.3.2 Development of VMY-1-103 

 One family of cdk inhibitors, the 2,6,9-trisubstituted purine group of cdk inhibitors, have 

enormous potential to be clinically relevant inhibitors of cancer.  This family includes 

roscovitine and purvalanol A and B.  Purvalanol B acts by binding to the ATP pocket of the cdks 

and interfering with of the cdk-cyclin complex formation by partially occupying the cyclin 

binding pocket (27).  A novel analog of Purvalanol B, named VMY-1-103 (VMY), was 

synthesized by the addition of a fluorescent dansyl group to the compound (28).  The addition of 

the dansyl group renders the compound detectable in vitro and in vivo through methods 

including immunofluorescence microscopy and mass spectrometry.  Furthermore, the dansyl 

group increases the lipofilicity of the compound and changes its biological function in vitro as 

compared with purvalanol B.   

 

 

1.4 OUTLINE OF THESIS 

Chapter 2 describes the techniques and methods applied in this thesis. Chapter 3 discusses 

the effect of VMY-1-103 on cell cycle progression and apoptosis in cancer and normal cell lines.  

Chapter 4 displays the effects of VMY-1-103 on impairing chromosome alignment and mitotic 
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progression in medulloblastoma cells.  Chapter 5 describes the crucial role of p53 in mediating 

the sensitivity of cell lines to VMY-1-103 treatment.  Chapter 6 presents the activity of VMY-1-

103 in primary mouse and human prostate cells.  Chapter 7 provides a summary, general 

discussion, and future directions.   
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2. TECHNIQUES AND METHODS APPLIED IN THIS THESIS 
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2.1 MOLECULAR BIOLOGY AND BIOCHEMISTRY 

 
2.1.1 Cell lines and cell culture 

  Cancer cell lines LNCaP, PC3, DAOY, D556, DU145, COLO-357, PC12, MCF-7, 

MDA231, MIA-PaCa1, T98G and A172 were provided by ATCC. LNCaP, PC3, COLO-357, 

D556, MCF7, MDA231, MIA-PaCa1, and DAOY cells were maintained in RPMI media 

containing 10% FBS, 100U/ml Penicillin-Streptomycin, and 1mM sodium pyruvate.  DU145, 

PC12, T98G, and A172 cells were maintained in DMEM media containing the same 

supplements as the RPMI.  The non-tumorigenic cell line, PWR-1E, was maintained in 

Keratinocyte Serum Free Medium (K-SFM, Life Technologies) supplemented with 0.05 mg/ml 

bovine pituitary extract and 5ng/ml EGF.  Primary prostate normal cells GUMC029N and 

GUMG003N, and cancer cells GUMC030T and GUMG004T, were established at Georgetown 

and grown as previously described (29).  Briefly, cells were grown on a layer of irradiated J2 

mouse feeder cells in media containing DMEM with F12 nutrient supplement (Invitrogen) at a 

3:1 ratio, 5µmol/L Y-27632 (Enzo Life Sciences), 3.5mM L-glutamine, 0.4µg/mL 

hydrocortisone (Sigma-Aldrich), 5µg/mL insulin (Sigma Aldrich), 8.4ng/mL cholera toxin 

(Sigma-Aldrich), Fungizone (Invitrogen), and gentamicin (Invitrogen).  Feeder cells were 

trypsinized and replaced every 2 days.  All cells were grown at 37C in 5% CO2. 

 

2.1.2 Drug treatments 

  All cells were plated on either 6 well plates or 10cm dishes 24 hours prior to treatment at 

50% confluency.  VMY-1-103 was dissolved in DMSO to a concentration of 10mg/ml and 
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further diluted in DMSO for drug treatments.  Cells were treated either 1% DMSO, 30µM 

Purvalanol B (Sigma-Aldrich), 10µM LY294004 (Sigma-Aldrich) 10uM flavopiridol (Sigma-

Aldrich), or various concentrations of VMY-1-103.  Treatments for all cell cycle analysis and 

protein extraction for western blots were performed in 18 hour time periods unless otherwise 

specified.   

 

2.1.3 Cell cycle analysis 

  Cells were trypsnized and centrifuged at 1500 rpm at 4ºC for five minutes, washed with 

PBS and centrifuged for an additional five minutes.  Cell pellets were re-suspended in cold PBS 

and then fixed in 70% cold ethanol.  Cells were stained with 20µg/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 (26).  Flow cytometry was performed by the Flow 

Cytometry shared resource as Georgetown University.   

 

2.1.4 Cell viability and growth 

  Following inhibitor treatment, cell viability was determined by trypan blue exclusion 

staining or by fragmented DNA content (SubG1) as measured by flow cytometry during cell 

cycle analysis.  Trypan blue exclusion was performed by staining cells with a 1:2 trypan blue 

dye:PBS dilution ratio and incubating at room temperature for five minutes.  Dead cells were 

quantified by those that up took the dye and were blue under a brightfield microscope at 10X 

magnification.   
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  For the apoptosis assays, Proteome Profiler human apoptosis arrays (R&D Systems) were 

performed.  Nitrocellulose membranes, spotted with 35 apoptosis-related antibodies, were 

blocked with array buffer (supplied by manufacturer) for 1 hour at room temperature.  

Membranes were washed and incubated with 500µg of protein overnight at 4ºC.  Biotynilated 

primary antibody (supplied by manufacturer) was added for 1 hour, followed by 30-minute 

incubation with Streptavidin-HRP, and finally ECL reagent (1:3000, Pierce).  Array data was 

developed on x-ray film and spot areas and intensities were analyzed using Image J software 

(NIH).  Caspase inhibition was performed by treating cells either 20µM caspase-9 inhibitor, Z-

LEHD-FMK (Sigma-Aldrich), caspase-8 inihibitor, Z-IETD-FMK (Sigma-Aldrich), or both.   

Cells were incubated with the caspase inhibitors 30 minutes prior to treatment with VMY-1-103.  

Cells were harvested at 18 hours and stained with trypan blue to determine cell viability.   

 

2.1.5 Immunoblotting 

  Protein was extracted from cells with RIPA lysis buffer (Invitrogen) containing Sodium 

Fluoride, Sodium Vanadate, DTT (Sigma Aldrich), and protease inhibitor cocktail (Sigma-

Aldrich).  Cells were incubated with lysis buffer on ice for 10 minutes and then centrifuged at 

4000 rpm at 4ºC for 10 minutes.  Protein was quantified using BCA reagent (Pierce).  Protein 

extracts were separated on 4%-20% Tris-glycine gels and electro-blotted onto nitrocellulose 

membranes.  Protein levels were assessed using antibodies against p21 (Santa Cruz), PARP (Cell 

Signaling), cyclin E (Cell Signaling), cyclin B1 (Cell Signaling), cleaved Caspase 3 (Santa 

Cruz), p53 (Pierce), Bax (Cell Signaling), Aurora A (Cell Signaling), Wee1 (Santa Cruz), and p-

Histone H3 (Cell Signaling), AR (Santa Cruz), PSA (Santa Cruz), Cytokeratin 5 (Cell 
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Signaling), Cytokeratin 8/18 (Cell Signaling), and p63 (Santa Cruz).  β-actin (Cell Signaling) 

was used as a loading control.   

 

2.1.6 P53 manipulation studies 

  p53 plasmids including wild-type and mutants p53 R175H and p53 G245A in 

pcDNA4/TO were generous gifts from Maria-Laura Avantaggiati.  Tetracycline-inducible stable 

cell lines were created in LNCaP cells expressing either p53 mutation construct.  The tet-on 

system was performed using the protocol provided by Invitrogen.  LNCaP cells were grown in 

RPMI containing tetracycline free FBS (Clontech) and first transfected with a tet-repressor 

construct pcDNA6/TR (Invitrogen).  Cells were stably selected with long-term treatment of 

400µg/ml G418 (Invitrogen).  Following selection, cells were transfected with either mutant 

construct in the pcDNA4/TO vector and selected with Blastidicin (Invitrogen).  Resistant clones 

were selected and screened for the presence of tet-inducible constructs by the addition of 

tetracycline (Sigma Aldrich) for 24hrs.   

  TP53 siRNA in adenovirus was generously provided by Maria Avantagiatti and was used 

to knockdown p53 expression in LNCaP cells.  Adenovirus treatment alone was used a control 

for the siRNA.  Cells were seeded at 30% confluency and siRNA infections were performed for 

72 hours prior to treatment with VMY-1-103 and efficiency of the knockdown was monitored 

using an immunoblot for p53 and p21.  To restore wild-type p53 function in DU145 cells, 

PRIMA-1 (Sigma-Aldrich) was used.  Briefly, cells were pre-treated with 75M PRIMA-1 for 

24hrs prior to VMY-1-103 treatment.  Activity of PRIMA-1 was displayed by induction of p21 

protein levels by immunoblot.   
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2.2  MICROSCOPY 

 

2.2.1  Immunofluorescent microscopy 

  To determine VMY-1-103 uptake into LNCaP cells, cells were seeded on glass 

converslips and treated with either DMSO or VMY-1-103 for 3 hours or 18 hours.  Following 

treatment, cells were fixed in 10% formalin for 10 minutes.  Cells were washed with PBS, 

stained with 0.1µg/ml propidium iodide (Becton Dickinson) for five minutes, and washed with 

PBS an additional three times.  Cover slips were mounted onto glass slides with Tris-buffered 

fluoro-gel (Electron Microscopy Sciences).  Multiphoton confocal microscopy was performed 

(Zeiss510LSM/META/NLO, 63X oil immersion) at 720 nm/480-520 nm (excitation/emission) 

for the dansyl group on VMY-1-103 and 535 nm/617 nm for propidium iodide.   

  To image mitotic abnormalities in cells following VMY treatment, cells were seeded and 

treated with VMY-1-103 for 1 hour.  Cells were fixed in 10% formalin for 10 minutes.  Cells 

were then washed three times with PBS, permeabilized with 0.1% Triton-X 100, and washed an 

additional three times with PBS.  Cells were then incubated with the following primary 

antibodies: p-Wee1 (Ser 53, 1:50, Santa Cruz), Aurora A (1:100, BD), and p-Histone H3 (S10, 

1:200, Cell Signaling) for 1 hour at room temperature.  Slides were then washed with PBS an 

additional three times and stained with the following secondary antibodies: Cy5 donkey anti-

rabbit (1:200 Invitrogen) and Texas Red donkey anti-mouse (1:200, Invitrogen).  Slides were 

counterstained with DAPI and 488-Phalloidin (1:200, Invitrogen) for five minutes.  Cover slips 
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were mounted as mentioned above and confocal microscopy was performed on an Olympus 

Fluoview-FV300 Laser Scanning Confocal System (100x lens, oil immersion).   

 

2.2.2 Time-lapse microscopy 

  To label chromatin for live cell imaging, DAOY cells were stably transfected with 

pEGFP-N1-Histone2B plasmid (gift from Susette Mueller).  Briefly, a 10cm dish of DAOY cells 

were transfected with 10µg of GFP-H2B in media containing fugene 6 (Roche).  After 48hrs, the 

cells were split into three 10cm dishes and positive cells were selected with 400ug/ml G418 

(Invitrogen).  Stable cells were treated with VMY-1-103 followed by cell cycle analysis and 

comparisons were made to untransfected cells to ensure there were no changes in the cells 

sensitivity to the drug.    

  Automated time-lapse microscopy was performed on a Nikon Eclipse TE-300 Inverted 

Spinning Disc Confocal Microscope system.  Cells were maintained in a microscope stage 

incubator at 37ºC in a humidified atmosphere of 5% CO2 throughout the experiment.  Confocal 

microscopy was performed using a 40X lens.  Images and time-lapse videos were obtained using 

Velocity (v5.3.1) image acquisition and analysis software by Improvision.  To image time in 

mitosis, stable GFP-H2B DAOY cells were seeded in a 12 well glass bottom dish (MayTek) and 

were synchronized in pro-metaphase with 20ng/ml nocodazole for 12 hours.  Ten to twenty cells 

were selected in each well using the Velocity software, and imaged in the presence of 

nocodazole.  Media containing nocodazole was then removed, cells were washed with PBS, and 

then media was replaced without nocodazole containing DMSO, Purvalanol B, Flavopiridol, or 

VMY-1-103.  Cells were immediately imaged every 2 minutes for 12 hrs.  Ten Z-stack sections 
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were taken with 3µM spacing between stack slices using a GFP (488) laser.  One brightfield 

image was taken in the center of each cell as a reference point.  Mitotic cells were quantified and 

manually analyzed for time in mitosis.   

 

 

2.3  STATISICAL ANALYSIS 

 
 

Comparisons were assessed by unpaired two-tailed T-test (Prism, GraphPad Software, 

Inc., La Jolla, CA).  P-value of less than 0.05 was considered significant.  
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3. EFFECT OF VMY-1-103 ON CELL CYCLE ARREST AND 

APOPTOSIS IN CANCER CELL LINES 

 

 

 

 

 

 

 

Adapted from Publication:  

 

 

Ringer L, Sirajuddin P, Yenugona VM, Ghosh A, Divito K, Trabosh V, Patel Y, Brophy A, 

Grindrod S, Lisanti MP, Rosenthal D, Brown ML, Avantagiatti ML, Rodriguez O, Albanese C. 

“VMY-1-103, a dansylated analog of purvalanol B, induces caspase-3-dependent apoptosis in 

LNCaP prostate cancer cells” Cancer Biology and Therapy, 10(4): 320-5, 2010.   

 

With kind permission from Landes Bioscience 
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3.1   VMY-1-103 ENTERS CELLS AND INHIBITS CDK1 ACTIVITY 

 

 The 2, 6, 9 purine class of cyclin dependent kinase inhibitors include cdk1/2 inhibitor 

Purvalanol B, which shows potential as a therapeutic agent for cancer (30).   This inhibitor acts 

by selectively competing with ATP at its binding site in cdk1.  Design and synthesis of a novel, 

dansylated analog of Purvalanol B termed VMY-1-103 has been previously described (28, 

Figure 1A).   To determine the ability of VMY to enter cancer cells, 30µM VMY was incubated 

with medulloblastoma DAOY cells for 12 hours.  Because VMY has a dansyl group, specific 

immunofluorescence was performed to determine cell entry and localization.  Cells were 

counterstained with propidium iodide to label the nucleus.  Results showed that greater than 95% 

of cells imaged contained cytoplasmic VMY-1-103 (Figure 1B).   Additional time-course 

experiments have shown that VMY-1-103 can enter cancer cells as quickly as 30 minutes as 

determined by immunofluorescence imaging (28).   

  Previous in vitro kinase assays showed that VMY inhibited CDK1/cyclin B, 

CDK2/cyclin A, and CDK2/cyclin E efficiently, although not as well as the parent compound 

Purvalanol B (28).  To determine the kinase inhibition in cells, extracts from DAOY 

medulloblastoma cells incubated with VMY were used.  The catalytic activity of CDK1 in the 

cell extract was assessed using an in vitro kinase reaction with the CDK1 peptide target substrate 

(ADA QHA TPP KKK RKV ED).  Intracellular CDK1 activity was initially quantified using 

extracts from randomly cycling cells or cells synchronized in G2/M with nocodazole.  In the 

randomly cycling cells, CDK1 kinase activity was less than 0.1nmol of phosphate utilized per 

minute (0.035nmol/min/mg +/- 0.0005, n=3).  This activity increased 15-fold in synchronized 
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cells to 0.522nmol/min/mg +/- 0.3, n=4) (Figure 1C).  Next, CDK1 activity was assessed in 

DAOY cells synchronized with nocodazole and treated with either DMSO, 30µM Purvalanol B, 

10µM Flavopiridol, or 30µM VMY. Flavopiridol is a known CDK1 inhibitor, shown to inhibit 

CDK1/cyclin B kinase activity in cells (31) and has shown potential in the treatment of chronic 

lymphocytic leukemia through phase I and II clinical trials (32).   Results confirmed that 

flavopiridol inhibited CDK1 activity in these cells, and showed that VMY also inhibited CDK1 

activity by over 90% (Figure 1C) versus only 33% kinase inhibition by the parent compound 

Purvalanol B.  Therefore, the ability of VMY to inhibit CDK1 kinase activity in the cells three 

times as well as Purvalanol B.   

  

3.2   VMY-1-103 TREATMENT RESULTS IN AN INCREASE IN CELLS IN G2 PHASE OF THE CELL 

CYCLE 

 Because of the ability of VMY to inhibit CDK1/cyclin B activity in cells, the effect of 

VMY on cell cycle progression in cancer cell lines was assessed.  Prostate cancer cell lines 

LNCaP, DU145, and PC3 cells as well as medulloblastoma cell lines DAOY and D556 were 

treated for 18 hours with either DMSO, 30µM Purvalanol B, 10µM LY294002 (LNCaP, DU145, 

and PC3 cells only) 10µM Flavopiridol, or 10 or 30 µM VMY-1-103.  Following treatment, cells 

were fixed and analyzed for cell cycle status by quantifying DNA content via flow cytometry, 

with separate peaks for cell cycle phases G1, S, and G2, and a SubG1 peak for fragmented DNA 

(Figure 2A).  For all cell lines tested, VMY treatment yielded an increase in cells in the G2 

phase.  A graph of flow cytometry data for DAOY cells treated with DMSO, 30µM Purvalanol 

B, or 10 or 30µM VMY, shows an increase in cells in the G2 phase upon VMY treatment versus 
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DMSO treatment.  Lower concentration VMY treatment (10µM) yielded an average of a 22% 

increase in G2/M cells and higher concentration VMY (30µM) yielded an average of 25% G2/M 

increase.  This increase in G2 cells is due to a reduction in the number of cells in both G1 and S 

phase (Figure 2B).  These results are consistent amongst other cancer cell lines tested, including 

LNCaP, DU145, PC3, D556, A172, COLO-357, and ASPC1.   

 

3.3   VMY-1-103 CAUSES CASPASE-DEPENDENT APOPTOSIS IN CANCER CELLS 

 Through cell cycle analysis of the DNA content, the amount of cell death was quantified 

by the SubG1 level, or the amount of fragmented DNA after VMY treatment.  Following 18 

hours of treatment, LNCaP cells had 20% and 44% increase in the amount of cell death when 

treated with 10µM and 30µM VMY, respectively (Figure 3A).  On the contrary, DU145 and PC3 

cells only displayed 5% and 4% subG1 levels when treated with 30µM of VMY, respectively 

(Figure 3B).   

 In order to confirm that the mechanism of cell death was specifically through apoptosis, 

an apoptosis protein expression array was performed.  In LNCaPs, cells were treated with either 

DMSO, 10µM PI3K inhibitor LY294002, 1 or 10µM VMY for 18 hours.  Treatment of these 

cells with 10µM VMY significantly increased the phosphorylation of p53 at serine residues 15, 

46, and 392 (Figure 4A), while LY294002 or 1µM VMY had only modest effects versus DMSO 

control.  Furthermore, 10µM VMY significantly increased the levels of cleaved caspase 3 and 

p53 transcriptional target p21 (Figure 4A).   Apoptotic mechanism was further confirmed 

through western blots, which revealed a dose-dependent increase in PARP cleavage and p21, 

while G1 phase cyclin E remained unaffected (Figure 4B), suggesting the cells had undergone a 
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switch from a VMY-induced cell cycle arrest to apoptosis.  In addition, an apoptosis protein 

expression array was also performed on cell extracts from DAOY cells treated with either 

DMSO or 30µM VMY for 18 hours.  Results showed that phosphorylated p53 levels were not 

expected, although DAOY cells have a p53 mutation (33).  Regardless, apoptosis was still 

induced from VMY treatment, as seen by an increase in TRAILDR4, TRAILDR5, Fas/TNFSF6, 

cleaved caspase 3, Bad, and Bax and a decrease in apoptotic inhibitor BIRC2 (Figure 4C).  

Western blots for PARP cleavage confirmed results seen in LNCaP cells, while p21 levels only 

increased upon low (5uM) treatment with VMY, and decreased in the higher treatment amounts 

(10 and 30µM).  Cyclin B1 levels, which are present in mitosis, decreased upon treatment with 

VMY  but not with Purvalanol B, while cyclin E levels remained the same (Figure 4D).   

 Results from the apoptosis expression array showed that VMY treatment increased 

members both the intrinsic, such as Bad and Bax, and extrinsic, such as TRAILDR4/5, pathways 

of apoptosis.  Caspase inhibition studies were performed to further investigate which mechanism 

was important for the cell death response from VMY.  Caspase 8 inhibitor, Z-IETD-FMK, 

inhibits the extrinsic pathway of apoptosis, while caspase 9 inhibitor, Z-LEHD-FMK, inhibits 

intrinsic apoptosis (34).  Pre-treatment of LNCaP cells with Z-IETD-FMK, followed by 

treatment with VMY reduced the amount of cell death two-fold, from 40% cell death to 20% cell 

death.  Similarly, inhibition of Z-LEHD-FMK, was able to inhibit half of VMY-mediated cell 

death.  Pre-treatment with both caspase 8 and 9 inhibitors further reduced the amount of cell 

death following VMY treatment from  40% to 15% cell death, although cell death still occurred 

in the presence of both caspase inhibitors (Figure 5).     

3.4   CONCLUSIONS 
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 Recent evidence has shown that the purine-substituted cdk inhibitors, like Purvalanol B, 

have enormous potential to be useful cancer therapeutics.  Unlike inhibition of cdk4/6, which is 

cytostatic, cdk1/2 inhibitors have been shown to induce apoptosis in vitro.  However, the 

mechanism by which these inhibitors kill cancer cells is not entirely known (35).  Furthermore, 

new generation cdk inhibitors must be developed that are more potent and more effective 

therapeutic agents, but also that results in fewer side effects in the patient.  Our studies show that 

a novel analog of Purvalanol B, termed VMY-1-103, has unique properties and may be an 

effective therapeutic agent in several cancer types.  The synthesis of VMY included the addition 

of the dansyl group, which allows the drug to be imaged using fluorescence microscopy.  Our 

results have shown that this dansylated compound indeed enters multiple cancer cell types 

quickly and resides mostly in the cytoplasm.  Furthermore, VMY is more effective than 

Purvalanol B at inhibiting CDK1 activity in cells.  Kinase inhibition experiments using DAOY 

cell extracts show that VMY can inhibit CDK1 activity three times as much as Purvalanol B.  

We know from previous kinase assay studies that purvalanol B may be more effective at 

inhibiting cdk1 activity (28), although the situation with the cell extracts is very different, as 

VMY caused a three-fold larger inhibition of cdk1 activity than Purvalanol B did.  A possible 

reason for this is that the dansyl group allows for increased cellular uptake, therefore more VMY 

is able to enter cells as compared with Purvalanol B.   

 Because of the capability of VMY to inhibit CDK1 kinase activity better than Purvalanol 

B in cells, we hypothesized that VMY would be better at arresting cells in G2/M than Purvalanol 

B.  Our results showed that to be the case, where 30µM VMY treatment halts cell cycle 

progression in all cells tested, while Purvalanol B is unable to cause any changes in cell cycle 
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profile at this same concentration.  In addition to cell cycle arrest, VMY treatment also caused a 

dramatic increase in cell death in many cancer cell lines, and a modest amount of cell death in 

others.  On the contrary, Purvalanol B never caused any increase in cell death.  The addition of 

the dansyl group appears to change the bioactivity of the Purvalanol B parent compound, 

allowing it to more easy enter cells, cause a G2/M arrest and cell death.  Interestingly, even very 

high concentrations of Purvalanol B (as high as 100µM), do not seem to kill LNCaP cells, which 

begin to die with low concentrations of VMY, such as 5µM in 18 hrs.   Therefore, the dansyl 

group seems to change more than just the lipofilicity to allow for easier cellular uptake, but also 

seems to change important properties about the compound that make it more effective at causing 

cell death.   

 To determine if this cell death seen from VMY treatment was due to apoptosis, we ran an 

apoptosis protein expression array to compare changes in apoptotic proteins in vehicle treatment 

versus VMY treatment.  This was first performed using protein extracts from LNCaP cells, 

which are the most sensitive cells to VMY tested in terms of cell death changes after treatment.  

Upon VMY treatment of these cells, the most interesting results of the apoptosis array was the 

fact that phosphorylated levels of p53 at serines 15, 46, and 392, all dramatically increased after 

treatment, as did p53 target p21.  Alternatively, Purvalanol B did not increase phosphorylation of 

p53 at any of these sites.  These serines on p53 are phosphorylated by ATM/ATR/Chk2, p38, 

and CKII, respectively (36).  The fact that p53 is being phosphorylated at these sites upon VMY 

treatment may give some insight into the mechanism by which VMY is acting.  ATM, ATR, and 

Chk2 are all known to activate p53 upon DNA damage (5,6), so it is possible that VMY is 

somehow inducing DNA damage in these cells.  In addition to p-p53, the array also showed p21 
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and cleaved caspase 3 levels in LNCaP cells.  The apoptosis array was also performed with 

DAOY protein extracts.  Because DAOY cells contain a p53 mutation, phosphorylated levels of 

p53 did not increase, as expected.  However, a small amount of apoptosis after treatment still 

occurred in these cells, as cleaved caspase 3, TRAILDR4/5, Bax, and Bad levels all increased.  

This apoptosis occurring in DAOY cells is p53-independent, indicating that VMY can in induce 

apoptosis through multiple mechanisms.   

 In LNCaP and DAOY cells, protein members of both the intrinsic and extrinsic pathways 

increased following treatment with VMY.  To further investigate the importance of both of the 

mechanisms in the VMY response, caspase inhibitors were used to inhibit each pathway 

separately or together.  Results from this showed that inhibition of each pathway alone somewhat 

diminished VMY-mediated cell death.  Inhibition of both pathways further inhibited the cell 

death response, although this was not able to fully diminish cell death from VMY as 15% of cells 

still died.  These results suggest that both apoptotic pathways are important for VMY’s ability to 

kill cells.  However, it appears that there is another non-apoptotic mechanism in place to 

contribute to the cell death response following VMY treatment.   
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Figure 1.  VMY is a Purvalanol B analog that enters cells and inhibits CDK1 activity.  A) 

Chemical structure of VMY-1-103, showing addition of the dansyl group to Purvalanol B.  B) 

Confocal images of DAOY medulloblastoma cells treated with either DMSO or VMY and 

stained with propidium iodide (PI).  C) CDK1 kinase activity of DAOY cells arrested with 

nocodazole and treated with either DMSO, Purvalanol B (PVB), VMY, or flavopiridol (Flavo) 

for 18hr, n=2 experiments.  .   
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Figure 2.  VMY treatment causes an increase in cells in G2/M phase.  A) Flow cytometry gaited 

analysis of LNCaP prostate cancer cells treated with either DMSO or VMY for 18 hr.  Graph is 

plotted with DNA content on the x-axis and cell count on the y-axis.  Cell cycle phases are 

represented as distinct peaks based on DNA content with the first peak representing SubG1 (as 

seen with VMY treatment), second being G1, followed by S and G2.  B) Graph representing 

changes in cell cycle phases upon VMY treatment versus DMSO.  Percentages shown represent 

the percentage of cells in the cell cycle phase minus the percentage in that phase when treated 

with DMSO alone, p<0.001 for G2 value in PVB treatment group vs. G2 for 10uM or 30uM 

VMY treatment, n=4.  
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Figure 3.  VMY treatment causes an increase in cell death in LNCaP, but not DU145 or PC3, 

prostate cancer cells.  VMY also causes a significant increase in cell death in DAOY 

medulloblastoma cells.  For LNCaP treatment, ** p<0.001 for cell death in 10uM and 30uM 

treatment group versus DMSO treatment, n=4.  For DAOY cells, * p<0.05 for cell death in the 

30uM treatment group versus DMSO, n=3.   
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Figure 4.  Treatment with VMY induces apoptosis in multiple cell lines.  A)  Apoptosis protein 

expression array of LNCaP cells treated with either DMSO, 20uM LY294002, 1uM VMY, or 

30uM VMY.  Results were quantified using ImageJ software are plotted as fold change versus 

DMSO, where protein levels in the DMSO group were set to 1, *p<0.05, n=4 experiments.  B)  

Immunoblot of LNCaP protein extracts treated with DMSO, LY, or increasing concentrations of 

VMY.  C) Apoptosis protein expression array of DAOY cells treated with either vehicle 

(DMSO) or 30uM VMY, n=2 experiments.  D) Immunoblot of DAOY cell extracts treated with 

increasing concentrations of Purvalanol B (PVB) or VMY.   
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Figure 5.  Inhibition of both the intrinsic and extrinsic pathways of apoptosis reduce VMY-

mediated cell death.  LNCaP cells were pre-treated with either a caspase 8 or 9 inhibitor alone, or 

in combination, followed by treatment with either DMSO or VMY, n=2 experiments. 
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4. VMY-1-103 CAUSES CHROMOSOMAL ABNORMALITIES AND 

ALTERS MITOTIC PROGRESSION IN MEDULLOBLASTOMA 

CELLS 

 

 

 

 

Adapted from Publication:  

 

Ringer L, Sirajuddin P, Heckler M, Ghosh A, Suprynowicz F, Yenugonda VM, Brown ML, 

Toretsky JA, Uren A, Lee Y, MacDonald TJ, Rodriguez O, Glazer RI, Schlegel R, Albanese C. 

 “VMY-1-103 is a novel CDK inhibitor that disrupts chromosome organization and delays 

metaphase progression in medulloblastoma cells.” Cancer Biology and Therapy, 12(9): 818-26, 

2011.   

 

With kind permission from Landes Bioscience 

http://www.ncbi.nlm.nih.gov/pubmed/21885916
http://www.ncbi.nlm.nih.gov/pubmed/21885916
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4.1 VMY-1-103 CAUSES A DELAY IN MITOTIC PROGRESSION IN MEDULLOBLASTOMA CELLS 

 CDK1 complexing with cyclin B is a crucial kinase in progression from G2 into mitosis 

in cells as well as in progression through the phases of mitosis (37,38).  Because VMY was 

effective at inhibiting CDK1 kinase activity in DAOY cells and VMY treatment arrests cells in 

G2/M, an immunoblot and live cell imaging was performed to determine the effect VMY 

treatment had on mitotic progression.  DAOY cells were treated with either DMSO, LY294002, 

or various concentrations of Purvalanol B or VMY for 18 hours.  An immunoblot on these 

protein extracts showed that treatment with VMY resulted in lower protein levels of Cyclin B1 

and Aurora A, but not Cyclin E (Figure 6A).   This suggests that VMY is inhibiting cells from 

entering mitosis.   

 In order to further investigate this, stable DAOY cells were created that express GFP-

histoneH2B to allow for visualization of chromosomes during mitosis.  DAOY/GFP-H2B cells 

were arrested in pro-metaphase with nocodazole for 5 hours.  Upon removal of nocodazole, cells 

were treated with either DMSO, 30uM Purvalanol B, 10uM Flavopiridol, or 10 or 30uM VMY.  

The time of progression through mitosis was quantified by live cell imaging using a Nikon 

Eclipse TE300 video microscope.  After 6 hours, 26% of DMSO-treated cells and 28% of 

Purvalanol B treated cells underwent progression through mitosis from prometaphase to 

metaphase to anaphase, and finally telophase (Figure 6B).  As previously reported, treatment 

with CDK1 inhibitor Flavopiridol following nocodazole release resulted in a significant 

acceleration through mitosis (39). Interestingly, treatment with 30uM VMY significantly reduced 
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the number of cells completing mitosis within 6 hours to less than 10% (Figure 6B), rather than 

accelerating cells through mitosis.       

 Stage-specific analyses of the mitotic transit times established that while treatment with 

30uM Purvalanol B resulted in a slight acceleration in progression from prometaphase to 

metaphase, VMY treatment significantly delayed both the progression from pro-metaphase to 

metaphase and the metaphase to anaphase transition (Figure 7A).  Total time in mitosis from 

proanaphase to telophase was quantified for each treatment group.  DMSO and Purvalanol B 

treated cells progressed through in an average of 62 and 64 minutes, respectively.  Flavopiridol 

treated cells went though mitosis more rapidly in an average of 10 minutes, while VMY 

treatment increased total time in mitosis to an average of 106 minutes (Figure 7B).  These 

experiments were repeated in D556 medulloblastoma cells, where similar results were observed 

and VMY delayed mitotic progression by delaying the metaphase to anaphase transition, while 

Flavopiridol rapidly accelerated mitosis (Figure 7C, 7D).  However, the mitotic delay seen in 

D556 cells was less dramatic that that seen in DAOY cells.   

 

4.2 VMY TREATMENT RESULTS IN ABNORMAL CHROMOSOME ALIGNMENT IN DAOY CELLS 

 Aurora kinase A is a member of the Aurora-family of kinases and plays an important role 

in mitotic progression.  In cells undergoing mitosis, Aurora A localizes to the centrosomes and 

spindle poles to regulate spindle assembly and centrosome maturation (40).    Another important 

mitotic regulator, Aurora B, acts in part to correct for misaligned chromosomes during mitosis 

(41) and phosphorylates Histone H3 on serine 10, which is a marker for cells undergoing mitosis 

(42).  Wee1 also regulates entry into mitosis by phosphorylating CDK1 on serine 15 and thus  
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inhibiting the CDK1/cyclin B complex (43).   In order to further investigate the effect VMY has 

on mitotic progression, randomly cycling DAOY cells were fixed and probed with fluorescent 

antibodies against Aurora A and p-HistoneH3.  These cells were counterstained with phalloidin 

to stain F-actin and DAPI to label chromatin.  In DMSO-treated cells, Aurora A localization was 

normally located within the chromatin during pro-metaphase and associated with the polar 

centrosome structures in metaphase.  Alternatively, within 1 hour of treatment with VMY, 

mitotic abnormalities were evident, with cells exhibiting disorganized chromosome alignment.  

Furthermore, while Aurora A staining remained localized to the centrosome, localization of p-H3 

histone was mislocalized in VMY treated cells (Figure 8A).  Immunofluorescence was also 

performed on DAOY cells probed for Aurora A, p-Wee1 (S15), phalloidin, and DAPI.  While 

centrosome polarity was disrupted during pro-metaphase and metaphase, treatment with VMY 

did not appear to disrupt Aurora A and Wee1 localization, despite its’ effect on chromosomal 

organization and migration (Figure 8B).    

 The immunofluoresence staining showed interesting chromosomal abnormalities upon 

VMY treatment.  Lagging chromosomes were present as cells struggled to achieve correct 

aligment at the metaphase plate.  Furthermore, merotelic attachment was present in anaphase and 

telophase only upon VMY treatment as a single kinetochore attaches to microtubules from both 

spindle poles.  To quantify these abnormalities, randomly cycling cells were treated with either 

DMSO, 10uM Flavopiridol, or 30uM VMY for one hour.  Cells were fixed and stained with 

DAPI to visualize chromosome activity using confocal microscopy.  Of the DMSO-treated cells, 

5% were fixed in a phase of mitosis that appeared normal.  Only a few cells (less than 0.4%) 

were undergoing abnormal mitosis as characterized by displaying either lagging chromosomes or 
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merotely.  No mitotic events, whether that be normal or abnormal, were present in cells treated 

with Flavopiridol, since this drug accelerates mitosis to under 10 minutes.  Upon VMY 

treatment, 3.5% of the cells were undergoing normal mitosis, which is significantly less that the 

DMSO group (p=0.021).  On the contrary, an increased percentage of cells undergoing abnormal 

mitosis was significantly higher in the VMY treated cells versus DMSO, as lagging 

chromosomes and merotely were both more common in this group (Figure 8C).   

 To confirm the results seen by fluorescent microscopy, protein extracts were obtained 

from DAOY cells treated for 1 hour with either DMSO, Purvalanol B, Flavopiridol, or VMY 

following release from an 18 hour nocodazole block.  An immunoblot of the extracts showed that 

VMY treatment slightly increased the levels of p-Wee1 at the site of CDK1 phoshporylation.  

This shows that the abundance of phosphorylated CDK1 was not significantly affected by 

treatment with any of the drugs, suggesting that VMY was not inhibiting Wee1 kinase activity 

during that short time period.  Aurora A protein levels were also not affected by treatment with 

either Purvalanol B or VMY, but decreased significantly after treatment with Flavopiridol.  

Furthermore, p-Histone H3 was run as a control for mitotic cells, showing that VMY and 

Purvalanol treatment delay the mitotic progression that is typically seen with other CDK1 

inhibitors, such as Flavopiridol (Figure 9).   

 

4.3 CONCLUSIONS 

 CDK1 inhbitors, such as Flavopiridol, have been shown to increase mitotic progression 

by leading to the rapid degradation of cyclin B (39).   Although VMY is a strong inhibitor of 

CDK1 kinase activity, it does not behave the same way as Flavopiridol does in this context.  
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Interestingly, CDK1 inhibition by VMY seems to have the opposite effect, where it delays 

mitotic progression rather than accelerating it.   This mitotic delay appears to be occurring at the 

metaphase state in mitosis, where VMY-treated cells remained in metaphase for an extended 

period of time before progressing into anaphase.  A possible explanation for this is that VMY is 

somehow activating the mitotic spindle assembly checkpoint (SAC).   

 Several mechanisms that can activate the SAC include spindle depolarization, presence of 

two or more centromeres, aberrant centrosome desegregation, defects in the spindle pole, or 

defects in the molecular motors in mitosis (44,45).  The checkpoint acts to ensure proper 

chromosome alignment before sister chromatid separation in order to prevent chromosome 

missegregation and aneuploidy in the daughter cells (46).  In DAOY cells treated with VMY, we 

see chromosome misalignment that is not seen with treatment of DMSO, Purvalanol B, or 

Flavopiridol.  Specifically, VMY seems to impair the ability of the chromosomes to properly 

align during mitosis.  The mechanism behind this is unknown, but this is a possible reason for 

delay of mitotic progression in these cells.  Once the chromosomes properly align, these cells 

will likely undergo normal apoptosis.  Another chromosomal abnormaliy observed following 

VMY treatment is merotelic kinetechore attachment.   This occurs when a single kinetochore 

attaches to microtubules from both spindle poles.  If this remains uncorrected in the cell, this 

may results in two aneuploid cells with one cell having a extra copy of the chromosome and the 

other cell missing a copy (47).  These chromosomal abnormalities, if severe, may lead to 

apoptosis during mitosis, known as mitotic catastrophe.     
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Figure 6.  VMY reduces mitotic events in DAOY cells.  A) Immunoblot of DAOY protein 

extracts treated with either LY294002 (LY), or increasing concentrations of either Purvalanol B 

(PVB) or VMY for 18 hours.  B) Quantification of live cell imaging of DAOY cells undergoing 

mitosis, *p<0.01, **p<0.001, n=3 experiments.   
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Figure 7.  VMY treatment increases total time in mitosis in DAOY and D556 medulloblastoma 

cells.  A) Timing of DAOY cells in each mitotic phase (pro-metaphase, metaphase, anaphase, 

telophase, cytokinesis) was recorded for cells treated with either DMSO, Purvalanol B (PB), 

Flavopiridol (Flavo), or VMY following nocodazole release.  B) Quantification of total time 

from prometaphase to cytokinesis in DAOY cells, *p<0.05 for n=4 experiments, >100 cells 

timed for each group.  C) Timing of D556 cells in each mitotic phase.  D) Quantification of total 

time in mitosis for D556 cells, *p<0.05 for n=3 experiments, >100 cells timed for each group. 
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Figure 8.  VMY treatment causes mitotic abnormalities in DAOY cells.  A) Confocal 

microscopy of DAOY cells representing mitotic phase prometaphase (PM), metaphase (M), 

anaphase (A), and telophase (T). Cells were stained with mitotic markers phosphorylated histon 

H3 and Aurora A, as well as DAPI to label DNA and phalloidin to show cellular structure. B) 

Co-staining of phosphorylated Wee1 and Aurora A kinase, as well as DAPI and Phalloidin.  C) 

Quantification of mitotic events displayed as percentage of total cells imaged using confocal 

microscopy, * p<0.01 for >1000 cells counted.   
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Figure 9.  Treatment of DAOY cells with VMY does not reduce levels of mitotic proteins.  

DAOY cells were treated with either DMSO, Purvalanol B (PVB), VMY, or Flavopiridol (Flavo) 

for one hour prior to immunoblot assessment.    
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5. THE APOPTOTIC EFFECT OF VMY-1-103 IS P53-DEPENDENT 
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5.1 CELLS WITH WILD-TYPE P53 ARE MORE SENSITIVE TO VMY-MEDIATED APOPTOSIS THAN 

P53 MUTANT CELLS 

 Numerous cancer cell lines were tested with VMY treatment to determine the amount of 

cell death, as measured by subG1 content, after 18hrs.  LNCaP, A172, PC12, MCF7 and COLO-

357, which are wild-type for the p53 protein, died very quickly, with 50% cell death (SubG1) in 

LNCaPs, 11-20% death in PC12, A172, and MCF7 cells, and 6-10% cell death occurring in 

COLO-357 cells  upon treatment with VMY (Table 1).  Furthermore, treatment of the WT cell 

lines with VMY stabilizes p53 levels and increases phosphorylated p53 in LNCaP cells (Figure 

4A).  PC3 cells, which are p53 null prostate cancer cells, were less sensitive with less than 5% 

dying after 18 hour VMY treatment.  Numerous p53 mutant cell lines were tested including 

DU145, ASPC1, MIA-PaCa1, MDA231, and T98G, which all resulted in less than 5% cell death 

following VMY treatment (Table 1).   Interestingly, VMY causes cell cycle arrest at the G2/M 

checkpoint in all cell lines tested.  In terms of the ability of VMY to cause apoptosis in cancer 

cell lines, there is a correlation between apoptotic fraction and wild-type p53 status (p value = 

0.03)   

5.2 KNOCKDOWN OF P53 IN LNCAP CELLS REDUCES THEIR SENSITIVITY TO VMY 

 To investigate if wild-type p53 was required for a cell cycle or apoptotic response upon 

VMY treatment, p53 siRNA was used to knockdown the protein in LNCaP cells.  Following 72 

hour siRNA treatment, p53 levels were reduced by greater than 50% (Figure 10A).  Surprisingly, 

p53 knockdown in these cells completely diminished the cell cycle effect of VMY as compared 

with adenovirus alone (Figure 10B).  This occurred in LNCaP cells even though both wild-type 
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and p53 mutant cells arrest in G2 after treatment.  Furthermore, VMY treatment after p53 

knockdown was able to nearly eliminate the apoptotic effect of the drug, as determined by 

SubG1 quantification (Figure 11A).  Additionally, siRNA pre-treatment specifically reduced 

apoptosis in LNCaPs as determined by a reduction in PARP cleavage that was not seen with 

adenovirus control treatment (Figure 11B).  To confirm these results, an apoptosis protein array 

was performed to compare p53 knockdown in LNCaP cells with adenovirus treatment only.  

Following pre-treatment with either the siRNA or adenovirus, cells were treated with either 

DMSO or VMY.  Results showed that Bax and cleaved caspase 3 protein levels both increased 

after VMY treatment and were reduced when p53 was knocked down.  TRAIL/DR5 did not 

appear to be an important apoptotic marker in these cells and was not affected by the p53 siRNA 

(Figure 11C).   

 In order to confirm that the changes in apoptosis following siRNA treatment were 

specific to the knockdown of p53, exogenous p53 rescue experiments were performed.  Upon 

transfection with wt p53 following siRNA knockdown, LNCaP cells again responded to the drug 

with VMY treatment resulting in an increase in PARP cleavage and p21 levels (Figure 12A).  

Furthermore, cell death as measured by SubG1 levels was rescued by the presence of a wild-type 

p53 vector.  In this experiment, p53 knockdown reduced VMY-mediated cell death by 67%.  

Addition of the WT p53 vector only did not increase VMY-mediated cell death, while siRNA 

knockdown followed by WT p53 transfection greatly sensitized the cells to cell death.  

Interestingly, SubG1 levels in the rescue experiment were even higher than in the control upon 

VMY treatment (Figure 12B).   
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5.3 WILD-TYPE P53 IS REQUIRED FOR APOPTOTIC ACTIVITY OF VMY 

 Some p53 mutations have been shown to have a dominant-negative effect (48) and can 

overcome the function of the wild-type protein.  The 245 mutation and the 175 mutation have 

both been shown to have this effect in other cell lines.  In CaLu lung cancer cells and Saos-2 

osteosarcoma cells, evidence showed that overexpression of mutant p53 at both the 245 and 175 

site were recessive to wild-type p53 activation of p21 but dominant-negative for the 

transactivation of pro-apoptotic protein Bax. Moreover, overexpression of these mutants did not 

effect cell growth, although the 245 mutant, but not the 175 mutant, showed dominant-negative 

effects on the induction of apoptosis (49).   To determine if this dominant-negative effect would 

be seen in the LNCaP cells and come overcome the wild-type function upon VMY treatment, we 

created a stable tet-on system of LNCaPs expressing either the 175 or 245 mutant (Figure 13A).  

Upon VMY treatment in the presence of tetracycline, no change was seen in its’ effect on cell 

cycle or apoptosis.  Similar results were seen for the 175mut stable cells (data not shown).  

Contrary to the dominant-negative effect p53 mutants can have on apoptosis in other cell lines, 

245mut and 175mut p53 did not rescue the wild-type p53 effect in LNCaPs after siRNA KD 

(Figure 13B).  

 Because PC3 cells are null for p53, they represent a clean system for the transfection of 

either wild-type or mutant p53 constructs.   Transient transfection of wild-tpye  p53 into PC3 

cells increased sensitivity to VMY by an increase of 50% with 10µM treatment and 75% with 

30µM treatment.  Wild-type p53 also increased the sensitivity of the parent compound, 

purvalanol B, which was previously inactive at causing apoptosis in all cell lines tested. 

Exogenous wild-type p53 had no effect on these cells response to flavopiridol in these cells, 
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however.  Furthermore, transient transfection of the p53 mutant 245, followed by treatment with 

Flavopiridol, Purvalanol B, or VMY, did not increase the amount of cell death in these cells 

(Figure 13C), suggesting the wild-type p53 function is required for VMY-mediated cell death 

and the p53 245 mutant construct does not have a dominant-negative effect on apoptosis in these 

cells.   

 

5.3 RESTORATION OF MUTANT P53 TO WILD-TYPE INCREASES APOPTOSIS FOLLOWING VMY 

TREATMENT 

 PRIMA-1 is a compound that reactivates mutant p53 (50,51) by inducing several p53 

target genes and p53-dependent apoptosis (51,52).   PRIMA-1, along with its methylated version 

PRIMA-1
MET

, has been shown to synergize with chemotherapeutic drugs to induce p53-mediated 

apoptosis in several cancer cell lines (53).  To determine if restoration of wild type p53 activity 

in mutant DU145 cells would increase their sensitivity to VMY, PRIMA-1 pre-treatment was 

used.  In DU145 cells, PRIMA-1 was able to induce p21 levels, suggesting a restoration in p53 

activity (Figure 14A).  Importantly, this restoration of p53 significantly increased the subG1 

fraction following VMY treatment from 18% to 42% with 10uM treatment (p=0.025) and to 50% 

death with 30uM treatment (p=0.010), confirming that p53 is required for apoptotic sensitivity to 

this compound (Figure 14B).  Moreover, PRIMA-1 sensitized DU145 cells to PARP cleavage 

following VMY treatment (Figure 14C).  To control for the potential lack of specificity of 

PRIMA-1, similar experiments were performed in cells lacking p53 mutations; LNCaP (wild-

type) and PC3 (null).   VMY treatment in LNCaP cells normally results in close to 50% cell 

death in 18 hours, while treatment of PRIMA-1 in these cells only increases cell death by about 
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7% versus DMSO.  Interestingly, not only is there not an additive effect of both drugs on cell 

death, but PRIMA-1 also seems to partly inhibit the VMY-mediated cell death in LNCaPs 

(Figure 15A).  In p53 null PC3 cells, neither VMY nor PRIMA-1 treatment alone is sufficient in 

causing apoptosis and the combination of the two treatments also does not result in cell death 

(Figure 15B).   

 

5.4   CONCLUSIONS 

 Previous research has shown that p53 status in cells can alter their sensitivity to cancer 

drugs.  Some cancer therapeutics, such as cyclophosphamide, are more sensitive in p53 mutant 

cells (21), while other drugs, such as anthracycline, are more sensitive in p53 wild-type cells and 

correlate to chemoresistance in patients with p53 mutations (54).  Since p53 mediates apoptosis, 

treatment of wild-type cells with these compounds allows the cells to undergo a normal apoptotic 

response and die, while cells without functional p53 cannot.  Data from the VMY treatment of 

many cell lines show a correlation between sensitivity and p53 status, where cells expressing 

wild-type protein, such as LNCaP, have higher VMY-mediated cell death than do those without 

p53, such as DU145 or PC3 cells.   In fact, cells lacking wild-type p53 hardly die at all after 18 

hours of VMY treatment.   

 In order to determine if wild-type p53 is required for cells to undergo VMY-mediated 

apoptosis, we first knocked down p53 levels in wild-type LNCaP cells.  Although siRNA 

knockdown of the protein did not eliminate p53 protein expression, it reduced the level enough 

to abolish VMY-mediated apoptosis in these cells.  This knockdown of p53 also reduced the cell 

cycle affect induced by VMY treatment, as cells no longer arrested in G2/M without sufficient 
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wild-type p53 levels.  This is interesting because even cells with mutated p53 arrest in G2/M but 

fail to complete apoptosis.  This suggests that p53 may be important in both cell cycle arrest and 

apoptosis by VMY in cells with normal, wild-type copies of the protein, however cells with p53 

mutations may arrest in G2 through a different, unknown mechanism.  This is confirmed through 

the data where transfection of a mutant p53 construct in LNCaP cells following siRNA 

knockdown does not rescue the effect of VMY-mediated apoptosis or cell cycle arrest.  

Therefore, wild-type p53 is necessary for these cells to respond to VMY treatment.   

 In cells that do not have wild-type p53 and arrest in G2 upon VMY treatment but fail to 

undergo sufficient apoptosis, introduction of wild-type p53 greatly sensitizes them to VMY-

mediated cell death.  PC3 cells, which are p53 null, normally do not die upon 30uM VMY 

treatment for 18 hours.  However, upon transfection of PC3 cells with a wild-type p53 vector, 

greater than 50% are dead under these same treatment conditions.  In contrast, transfection with a 

p53 mutant construct (G245A) does not change the sensitivity of PC3 cells to VMY, again 

confirming that the wild-type version of the protein is necessary for VMY-mediated apoptosis.  

In addition, restoration of p53 mutant DU145 cells to wild-type p53 greatly sensitizes them to 

cell death following VMY treatment, further confirming the requirement for wild-type p53. 

 P53 mutations are common in cancer and approximately 50% of cancer patients express 

such mutations (55), however they are much less common in prostate cancer than in other solid 

tumor types.  In fact, only 20% of prostate cancer cases have known p53 mutations (12).  

Through our in vitro studies of VMY activity in prostate cancer, we know that VMY is very 

efficient at causing cell cycle arrest and apoptosis in p53 wild-type prostate cancer cells.  

Therefore, this drug has the potential to be very effective in a majority of prostate cancer cases.  
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Furthermore, alteration of p53 in patients with p53 mutations may help sensitize them to VMY 

treatment, as well as other drugs that cause p53-dependent apoptosis.  In addition, previous 

findings have shown that DNA damaging agents may be effective when used in conjunction with 

cdk inhibitors, particularly in p53 mutant cancer cases.  One example is with the pan-cdk 

inhibitor silibinin, which has been shown to sensitize prostate cancer cells to DNA damaging 

agent doxorubicin (56).  Additional results describe the combination effects of a non-cdk cell 

cycle inhibitor, Wee1 inhibitor MK-1775, with DNA damaging agent Gemcitabine.  These 

results showed that this combination led to tumor regression in p53-deficient pancreatic cancer 

xenografts, but not those with wild-type p53 (57).  Consequently, future studies using 

combination treatments between VMY and DNA damaging agents, like doxorubicin, may prove 

effective in p53 mutant cell lines like DU145.   
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Table 1.  Differential sensitivity of VMY-mediated cell death in cancer cell lines.  Cell death 

was quantified by the SubG1 fraction using flow cytometry.  Percentages of cell death were 

grouped as follows: <5%,  6-10%,    11-20%,    >20%.   
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Figure 10.  siRNA knockdown of p53 diminishes the G2 cell cycle arrest by VMY treatment 

in LNCaP cells.  A) Protein expression of p53 in LNCaPs following 72 hr incubation with 

either adenovirus alone or adenovirus containing p53 siRNA.  B) Cell cycle profile plotting 

the percent cells in each phase upon drug treatment minus the percentage in each phase after 

DMSO treatment.   
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Figure 11.  p53 knockdown greatly reduces VMY-mediated apoptosis in LNCaP cells.  A) 

Percent total cell death following pre-treatment with adenovirus or p53 siRNA.  *p<0.01 for 

VMY treatment in adenovirus group vs p53 siRNA group, n=3 experiments. B) Immunoblot 

of LNCaP cell extracts.  C) Apoptosis protein expression array.  Fold change was calculated 

as the amount in protein expression divided by the amount for the adenovirus DMSO control 

group, which values were set to 1, *p<0.01 comparing adenovirus VMY vs p53 KD VMY, 

n=1 experiments, triplicates for each protein.     
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Figure 12.  Exogenous wild-type p53 can rescue the apoptotic effect of p53 knockdown in 

LNCaP cells.  A) Immunoblot of LNCaP cells treated with either adenovirus (adeno), p53 

siRNA (p53 KD), or p53 siRNA and transfection of wild-type p53 (p53 res), followed by 

treatment with either DMSO (D) or VMY (V).  B) Percent cell death as quanitified by SubG1 

using flow cytometry.  Percentages were calculated by subtracting the percentage of SubG1 

cells in DMSO-treated cells from the percentage of dead cells treated with VMY, n=1.   
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Figure 13.  Mutant p53 does not rescue the effect of the wild-type protein in terms of VMY-

mediated cell death.  A) Immunoblot of LNCaP cells stably transfected with tet-on flag-

tagged p53 (G245A).  B) Percentage of cell death as quantified by SubG1.  Percentages are 

normalized by subtracting out cell death of DMSO-treated cells.  C) Percent cell death of 

PC3 cells transiently transfected with either a GFP control construct, GFP + p53245mut, or 

GFP + wild-type p53, **p<0.01, n=3 experiments. 
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Figure 14.  Restoration of wild-type p53 in DU145 cells sensitizes them to VMY-mediated 

cell death.  A) Immunoblot of DU145 cells treated with DMSO or PRIMA-1.  B) Percentage 

of cell death as quantified by SubG1 levels, * p< 0.05, ** p < 0.01).  C) Immunoblot of 

DU145 cell extracts with and without PRIMA-1 pre-treatment, followed by treatment with 

either DMSO, Flavopiridol (Flavo), Purvalanol B (PVB) or VMY.   
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Figure 15.  PRIMA-1 is inactive in p53 wild-type and null cells.  A) Wild-type p53 LNCaP 

cells were treated with PRIMA-1 and/or DMSO, Flavopiridol, Purvalanol B (PVB), or 

various concentrations of VMY, n=3 experiments.  B) Same experiment was performed in 

p53 null PC3 cells, n=3 experiments.   
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6. VMY-1-103 IS ACTIVE IN PRIMARY NORMAL AND CANCER 

PROSTATE CELLS 
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6.1 DEVELOPMENT AND CHARACTERIZATION OF NEW PROSTATE CELL LINES 

 Current prostate cancer cell lines are great tools for in vitro drug discovery studies, 

however there are several limitations to these lines.  The most common prostate cancer cell lines 

used in research include LNCaP, DU145, and PC3 cells.  All of these cell lines were derived 

from metastatic disease and very few established cell lines exist that were derived from primary 

tumors.  In addition, LNCaP is the only one of these lines to express the androgen receptor, 

which is a hallmark of prostate cancer (58).  Furthermore, with the exception of LNCaP cells, 

none of these lines express the PSA antigen, which is detectable in all human cases of prostate 

cancer (59).  Another limitation of prostate cancer research is the lack of truly normal prostate 

cells in culture.  PWR1E cells are relatively normal prostate cells, although they were SV40 

transformed and therefore lack sufficient p53 expression (60).  There is a great need in the 

prostate cancer research field to develop additional cell lines, both from normal prostates and 

from prostate cancer, that closely resemble the molecular makeup of the patient they were 

derived from.    

 New methodology has been recently established at Georgetown to grow primary cells in 

culture indefinitely (29).  Briefly, this method entails growing cells on a layer of irradiated J2 

mouse feeder cells and the addition of Rho kinase inhibitor Y-27632 to the cell culture media.  

Through this method, new matched sets of normal (GUMC029N, GUMG003N) and cancer 

(GUMC030T, GUMG004T) prostate cell lines have been established.  In order to characterize 

these cell lines, western blots were performed to look at expression of AR, PSA, cytokeratin 5, 

cytokeratin8/18, and p63.  The cytokeratins give insight to the degree of differentiation that the 
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cells endured, with cytokeratin8/18 (K8/18) representing more differentiated, luminal prostate 

cells, and cytokeratin 5 and p63 as markers for less differentiated, basal prostate cells (61).  

Prostate cancer cells in patients are generally more differentiated, arising from the luminal 

prostate cells.  They often show elevated K18 and lack K5 and p63 expression, consistent with 

expression in the established cancer cell line LNCaP (Figure 16A).  Initial analysis of the new 

human prostate cell lines showed they were in a less differentiated state than LNCaP cells.  Both 

the GUMG003N and GUMG004T cell lines express K5 and p63, as well as K8/18, suggesting 

they may represent an intermediate state between basal and luminal prostate cells.  

Unfortunately, AR protein levels were low and PSA protein levels were undetectable, similar to 

the DU145 and PC3 cell lines.  Furthermore, the addition of androgen in the form of DHT did 

not stimulate AR or PSA induction, although DHT did increase p63 levels in GUMG004T cells 

(Figure 16B).  This is most likely due to the fact that DHT can stimulate increased cell division, 

and p63 is characteristic of this.  AR mRNA is also reproducibly detectable through RT PCR in 

these cell lines, while PSA is not (data not shown). 

 In order to perform drug treatment studies on these cell lines, it was crucial to establish 

that these cells had similar molecular markers to the original patient samples.  Therefore, 

experiments were performed to alter the differentiation state of the cells in order to induce AR 

and cytokeratin expression.  First, reduction in glutamine levels in the media for five days caused 

mouse prostate cells, established from the PB-ErbB2, PTEN+/- prostate cancer mouse model, to 

appear more differentiated, with a larger cytoplasm to nuclear ratio (Figure 17A).  Western blot 

analysis showed that glutamine reduction did not increase, but rather decreased the protein levels 

of AR in the primary mouse cells.  Interestingly, these cells did appear to be differentiated, as K5 
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and p63 protein levels were diminished after cell growth in media with depleted glutamine 

(Figure 17B).  Similar experiments were performed in the primary human prostate lines.  Unlike 

the mouse cells, the human cells were not easily manipulated by glutamine reduction and the cell 

phenotype did not change.  In GUMG003N cells, glutatmine reduction did slightly reduce K5 

levels, although p63 levels remained stable.  In GUMG004T cells, the lower glutamine 

concentration actually caused an increase in p63 levels, although this was not seen upon the 

addition of DHT (Figure 16B). Thus, it is clear that differentiation status and AR expression can 

be altered in both the mouse and human prostate cells, although reduction of glutamine in the 

cell culture media does not appear to be the best, most consistent method to do this.   

  Additional experiments were performed to attempt to alter the differentiation status of 

the primary human cell lines.  Addition of Y-27632 has been shown to prevent differentiation in 

other cell types (62), therefore removal of the Y compound might induce differentiation in the 

primary prostate cells.  To test this, GUMG003N and GUMG 004T cells were grown in F media 

alone, without Y compound.  This seemed to induce some differentiation, as it caused a decrease 

in cytokeratin 5 and p63 expression in both cell lines.  Alas, in these cells, removal of Y did not 

increase AR or PSA expression (Figure 18A).  Another approach to alter differentiation and 

possibly androgen receptor expression is to treat the cells with demethylating agent 5-azacytidine 

(5-aza), as recent studies have shown that chronic 5-aza treatment in DU145 cells induces 

androgen receptor protein expression (63).  Treatment of GUMG003N and GUMG004T cells for 

10 days resulted in an increase of androgen receptor expression in both cell lines, although p63 

and cytokeratin 5 levels remained high, suggesting the cells were not fully differentiated (Figure 

18B).  It is clear that AR expression and differentiation can be manipulated in these cells by 
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either removing the Y compound or through long-term treatment with 5-aza.  Without this 

manipulation, the cells express low levels of AR signaling, little or no expression of PSA, and 

appear to be in an undifferentiated state as seen by cytokeratin and p63 expression.  Regardless, 

these cells still represent some of the only matched sets of human normal and cancer cells and 

thus represent good models for further drug studies. 

   

6.2 VMY SENSITIVITY IN PRIMARY MOUSE AND HUMAN PROSTATE CELLS 

 VMY activity was tested in all human and mouse primary prostate cell lines as they were 

in the established cancer cell lines.  A G2/M arrest was observed by cell cycle analysis in both 

normal GUMC029N and GUMG003N cells (Figure 19A), as well as in tumor cells GUMC030T 

and GUMG004T (Figure 19B).  These results are consistent with previous data from established 

prostate cell lines.  VMY also caused an increase in SubG1, dead cells in all of the cell lines.  

Surprisingly, the amount of cell death was consistently higher in the cancer cells versus the 

normal cells.  In normal cells GUMC029N and GUMG003N, VMY induced 6.5% and 4.9% cell 

death, respectively, while in tumor cells GUMC030T and GUMG004T, 16.5% and 11.2% cell 

death was observed (Figure 20A).  This suggests that although the new cell lines are 

undifferentiated and do not express all of the markers of prostate cancer, the cells retain some 

memory of their origin and behave differently in culture.  Deep sequencing of the p53 gene was 

performed on the GUMC029N and GUMC030T matched set and both of these cell lines express 

wild-type p53 (data not shown).  Therefore, it is not surprising that they are both sensitive to 

VMY-mediated cell death.  Furthermore, a western blot of these cells treated with either DMSO 

or VMY show that VMY induces p53 stabilization and protein levels.  Interestingly, p21 protein 
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levels were higher in the normal GUMC029N cells than in the GUMC030T cancer cells.  This 

may give insight into the differences in normal versus cancer cells that allow them to respond 

differently to drug treatment.   

 

6.3 CONCLUSIONS 

 Four new human prostate cell lines and PB-ErbB2 Pten+/-  mouse cell lines have been 

developed and can be utilized for pre-clinical studies.  This is the first time, to my knowledge, 

that matched normal and cancer cell lines have been developed from the same patient.  This is a 

huge accomplishment in prostate cancer drug research, as now potential therapeutic compounds 

can be tested in vitro on normal and cancer cells to ensure that the cancer cells are the only ones 

being affected by the drug.  Despite difficulties in manipulating the cells to express relevant 

markers of prostate cancer, progress has been made by altering the glutamine concentration in 

the media, at least in the mouse cells.  Previous studies have confirmed that glutamine depletion 

in cell culture media can reduce growth rate and induce cell differentiation (64).  Glutamine is 

required for proliferation of many cancer types, so it is not surprising that it is crucial for basal 

cell proliferation.  The reason for the difference in glutamine requirements between these mouse 

and human cells is not clear, although response to glucose or glutamine deprivation can be cell 

type specific.  Furthermore, the effect of glutamine deprivation in cancer cells may be different 

depending on the nature of transforming events that occurred in the cells (65).  Another 

explanation for this difference in apparent glutamine requirements between the mouse and 

human cells is the fact that the mouse cells were manipulated at earlier passage numbers, 

although further experiments are needed to explain this observation.  Removal of the Y 
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compound may be an easy way to quickly change differentiation status prior to drug treatment 

studies.  However, AR and PSA expression are hallmarks of prostate cancer and AR expression 

remains low and PSA expression is undetectable in the primary human cells.  Therefore, 

additional studies must be done to further manipulate these cells to more closely resemble 

prostate patient characteristics.   

 VMY treatment of these primary cells further confirmed the ability of the drug to cause 

G2/M cell cycle arrest and apoptosis.  The cell cycle arrest was seen in both the normal and the 

cancer cells, which can be expected as they are both rapidly proliferating cell lines that would be 

sensitive to cdk inhibition.  The interesting finding from these studies was the difference in cell 

death caused by VMY treatment, as the cancer cells were more sensitive.  This is important for 

clinical application of VMY but also an important observation about the cells.  The fact that the 

cells are different and display some sort of memory of whether they are normal or cancer is 

crucial for the studies of another potential therapeutics.  In fact, additional experiments 

confirmed this difference in drug sensitivity between the cells with treatment with doxorubicin 

and gemcitabin (data not shown).  Furthermore, additional matched cell lines from human and 

mouse patients are currently being developed can be used in these studies.   
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Figure 16.  Primary human prostate cell lines represent an intermediate cell type between basal 

and luminal.  A) Luminal, differentiated cells are represented by immunoblot of LNCaP protein 

extracts probed for androgen receptor (AR), cytokeratin 5 (K5), cytokeratin 8/18 (K8/18), p63, 

and B-actin.  B) GUMG003N and GUMG004T cells were grown in complete F medium with Y 

compound (FY), DMEM, or FY with 0.5mM glutamine (LG) for five days.  24hr prior to protein 

lysis, cells were treated with 10nM DHT.   
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Figure 17.  Glutamine reduction can alter differentiation status of primary Ϫten mouse cells.  A) 

Ϫten mouse cells grown in complete D medium with Y compound with 3.5mM glutamine versus 

0.5mM glutamine for five days.  B) Cells grown in either FY medium with 0.5mM or 3.5mM 

glutamine, or DMEM with Y compound with either concentration of glutamine for five days.  

DHT was added for 24 hours.  Immunoblot was probed for androgen receptor (AR), cytokeratin 

5 (Ck5), or p63.   
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Figure 18.  Differentiation status can be manipulated in primary human prostate cells.  A) Cells 

were grown in either complete F+Y medium (FY) or F medium without the Y compound (F).  

DHT was added for 24 hours and blot was probed for androgen receptor (AR), cytokeratin 5 

(K5), p63, and cytokeratin 18 (K18).  B) 5µM 5-azacytizine (5-aza) was added to cells for either 

0, 7, or 10 consecutive days.   
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Figure 19.  VMY treatment of primary prostate cells causes an increase in cells in G2/M.  A) 

Normal GUMC029N and GUMG003N cells were treated with either DMSO, Purvalanol B 

(PVB), 10 or 30µM VMY for 18 hours.  DNA content was measured using flow cytometry and 

plotted as the percentage of cells in a cell cycle phase upon treatment minus percentage in that 

phase with DMSO, *p<0.05, n=3 experiments.  B) Tumor GUMC030T and GUMG004T cells 

are represented, *p<0.05, n=3 experiments. 

  



 

66 

 

 

 

 

 

Figure 20.  Tumor cells are more sensitive to VMY-mediated cell death than normal prostate 

cells.  A) Normal (029N, 003N) and cancer (030T, 004T) cells were treated with either VMY or 

DMSO for 18 hours.  Cell death was quantified using the SubG1 peak in flow cytometry 

analysis.  Graph was plotted showing a difference in percent death cells after VMY treatment as 

compared with DMSO treatment, *p<0.05, **p<0.01, n=3 experiments.  B) Cells were treated 

with either DMSO (D) or 30µM VMY (V) for 18 hours.   
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7. SUMMARY, GENERAL DISCUSSION, AND FUTURE DIRECTIONS 
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 Nearly all cancer cases possess some form of cell cycle deregulation, thus inhibitors of 

the cell cycle are promising therapeutic options for all cancer types.  We have developed a novel 

analog of cdk1/2 inhibitor Purvalanol B, termed VMY-1-103, through the addition of a dansyl 

group to the compound.  This dansyl group allows for easy detection of the compound in vitro or 

in vivo due to its fluorescent properties.   However, the addition of the dansyl group changed 

many properties of the compound, rendering VMY a much different compound than its parent 

compound Purvalanol B.  Kinase activity assays showed that VMY is much more active in cells 

than Purvalanol B at inhibiting cdk1 activity.   

 Established cancer cell lines from many different tumor types were treated with VMY, 

including cells from prostate cancer, breast cancer, glioma, and medulloblastoma.  Furthermore, 

primary normal and tumor prostate cell lines were established from human patients and from the 

Ϫten mouse model and tested for a response to VMY treatment.   In all cell lines tested, both 

normal and cancer, VMY caused a rapid increase in the percentage of cells in G2/M, consistent 

with its ability to inhibit cdk1 activity.   In addition, VMY had unique effects in mitosis in 

DAOY and D556 cell lines, where it significantly delayed mitotic progression and caused 

chromosomal alignment irregularities when the cells were treated with the drug in early mitosis.  

These results were surprising as traditional cdk1 inhibitors, such as Flavopiridol, have been 

shown to accelerate, rather than inhibit, mitosis.  These interesting findings were also limited to 

medulloblastoma cells, as several prostate cell lines were tested as well and VMY, where VMY 

had no effect during mitosis.  Medulloblastoma and prostate cancer are very different cancers, 
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and its possible that the regulation of mitosis is different between the two.  The precise 

mechanism to how VMY is affecting mitosis in medulloblastoma cells, but not in other cell 

types, must be further investigated.  Additional tumor cell types should be tested in this manner 

in order to gain further insight into this mechanism.   

  Another interesting difference in the response to VMY treatment amongst different cell 

types was the difference in toxicity in the different cells.  Cells with wild-type p53, such as 

LNCaP and A172 cells, were very sensitize to apoptosis following VMY treatment, while cells 

with p53 mutations, like DU145, or lacking p53 altogether, such as in PC3 cells, were far less 

sensitive to treatment in terms of cell death.  Because VMY treatment of LNCaP cells led to an 

increase in total and phosphorylated levels of p53, it was clear that the p53 pathway was 

involved in the response to VMY.  Further manipulation of p53 in wild-type, mutant, and null 

cells confirmed that wild-type p53 is required for the short term apoptotic effect following VMY 

treatment.  Knockdown of p53 by siRNA in LNCaP cells led to a reduction in both VMY 

induced cell cycle arrest and apoptosis.  Furthermore, transfection of PC3 cells with wild-type 

p53, but not mutant p53, sensitized the cells to VMY-mediated cell death.  Additionally, 

restoration of functional wild-type p53 in p53 mutant DU145 cells greatly sensitized them to 

VMY treatment.   

 The mechanism behind VMY’s ability to activate p53 in these cells remains largely 

unknown.  Additional mechanistic studies are required to determine what VMY is doing in vitro 

in these cells.  Because traditional cdk1 inhibitors, or knockdown of cdk1, is not known to 

activate p53 on its own, it is likely that VMY is not entirely specific and may be inhibiting other 

proteins as well.  One cellular mechanism that greatly induces both total and phoshporylated 
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levels of p53 in cells is DNA damage.  DNA damaging agents, such as gemcitabine and 

doxorubicin, have been shown in vitro to activate a p53-mediated apoptotic response.  It is 

possible that VMY is acting in a similar fashion to these agents and this area of research is 

currently being explored.   

 VMY shows great promise as a potential cancer therapeutic agent, particularly in prostate 

cancer, where fewer than 20% of cases possess mutations in p53.  Therefore, a large population 

of prostate cancer patients may benefit from treatment with VMY alone.  In patients with p53 

mutations, who normally have more aggressive tumor types and are less responsive to a wide 

range of agents, single drug treatment with any compound will most likely not be effective.  

Second and third generation compounds to activate p53, such as PRIMA-1, are currently in 

clinical trials and may be used in the clinic to sensitize patients to other therapeutic agents, such 

as VMY.  VMY treatment alone in p53 mutant cells does cause a cell cycle arrest, so there is 

potential for it to be combined with other known agents.  Further in vivo research in cancer 

animal models is necessary to ensure the capibilities of VMY as a potential therapeutic agent, 

although the in vitro results thus far are promising for using VMY as a treatment for p53 wild-

type tumors or p53 mutant tumors in combination with other drugs.   

 

  



 

71 

 

 

8. APPENDICES 

  



 

72 

 

8.1 BIOGRAPHY 
 

 Lymor Ringer received her Bachelors of Science in Biology from the University of 

Maryland, College Park, in 2006.  From 2006 to 2008, she worked as a research assistant at 

biotechnology company Antigenics in Lexington, MA.  Lymor began graduate school in 2008 in 

the Tumor Biology Program at Georgetown University for her Doctor of Philosophy.  Her thesis 

mentor is Dr. Chris Albanese of the Department of Oncology in the Lombardi Comprehensive 

Cancer Center.   

  



 

73 

 

8.2  PERMISSION TO RE-PUBLISH 

 

10/10/12 

 

Hi Dr. Ringer, 

 

Thanks for contacting me. Upon publication, usage rights are transferred back to the original 

authors, so you can use your material as you see feet. We do only ask that you cite 

your published articles to Cancer Biology & Therapy as you did in your original email. As 

always, don't hesitate to contact me if you have any further questions. 

 

Sincerely, 

 

Thomas Ostmeyer 

 

Cancer Biology & Therapy 

  



 

74 

 

 

 

 

9.  REFERENCES 
 

 

  



 

75 

 

9. 1  REFERENCES 
 

1)  Pestell RG, Albanese C, Reutens AT, Segall JE, Lee RJ, Arnold A. The cyclins and 

 cyclin-dependent kinase inhibitors in hormonal regulation of proliferation and 

 differentiation. Endocrine Rev 1999; 20: 501-34. 

2)  Cam H, Dynlacht BD. Emerging roles for E2F: beyond the G1/S transition and DNA 

 replication. Cancer Cell. 2003 Apr;3(4):311-6. 

3) Cuddihy AR, O'Connell MJ. Cell-cycle responses to DNA damage in G2. Int Rev Cytol. 

 2003;222:99-140. 

4)  Peters JM. SCF and APC: the Yin and Yang of cell cycle regulated proteolysis. Curr 

 Opin Cell Biol. 1998 Dec;10(6):759-68. 

5)  Zhou BB, Elledge SJ. The DNA damage response: putting checkpoints in perspective. 

 Nature. 2000 Nov 23;408(6811):433-9. 

6)  Hirao A, Kong YY, Matsuoka S, Wakeham A, Ruland J, Yoshida H, Liu D, Elledge SJ, 

 Mak TW. DNA damage-induced activation of p53 by the checkpoint kinase Chk2. 

 Science. 2000 Mar 10;287(5459):1824-7. 

7)  Huang TS, Kuo ML, Shew JY, Chou YW, Yang WK. Distinct p53-mediated G1/S 

 checkpoint responses in two NIH3T3 subclone cells following treatment with DNA-

 damaging agents.  Oncogene 1996; Aug 1;13(3):625-32. 

8)  Taylor WR, Stark GR. Regulation of the G2/M transition by p53. Oncogene. 2001 Apr 

 5;20(15):1803-15. 

9)  Shapiro, G.I.  Cyclin-dependent kinase pathways as targets for cancer treatment. J Clin 

 Oncol. 2006: 24: 1770-1783. 

http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Cam%20H%5BAuthor%5D&cauthor=true&cauthor_uid=12726857
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Dynlacht%20BD%5BAuthor%5D&cauthor=true&cauthor_uid=12726857
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Hugh%20Cam%202003
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Cuddihy%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=12503848
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=O'Connell%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=12503848
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Cuddihy%2C%20A.%20R.%3B%20O'Connell%2C%20M.%20J.%202003
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Peters%20JM%5BAuthor%5D&cauthor=true&cauthor_uid=9914180
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9914180
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9914180
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Zhou%20BB%5BAuthor%5D&cauthor=true&cauthor_uid=11100718
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Elledge%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=11100718
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/11100718
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Hirao%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Kong%20YY%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Matsuoka%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Wakeham%20A%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Ruland%20J%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Yoshida%20H%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Liu%20D%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Elledge%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Mak%20TW%5BAuthor%5D&cauthor=true&cauthor_uid=10710310
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Hirao%20A.%20Science%202000
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Huang%20TS%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kuo%20ML%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Shew%20JY%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Chou%20YW%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yang%20WK%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Taylor%20WR%5BAuthor%5D&cauthor=true&cauthor_uid=11313928
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Stark%20GR%5BAuthor%5D&cauthor=true&cauthor_uid=11313928
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/11313928


 

76 

 

 

10)  Alessia Lopergolo, Nadia Zaffaroni. Biomolecular markers of outcome prediction in 

 prostate cancer. Cancer. 2009 Jul 1;115(13 Suppl):3058-67. 

11) Chakravarti A, Heydon K, Wu CL, et al. Loss of p16 expression is of prognostic 

 significance in locally advanced prostate cancer: an analysis from the radiation therapy 

 oncology group protocol 86-10. J Clin Oncol. 2003; 21: 3328-3334. 

12) Soussi T, Kato S, Levy PP, Ishioka C.  Reassessment of the TP53 mutation 

 database in human disease by data mining with a library of TP53 missense mutations. 

 Hum Mutat 2005 25: 6-17 

13) Milner J, Medcalf EA. Cotranslation of activated mutant p53 with wild type drives the 

 wild-type p53 protein into the mutant conformation. Cell. 1991 May 31;65(5):765-74. 

14) Gualberto A, Aldape K, Kozakiewicz K, Tlsty TD. An oncogenic form of p53 confers a 

 dominant, gain-of-function phenotype that disrupts spindle checkpoint control. Proc Natl 

 Acad Sci U S A. 1998 Apr 28;95(9):5166-71. 

15) Song H, Hollstein M, Xu Y. p53 gain-of-function cancer mutants induce genetic 

 instability by inactivating ATM. Nat Cell Biol. 2007 May;9(5):573-80. Epub 2007 Apr 8. 

16) Brown CJ, Lain S, Verma CS, Fersht AR, Lane DP. Awakening guardian angels: 

 drugging the p53 pathway. Nat Rev Cancer. 2009 Dec;9(12):862-73. 

17)  Freedland SJ, deGregorio F, Sacoolidge JC, et al. Preoperative p27 status is an        

 independent  predictor of prostate specific antigen failure following radical 

 prostatectomy. J Urol. 2003; 169: 1325-1330. 

javascript:AL_get(this,%20'jour',%20'Cancer.');
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/2040013
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/2040013
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Gualberto%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9560247
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Aldape%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9560247
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Kozakiewicz%20K%5BAuthor%5D&cauthor=true&cauthor_uid=9560247
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Tlsty%20TD%5BAuthor%5D&cauthor=true&cauthor_uid=9560247
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Gualberto%20A%20PNAS%201998
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Gualberto%20A%20PNAS%201998
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Song%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17417627
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Hollstein%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17417627
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Xu%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17417627
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Song%20H%20Nature%20Cell%20Biology%202007
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Brown%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=19935675
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Lain%20S%5BAuthor%5D&cauthor=true&cauthor_uid=19935675
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Verma%20CS%5BAuthor%5D&cauthor=true&cauthor_uid=19935675
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Fersht%20AR%5BAuthor%5D&cauthor=true&cauthor_uid=19935675
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Lane%20DP%5BAuthor%5D&cauthor=true&cauthor_uid=19935675
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Brown%20CJ%20Nat%20Rev%20Cancer%202009


 

77 

 

 

 

18)      O'Connor PM, Jackman J, Bae I, Myers TG, Fan S, Mutoh M, Scudiero DA, Monks A, 

 Sausville EA, Weinstein JN, Friend S, Fornace AJ Jr, Kohn KW. Characterization of the 

 p53 tumor suppressor pathway in cell lines of the National Cancer Institute anticancer 

 drug screen and correlations with the growth-inhibitory potency of 123 anticancer agents. 

 Cancer Res. 1997 Oct 1;57(19):4285-300. 

19)  Lowe SW, Bodis S, McClatchey A, Remington L, Ruley HE, Fisher DE, Housman DE, 

 Jacks T. p53 status and the efficacy of cancer therapy in vivo. Science. 1994 Nov 

 4;266(5186):807-10. 

20)  Cimoli G, Malacarne D, Ponassi R, Valenti M, Alberti S, Parodi S. Meta-analysis of the 

 role of p53 status in isogenic systems tested for sensitivity to cytotoxic antineoplastic 

 drugs. Biochim Biophys Acta. 2004 Dec 17;1705(2):103-20. 

21) Bertheau P, Turpin E, Rickman DS, Espié M, de Reyniès A, Feugeas JP, Plassa LF, 

 Soliman H, Varna M, de Roquancourt A, Lehmann-Che J, Beuzard Y, Marty M, Misset 

 JL, Janin A, de Thé H. Exquisite sensitivity of TP53 mutant and basal breast cancers to a 

 dose-dense epirubicin-cyclophosphamide regimen. PLoS Med. 2007 Mar;4(3):e90. 

  22) Chen YNP, Sharma SK, Ramsey TM, et al. Selective killing of transformed cells by    

    cyclin/cyclin dependent kinase 2 antagonists. Proc Natl Acad Sci U S A. 96:4325-4329, 1999.   

 

http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9331090
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9331090
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9331090
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Lowe%20SW%5BAuthor%5D&cauthor=true&cauthor_uid=7973635
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Bodis%20S%5BAuthor%5D&cauthor=true&cauthor_uid=7973635
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=McClatchey%20A%5BAuthor%5D&cauthor=true&cauthor_uid=7973635
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Remington%20L%5BAuthor%5D&cauthor=true&cauthor_uid=7973635
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Ruley%20HE%5BAuthor%5D&cauthor=true&cauthor_uid=7973635
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Fisher%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=7973635
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Housman%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=7973635
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Jacks%20T%5BAuthor%5D&cauthor=true&cauthor_uid=7973635
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Lowe%20SW%20Science%201994
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Cimoli%20G%5BAuthor%5D&cauthor=true&cauthor_uid=15588765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Malacarne%20D%5BAuthor%5D&cauthor=true&cauthor_uid=15588765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Ponassi%20R%5BAuthor%5D&cauthor=true&cauthor_uid=15588765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Valenti%20M%5BAuthor%5D&cauthor=true&cauthor_uid=15588765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Alberti%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15588765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Parodi%20S%5BAuthor%5D&cauthor=true&cauthor_uid=15588765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Cimoli%20G%20Biochim%20Biophys%20Acta%202004
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Bertheau%20P%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Turpin%20E%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Rickman%20DS%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Espi%C3%A9%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=de%20Reyni%C3%A8s%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Feugeas%20JP%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Plassa%20LF%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Soliman%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Varna%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=de%20Roquancourt%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Lehmann-Che%20J%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Beuzard%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Marty%20M%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Misset%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Misset%20JL%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Janin%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=de%20Th%C3%A9%20H%5BAuthor%5D&cauthor=true&cauthor_uid=17388661
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Bertheau%20P%20Plos%20med%202007).


 

78 

 

 

23) Weaver BA, Cleveland DW.  Decoding the links between mitosis, cancer, and 

 chemotherapy: The mitotic checkpoint, adaptation, and cell death.  Cancer Cell. 8:7-12, 

 2005. 

  24) Santamaría D, Barrière C, Cerqueira A, Hunt S, Tardy C, Newton K, Cáceres JF, Dubus P,   

    Malumbres M, Barbacid M.  Cdk1 is sufficient to drive the mammalian cell cycle. Nature. 2007   

    Aug 16;448(7155):811-5.   

25) Chang YT, Gray NS, Rosania GR, Sutherlin DP, Kwon S, Norman TC, Sarohia R, Loest 

 M, Meijer L, Schultz PG.  Synthesis and application of functionally diverse 2,6,9-

 trisubstituted purine libraries as CDK inhibitors.  Chem Biol. 1999 Jun;6(6):361-75. 

26) Ringer L, Sirajuddin P, Yenugonda VM, Ghosh A, Divito K, Trabosh V, Patel Y, Brophy 

 A, Avantaggiati ML, Grindrod S, Lisani M, Rosenthal D, Brown ML, Rodriguez OC, 

 Albanese C. VMY-1-103, a dansylated analog of purvalanol B, induces caspase-3 - 

 dependent apoptosis in LNCaP prostate cancer cells. Cancer Biol Ther. 2010 

27) Vassilev LT, Tovar C, Chen S, Knezevic D, Zhao X, Sun H, Heimbrook DC, Chen L. 

 Selective small-molecule inhibitor reveals critical mitotic functions of human CDK1. 

 Proc Natl Acad Sci U S A. 2006 Jul 11;103(28):10660-5. 

28) Yenugonda VM, Deb TB, Grindrod SC, Dakshanamurthy S, Yang Y, Paige M, Brown 

 ML. Fluorescent cyclin-dependent kinase inhibitors block the proliferation of human 

 breast cancer cells. Bioorg Med Chem. 2011 Apr 15;19(8):2714-25. Epub 2011 Mar 4. 

29) Liu X, Ory V, Chapman S, Yuan H, Albanese C, Kallakury B, Timofeeva OA, Nealon C, 

 Dakic A, Simic V, Haddad BR, Rhim JS, Dritschilo A, Riegel A, McBride A, Schlegel R.  

http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/21440449
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/21440449


 

79 

 

 

 ROCK inhibitor and feeder cells induce the conditional reprogramming of epithelial cells. 

 Am J Pathol. 2012 Feb;180(2):599-607. Epub 2011 Dec 18. 

30) Senderowicz AM, Sausville EA. RESPONSE: re: preclinical and clinical development of 

 cyclin-dependent kinase modulators J Natl Cancer Inst. 2000 Jul 19;92(14):1185. 

31) Byrd JC, Shinn C, Waselenko JK, Fuchs EJ, Lehman TA, Nguyen PL, Flinn IW, Diehl 

 LF, Sausville E, Grever MR. Flavopiridol induces apoptosis in chronic lymphocytic 

 leukemia cells via activation of caspase-3 without evidence of bcl-2 modulation or 

 dependence on functional p53. Blood. 1998 Nov 15;92(10):3804-16. 

32) Schnaiter A, Stilgenbauer S. Refractory chronic lymphocytic leukemia--new therapeutic 

 strategies. Oncotarget. 2010 Nov;1(7):472-82. 

33)  Lee SH, Kang HS, Rhee CH, Kim MS, Kwon HC, Park MJ, Park IC, Lee CT, Kim CM, 

 Hong SI. Growth-inhibitory effect of adenovirus-mediated p53 gene transfer on 

 medulloblastoma cell line, Daoy, harboring mutant p53. Childs Nerv Syst. 2001 

 Feb;17(3):134-8. 

34)  Wu N, Wang Y, Wang S, Chen Y, Yan J. Recombinant human leptin induces growth 

 inhibition and apoptosis in human gastric cancer MGC-803 cells. Clin Exp Med. 2012 

 Sep 23. 

35) Shapiro GI. Cyclin-dependent kinase pathways as targets for cancer treatment. J Clin 

 Oncol. 2006 Apr 10;24(11):1770-83. 

36) Meek DW. Multisite phosphorylation and the integration of stress signals at p53. Cell 

 Signal. 1998 Mar;10(3):159-66. 

http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/22189618
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/10904097
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/10904097
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9808574
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9808574
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9808574
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Schnaiter%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21317446
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Stilgenbauer%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21317446
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Andrea%20Schnaiter%20Oncotarget%202010
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/11305765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/11305765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Wu%20N%5BAuthor%5D&cauthor=true&cauthor_uid=23001141
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Wang%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23001141
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Wang%20S%5BAuthor%5D&cauthor=true&cauthor_uid=23001141
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Chen%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=23001141
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Yan%20J%5BAuthor%5D&cauthor=true&cauthor_uid=23001141
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/23001141
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Shapiro%20GI%5BAuthor%5D&cauthor=true&cauthor_uid=16603719
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/16603719
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/16603719
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Meek%20DW%5BAuthor%5D&cauthor=true&cauthor_uid=9607138
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9607138
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/9607138


 

80 

 

 

37) Manni I, Mazzaro G, Gurtner A, Mantovani R, Haugwitz U, Krause K, Engeland K, 

 Sacchi A, Soddu S, Piaggio G. NF-Y mediates the transcriptional inhibition of the cyclin 

 B1, cyclin B2, and cdc25C promoters upon induced G2 arrest. J Biol Chem. 2001 Feb 

 23;276(8):5570-6 

38) Lindqvist A, van Zon W, Karlsson Rosenthal C, Wolthuis RM. Cyclin B1-Cdk1 

 activation continues after centrosome separation to control mitotic progression. PLoS 

 Biol. 2007 May;5(5):e123. 

39) Schmitz MH, Held M, Janssens V, Hutchins JR, Hudecz O, Ivanova E, Goris J, Trinkle-

 Mulcahy L, Lamond AI, Poser I, Hyman AA, Mechtler K, Peters JM, Gerlich DW. Live-

 cell imaging RNAi screen identifies PP2A-B55alpha and importin-beta1 as key mitotic 

 exit regulators in human cells. Nat Cell Biol. 2010 Sep;12(9):886-93 

40)  Lens SM, Voest EE, Medema RH. Shared and separate functions of polo-like kinases 

 and aurora kinases in cancer. Nat Rev Cancer 2010; 10:825-41 

41) Lampson MA, Cheeseman IM. Sensing centromere tension: Aurora B and the regulation 

 of kinetochore function. Trends Cell Biol 2011; 21:133-40 

42) Park CH, Kim KT. Apoptotic phosphorylation of histone h3 on ser-10 by protein kinase 

 Cδ. PLoS One. 2012;7(9):e44307. 

43) Saab R, Rodriguez-Galindo C, Matmati K, Rehg JE, Baumer SH, Khoury JD, et al. 

 p18Ink4c and p53 Act as tumor suppressors in cyclin D1-driven primitive 

 neuroectodermal tumor. Cancer Res 2009; 69:440-8 

http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/11096075
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/11096075
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Lindqvist%20A%5BAuthor%5D&cauthor=true&cauthor_uid=17472438
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=van%20Zon%20W%5BAuthor%5D&cauthor=true&cauthor_uid=17472438
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Karlsson%20Rosenthal%20C%5BAuthor%5D&cauthor=true&cauthor_uid=17472438
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Wolthuis%20RM%5BAuthor%5D&cauthor=true&cauthor_uid=17472438
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/17472438
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/17472438
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/20711181
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/20711181
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/20711181
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/22984491
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/22984491


 

81 

 

 

44) Neff, MW; Burke, DJ (1992). "A delay in the Saccharomyces cerevisiae cell cycle that is 

 induced by a dicentric chromosome and dependent upon mitotic checkpoints". Molecular 

 and Cellular Biology 12 (9): 3857–64. 

45) Wang, Y; Burke, DJ (1995). "Checkpoint genes required to delay cell division in 

 response to nocodazole respond to impaired kinetochore function in the yeast 

 Saccharomyces cerevisiae". Molecular and Cellular Biology 15 (12): 6838–44 

46) Cimini, Daniela; Wan, Xiaohu; Hirel, Christophe B.; Salmon, E.D. (2006). "Aurora 

 Kinase Promotes Turnover of Kinetochore Microtubules to Reduce Chromosome 

 Segregation Errors". Current Biology 16 (17): 1711–8 

47) Gregan J, Polakova S, Zhang L, Tolić-Nørrelykke IM, Cimini D. Merotelic kinetochore 

 attachment: causes and effects. Trends Cell Biol. 2011 Jun;21(6):374-81 

48) Goh AM, Coffill CR, Lane DP. The role of mutant p53 in human cancer.  J Pathol. 2011 

 Jan;223(2):116-26 

49) Aurelio ON, Kong XT, Gupta S, Stanbridge EJ. p53 mutants have selective dominant-

 negative effects on apoptosis but not growth arrest in human cancer cell lines. Mol Cell 

 Biol. 2000 Feb;20(3):770-8. 

50) V.J. Bykov, N. Issaeva, G. Selivanova, K.G. Wiman Mutant p53-dependent growth 

 suppression distinguishes PRIMA-1 from known anticancer drugs: a statistical analysis of 

 information in the National Cancer Institute database Carcinogenesis, 23 (2002), pp. 

 2011–2018 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC360258/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC360258/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC230938/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC230938/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC230938/
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/21306900
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/21125670
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Aurelio%20ON%5BAuthor%5D&cauthor=true&cauthor_uid=10629033
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Kong%20XT%5BAuthor%5D&cauthor=true&cauthor_uid=10629033
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Gupta%20S%5BAuthor%5D&cauthor=true&cauthor_uid=10629033
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Stanbridge%20EJ%5BAuthor%5D&cauthor=true&cauthor_uid=10629033
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/10629033
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/10629033


 

82 

 

 

51)  V.J. Bykov, N. Issaeva, A. Shilov, M. Hultcrantz, E. Pugacheva, P. Chumakov, J. 

 Bergman, K.G. Wiman, G. Selivanova Restoration of the tumor suppressor function to 

 mutant p53 by a low-molecular-weight compound Nat. Med., 8 (2002), pp. 282–288 

52) V.J. Bykov, N. Issaeva, N. Zache, A. Shilov, M. Hultcrantz, J. Bergman, G. Selivanova, 

 K.G. Wiman Reactivation of Mutant p53 and Induction of Apoptosis in Human Tumor 

 Cells by Maleimide Analogs J. Biol. Chem., 280 (2005), pp. 30384–30391 

53) H. Nahi, M. Merup, S. Lehmann, S. Bengtzen, L. Mollgard, G. Selivanova, K.G. Wiman, 

 C. Paul PRIMA-1 induces apoptosis in acute myeloid leukaemia cells with p53 gene 

 deletion Br. J. Haematol., 132 (2006), pp. 230–236 

54)  Knappskog S, Lønning PE. P53 and its molecular basis to chemoresistance in breast 

 cancer. Expert Opin Ther Targets. 2012 Mar;16  

55) Freed-Pastor WA, Prives C. Mutant p53: one name, many proteins. Genes Dev. 2012 Jun 

 15;26(12):1268-86 

56) Deep G, Agarwal R. New combination therapies with cell-cycle agents. Curr Opin 

 Investig Drugs. 2008 Jun;9(6):591-604. 

57)  Rajeshkumar NV, De Oliveira E, Ottenhof N, Watters J, Brooks D, Demuth T, Shumway 

 SD, Mizuarai S, Hirai H, Maitra A, Hidalgo M. MK-1775, a potent Wee1 inhibitor, 

 synergizes with gemcitabine to achieve tumor regressions, selectively in p53-deficient 

 pancreatic cancer xenografts. Clin Cancer Res. 2011 May 1;17(9):2799-806 

http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Knappskog%20S%5BAuthor%5D&cauthor=true&cauthor_uid=22313396
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=L%C3%B8nning%20PE%5BAuthor%5D&cauthor=true&cauthor_uid=22313396
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/22313396
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/22713868
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Deep%20G%5BAuthor%5D&cauthor=true&cauthor_uid=18516759
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Agarwal%20R%5BAuthor%5D&cauthor=true&cauthor_uid=18516759
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/18516759
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/18516759
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Rajeshkumar%20NV%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=De%20Oliveira%20E%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Ottenhof%20N%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Watters%20J%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Brooks%20D%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Demuth%20T%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Shumway%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Shumway%20SD%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Mizuarai%20S%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Hirai%20H%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Maitra%20A%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Hidalgo%20M%5BAuthor%5D&cauthor=true&cauthor_uid=21389100
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=MK-1775%2C%20a%20Potent%20Wee1%20Inhibitor%2C%20Synergizes%20with%20Gemcitabine%20to%20Achieve%20Tumor%20Regressions%2C%20Selectively%20in%20p53-Deficient%20Pancreatic%20Cancer%20Xenografts


 

83 

 

 

58)  Schuurmans AL, Bolt J, Mulder E. Androgens stimulate both growth rate and epidermal 

 growth factor receptor activity of the human prostate tumor cell LNCaP. Prostate. 

 1988;12(1):55-63. 

59)  Navone NM, Olive M, Ozen M, Davis R, Troncoso P, Tu SM, Johnston D, Pollack A, 

 Pathak S, von Eschenbach AC, Logothetis CJ. Establishment of two human prostate 

 cancer cell lines derived from a single bone metastasis. Clin Cancer Res. 1997 Dec;3(12 

 Pt 1):2493-500. 

60)  Webber MM, Bello D, Kleinman HK, Wartinger DD, Williams DE, Rhim JS. Prostate 

 specific antigen and androgen receptor induction and characterization of an immortalized 

 adult human prostatic epithelial cell line. Carcinogenesis. 1996 Aug;17(8):1641-6. 

61)  Tokar EJ, Ancrile BB, Cunha GR, Webber MM. Stem/progenitor and intermediate cell 

 types and the origin of human prostate cancer. Differentiation. 2005 Dec;73(9-10):463-

 73. 

62)  Matsumoto E, Furumatsu T, Kanazawa T, Tamura M, Ozaki T. ROCK inhibitor prevents 

 the dedifferentiation of human articular chondrocytes. Biochem Biophys Res Commun. 

 2012 Mar 30;420(1):124-9. 

63)  Gravina GL, Festuccia C, Millimaggi D, Dolo V, Tombolini V, de Vito M, Vicentini C, 

 Bologna M. Chronic azacitidine treatment results in differentiating effects, sensitizes 

 against bicalutamide in androgen-independent prostate cancer cells. Prostate. 2008 May 

 15;68(7):793-801. 

http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/3258066
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/3258066
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Navone%20NM%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Olive%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Ozen%20M%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Davis%20R%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Troncoso%20P%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Tu%20SM%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Johnston%20D%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Pollack%20A%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Pathak%20S%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=von%20Eschenbach%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Logothetis%20CJ%5BAuthor%5D&cauthor=true&cauthor_uid=9815652
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Establishment%20of%20two%20human%20prostate%20cancer%20cell%20lines%20derived%20from%20a%20single%20bone%20metastasis.
http://www.ncbi.nlm.nih.gov/pubmed?term=Webber%20MM%5BAuthor%5D&cauthor=true&cauthor_uid=8761420
http://www.ncbi.nlm.nih.gov/pubmed?term=Bello%20D%5BAuthor%5D&cauthor=true&cauthor_uid=8761420
http://www.ncbi.nlm.nih.gov/pubmed?term=Kleinman%20HK%5BAuthor%5D&cauthor=true&cauthor_uid=8761420
http://www.ncbi.nlm.nih.gov/pubmed?term=Wartinger%20DD%5BAuthor%5D&cauthor=true&cauthor_uid=8761420
http://www.ncbi.nlm.nih.gov/pubmed?term=Williams%20DE%5BAuthor%5D&cauthor=true&cauthor_uid=8761420
http://www.ncbi.nlm.nih.gov/pubmed?term=Rhim%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=8761420
http://www.ncbi.nlm.nih.gov/pubmed/8761420
http://www.ncbi.nlm.nih.gov/pubmed/16351690
http://www.ncbi.nlm.nih.gov/pubmed/16351690
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Matsumoto%20E%5BAuthor%5D&cauthor=true&cauthor_uid=22405765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Furumatsu%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22405765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Kanazawa%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22405765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Tamura%20M%5BAuthor%5D&cauthor=true&cauthor_uid=22405765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Ozaki%20T%5BAuthor%5D&cauthor=true&cauthor_uid=22405765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/22405765
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/18324645
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/18324645


 

84 

 

 

64)  Viallard V, Denis C, Trocheris V, Murat JC. Effect of glutamine deprivation and 

 glutamate or ammonium chloride addition on growth rate, metabolism and differentiation 

 of human colon cancer cell-line HT29. Int J Biochem. 1986;18(3):263-9. 

65)  Yuneva M. Finding an "Achilles' heel" of cancer: the role of glucose and glutamine 

 metabolism in the survival of transformed cells. Cell Cycle. 2008 Jul 15;7(14):2083-9 

http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Viallard%20V%5BAuthor%5D&cauthor=true&cauthor_uid=2869987
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Denis%20C%5BAuthor%5D&cauthor=true&cauthor_uid=2869987
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Trocheris%20V%5BAuthor%5D&cauthor=true&cauthor_uid=2869987
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Murat%20JC%5BAuthor%5D&cauthor=true&cauthor_uid=2869987
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/2869987
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed?term=Yuneva%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18635953
http://www.ncbi.nlm.nih.gov.proxy.library.georgetown.edu/pubmed/18635953

