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ABSTRACT 

Javier Rivera Guzman 

 

THE INHIBITOR-OF-APOPTOSIS PROTEIN SURVIVIN INCREASES P34CDC2 

PHOSPHORYLATION AND ENHANCES CELL SURVIVAL AND 

PROLIFERATION BY PROTECTING THE WEE1 KINASE FROM DEGRADATION 

BY CASPASE-3 

 

The anti-apoptotic protein Survivin and the cyclin-dependent kinase p34Cdc2 are 

involved in cell cycle progression and apoptosis.  Activation of Cdc2 is required for its 

pro-apoptotic activity, which can be inhibited by phosphorylation at Tyrosine-15 (Tyr15).  

In transduced IL-3-dependent murine BaF3 hematopoietic cells, over-expression of wild-

type-(wt)-Survivin increased Cdc2-Tyr15 phosphorylation, while over-expression of a 

dominant-negative-(dn)-T34A-Survivin construct decreased its phosphorylation.  The 

increased phospho-Tyr15 levels associated with ectopic Survivin directly correlated with 

enhanced BaF3 cell survival in the absence of growth factors, and low phospho-Tyr15 

levels observed in cells expressing ectopic dn-Survivin correlated with decreased 

survival.  BaF3 cells transduced with Internal Tandem Duplication (ITD) mutations of 

the Flt3 receptor that results in increased Survivin levels, also contained increased levels 

of Tyr15 phosphorylated Cdc2.  In BaF3 cells over-expressing wt-Survivin, 2-fold higher 

levels of Wee1 protein were observed compared to cells expressing control vector alone.  
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Treatment of control BaF3 cells with the caspase-3 inhibitor Ac-DEVD-CHO increased 

both Cdc2-Tyr15 phosphorylation and Wee1 protein levels.  In a similar fashion over-

expression of wt-Survivin in these cells maintained high levels of Tyr15 phosphorylated 

Cdc2 and Wee1 protein.  In MCF7 human breast cancer cells that lack caspase-3, 

increase of Tyr15 phosphorylated Cdc2 and Wee1 kinase protein by caspase-3, -7 or a 

pan-caspase inhibitor was absent, linking Survivin and caspase-3 to the increase of Wee1 

and Tyr15 phosphorylation of Cdc2.  To further link Survivin and Cdc2, we treated cells 

with AICAR and 17-AAG that inhibit Hsp90, which is known to be required for Survivin 

stability.  Treatment of BaF3 cells expressing wt-Survivin with AICAR and 17-AAG 

decreased Cdc2-Tyr15 phosphorylation compared to vehicle-treated control cells.  Taken 

together, these results indicate that Survivin protects the Cdc2-Tyr15-targeting kinase 

Wee1 from degradation by caspase-3 which leads to increased inhibitory Cdc2-Tyr15 

phosphorylation resulting in reduced apoptosis and enhanced survival. 

 
 

Louis M. Pelus, Ph.D. 
Committee Chairman 
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INTRODUCTION 

Survivin 

Structure and Function 

 Survivin is a member of the inhibitor of apoptosis (IAP) family of endogenous 

anti-apoptotic proteins characterized by the presence of a baculoviral inhibitor of 

apoptosis repeat (BIR) domain [1, 2] that inhibits caspase activity.  Survivin was 

originally found to be highly expressed in cancer and fetal tissues but absent in 

differentiated adult tissues.  However, more recent studies show that Survivin is 

expressed in a number of non-terminally differentiated adult tissues particularly those 

characterized by a high degree of proliferation and/or self-renewal such as hematopoietic 

stem cells, neuronal stem cells, keratinocyte stem cells [3-6] and T-cells.  In mice, 

Survivin is also known as thymus/testis-specific IAP (TIAP) [7].  Survivin plays a 

regulatory role in both evasion of apoptosis and cell cycle progression [8].  Survivin 

expression is highly upregulated in virtually all solid tumors and leukemias and is usually 

associated with more aggressive disease and resistance to chemotherapy [9].  The fact 

that Survivin is highly over-expressed in cancer cells with limited expression in normal 

tissues has made it an attractive target for cancer therapy [10].  Although Survivin can 

provide cells with a proliferative advantage, its over-expression alone does not appear 

sufficient to confer growth factor-independence or transformation [7, 11, 12]. 

 The Survivin gene (Birc5) is approximately 14.7 kilobases in length and has been 

localized to chromosome 17q25 [13].  It contains a TATA-less promoter rich in Sp1 
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binding sites, which are required for basal gene transcription [14, 15].  This gene encodes 

a wild-type Survivin protein that is approximately 16.5 kilodaltons in size and forms a 

homodimer which is thought to be necessary for its antiapoptotic function [16, 17].  

Phosphorylation of Threonine-34 by the Cdc2/Cyclin B1 heterodimeric kinase is believed 

to be necessary for Survivin dimerization [18].  Survivin has a number of known direct 

binding partners including CRM1, Smac/DIABLO, INCENP, Borealin, Aurora kinase B 

and Hsp90 [19-24].  Figure 1 shows an overview of the protein structure and protein-

protein interactions of wild-type Survivin [10].   

Splice Variants 

To date approximately 14 splice variants of the Survivin gene have been reported 

including Survivin, 2B, Ex3, 3B and 2α [9].  Figure 2 shows the exon splicing of wild-

type Survivin and the variants 2α, 2B, Ex3 and 3B [10, 25].  These variants have been 

reported to exhibit differing functions with different subcellular localizations [26, 27].  

Whereas variants Ex3 and 3B are considered to be anti-apoptotic, similar to wt- 

Survivin (albeit 3B is reported to be more potent than Ex3), variants 2B and 2α are 

considered to be pro-apoptotic, although this is still in debate and some investigators 

prefer to term it “non-antiapoptotic” [28, 29].  Our laboratory has also identified two 

novel splice variants, Survivin 3G and 3G-variant that have anti-apoptotic activity equal 

to wt-Survivin but expressed at higher levels in hematopoietic stem cells (unpublished 

data).   

 



 

3 
 

Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from Altieri, D.C., 2008 [10] 



 

4 
 

Figure 1.  Wild-Type Survivin Protein Structure and Protein-Protein Interaction 

Sites.  Schematic representation of the wild-type Survivin protein showing its known 

function domains, baculovirus IAP repeat (BIR), nuclear export signal (NES) and alpha-

helices, as well as binding partners and their binding sites (arrows): INCENP, Borealin, 

SMAC, X-linked IAP (IAP), heat shock protein 90 (Hsp90) and Aurora Kinase B.  

Phosphorylated residues (arrow followed by residue) indicate phosphorylation sites by 

known kinases: Cdk1 (also known as p34Cdc2) at Threonine-34, Aurora kinase B at 

Threonine-117 and Protein Kinase A at Serine-20.   
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from Sampath, J. and Pelus, L.M., 2007[9] 
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Figure 2. Survivin Splice Variant Exon Structures.  The top diagram shows the order 

of the exons in the Survivin gene (boxes) from Exon I to Exon IV.  The bottom diagram 

represents the exons and designation of Survivin splice variants that have been reported 

and their mature protein verified: wt-Survivin, Survivin 2α, Survivin 2B, Survivin Ex3, 

Survivin 3B and Survivin 3γ; this excludes varients simply identified from EST database 

searches or RT-PCR.   
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There has been an ongoing effort to determine the role of the Survivin splice 

variants in cancer [30].  Early studies suggested that expression of the Survivin 2B 

variant may have a negative role on cancer progression and malignancy.  A high level of  

expression of Survivin 2B was associated with good prognosis in patients with 

neuroblastoma and lower expression is associated with malignant tissues [31].  Survivin 

2B expression is lower in later stages of renal cell carcinomas [32] and inversely 

proportional to tumor differentiation and invasion in gastric cancer [33] and dominant in 

some benign brain tumors [34].  The Survivin splice variant Ex3 has been reported to 

have the opposite effect to Survivin 2B and inversely proportional to apoptotic index 

[35].  High levels of Survivin Ex3 mRNA have been reported to correlate with high 

proliferative activity in hepatocellular carcinoma [36].  In patients with breast 

carcinomas, Survivin variants 2B, Ex3 and 3B have been detected, and while Survivin 

2B was detected at higher levels in small tumors, 3B was more frequent in high-grade 

carcinomas and was more frequent in tumors with p53 gene mutation [37].  Relatively 

little is known about variant Survivin 2-alpha (2α) in cancer, however recent studies have 

shown that there is no change in Survivin 2α expression between paracancerous and 

cancerous tissues in gastric cancer patients [38].  In contrast, Survivin 2α expression was 

elevated in therapy resistant breast carcinoma cells [39].  However, with the identification 

of 10 new splice variants in addition to those discussed above it is now clear that the 

primers and probes used to detect the Survivin splice variants evaluated for activity to 
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date are not sufficiently specific and will detect more than one variant.  As a 

consequence, previously reported correlations may be inaccurate. 

 Although the subcellular localization of wild-type Survivin affects its function in 

cells, how subcellular localization affects the function of individual Survivin splice 

variants is relatively unknown and is currently being investigated.  The Survivin 2B 

variant has been found to be expressed mainly in the cytosol and a small fraction in the  

mitochondria [26, 40].  This latter finding may be important because Survivin 2B, which 

can bind wt- Survivin, may prevent its release from the mitochondria and in turn prevent 

inhibition of caspase-9 mediated apoptosis [41, 42].  In contrast, the Ex3 Survivin 

variant appears to localize mainly to the nucleus [26] as well as to the nucleoli, where it is 

degraded [43], and only a small portion localizes to the mitochondria [40].  During 

mitosis, Survivin Ex3 appears to translocate to the mitotic spindles [42], however the 

effect of its subcellular localization and its function have yet to be elucidated.  Survivin 

2α appears to localize to both the nucleus and cytoplasm during interphase but remains in 

the cytoplasm during mitosis [44].  Little is known about the subcellular localization of 

the recently described Survivin 3B variant [45] or the 3G and 3G-variants discovered in 

our laboratory.  However, one study shows that Survivin 3B interacts with chromosomal 

passenger proteins and suggests that it has an active nuclear export signal (NES), possibly 

indicating both cytoplasmic and nuclear distribution [29]. 
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Role in Apoptosis 

Survivin is a member of a family of caspase-specific inhibitors.  It effectively 

inhibits the functions of caspases 3, 7 and 9, as well as the proapoptotic protein second 

mitochondria-derived activator of caspases/direct IAP binding protein with low pI 

(Smac/DIABLO) [46].  Caspase-9 is an initiator caspase and is activated in response to 

apoptotic stimuli derived from the instrinsic pathway of apoptosis, which is mediated via 

mitochondrial responses [47].  Mitochondria release cytochrome-c that recruits the 

apoptotic protease-activating factor-1 (Apaf-1), which in turn binds to, cleaves and 

activates caspase-9.  Together these proteins form what is known as the “Apoptosome” 

[47-50] (Figure 3).  The Apoptosome in turn leads to the cleavage of inactive procaspase-

3 into its active form, which is known as an effector caspase [51].  Caspase-3 has a 

plethora of cleavage targets, including the protein inhibitor of caspase-activated 

deoxyribonuclease (iCAD), which sequesters CAD and upon its release translocates to 

the nucleus and degrades DNA [52].  Survivin deficiency exacerbates apoptosis in 

response to mitochondria-mediated apoptosis, also known as the intrinsic apoptosis 

pathway [53].  Survivin also binds to the mitochondria-derived proapoptotic protein 

Smac/DIABLO that binds to IAPs and acts to counterbalance anti-apoptotic proteins [20].  

Studies have also shown that over-expression of Survivin protects cells against apoptosis 

induced through the extrinsic apoptotic pathway by agents that signal through death 

domain receptors such as Fas ligand (FasL) and tumor necrosis factor-alpha (TNF-α) [54, 

55].  Another binding partner for Survivin is CRM1, which is a nulear export receptor 
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from Oberst, A. et al., 2008 [51] 
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Figure 3.  The Apoptosome.  The diagram represents proteins upstream as well as 

downstream of cytochrome-c release from the mitochondria.  The Apoptosome 

progression is demonstrated here wherein proapoptotic internal stimuli activate 

proapoptotic factors such as Bad and BID in turn leading to the activation of proapoptotic 

Bax/Bak leading to mitochondrial outer membrane permeabilization (MOMP) and 

release of cytochrome-c.  Pro-apoptotic activation of Bax/Bak can be counter-acted by 

anti-apoptotic factors such as Bcl-2/Bcl-xL, but these too can be inhibited by Bad.  The 

released cytochrome-c binds the co-factor Apaf-1 and together they bind and activate 

procaspase-9 and form the functional Apoptosome.  The Apoptosome subsequently 

cleaves effector procaspases-3 and -7 into their active forms ultimately leading to 

apoptosis. 
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that interacts with NES domains in shuttled proteins, and is necessary for nuclear export 

of Survivin into the cytoplasm that in turn is necessary for its anti-apoptotic function [21, 

56, 57].   

Role in Cell Cycle 

It has been reported that in normal cells Survivin protein expression is up-

regulated during progression to G2/M phase of cell cycle and at anaphase Survivin is 

targeted for phosphorylation by the heterodimeric kinase p34Cdc2/Cyclin B1 at 

Threonine-34, an event considered to be important for both its cell cycle and anti-

apoptotic functions [18].  This is further supported by evidence that a Threonine 34-to-

Alanine non-phosphorylatable mutation produces a dominant-negative (dn) form of 

Survivin, which has a negative effect on cell cycle progression and apoptosis [58-62].  

Survivin activates the Cdk2/Cyclin E complex leading to an increase in pRb 

phosphorylation contributing to cell cycle progression, as well as associates with Cdk4 

leading to its nuclear translocation and accelerates cellular exit from S-phase and entry 

into G2-phase [63]. 

 During the transition between metaphase and anaphase, the chromosomal 

passenger complex (CPC) localizes to the microtubules at the central spindle.  This 

complex is comprised of Aurora kinase B, INCENP, Survivin and Borealin and is 

important for chromosomal condensation, spindle assembly, microtubule-kinetochore 

interaction and chromosomal alignment, as well as the spindle checkpoint and completion 

of cytokinesis [64-66].  Borealin, also known as Dasra, binds to Survivin and directs 
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Survivin binding to INCENP rather than to Aurora kinase B [67, 68].  In the absence of 

Survivin cells undergo mitotic catastrophe (a type of cellular death) and cycling cells 

cannot properly complete mitotis.  However, recently, Yang et al., reported that cells 

could in fact complete cell cycle in the absence of Survivin, however, they suffered a 

great number of cell division abnormalities including aberrant chromosome segregation 

and incomplete cytokinesis, highlighting the necessity of Survivin in order to maintain 

normal cell cycling [69].  Although caspases-2 and -3 have been implicated, it is still 

unclear whether or not caspase activation is necessary for mitotic catastrophe to occur 

[70-72].  A role for these caspases could prove important because their activities are 

inhibited by Survivin and would further implicate Survivin in this process.  

Role in Hematopoiesis 

Survivin is expressed in normal hematopoietic cells and our laboratory has shown 

that it plays a physiological role in hematopoietic stem and progenitor cell function [3, 

73, 74].  In hematopoietic cells, Survivin functions by regulating both cell cycle and 

caspase inhibition and is upregulated in response to hematopoietic cytokines such as 

thrombopoietin (Tpo), stem cell factor (SCF) and Flt3 ligand (FL), before entry into cell 

cycle [73].  Recently, a study in caspase-3 knockout mice showed dampened responses to 

specific cytokines and contribution to quiescence of hematopoietic stem cells [75], 

confirming that Survivin would act as a counter-balance, consistent with our laboratories 

finding that Survivin and active caspase-3 levels are found in inverse proportion in 

CD34+ human hematopoietic stem cells [3]. 
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Target of Cancer Therapeutics 

 Survivin is found to be highly expressed in virtually all cancers with few 

exceptions [1, 76], and coupled with its limited expression in most adult tissues, has 

made Survivin an attractive cancer therapeutic target.  Our laboratory has shown that dn- 

(T34A)-Survivin can abrogate the effects of constitutively active-H-Ras [62].  Studies 

using either the dn-T34A-Survivin alone [77] or a dual T34A/D53A mutated Survivin 

have shown efficacy on down-regulation of the anti-apoptotic effect of wt-Survivin on 

aberrant cells [77, 78].  In addition, the use of the human immunodeficiency virus (HIV) 

Tat protein that allows passage through the cell membrane, fused with the T34A-Survivin 

has been found to have a negative effect on the growth and survival of breast cancer and 

melanoma cells [79, 80].  Another method of targeting Survivin is the use of an 

adenoviral vector for combinatorial therapy.  To this end, studies have shown that Adeno-

T34A therapy in combination with the administration of the microtubule-affecting drug 

paclitaxel sensitizes prostate cancer cells to chemotherapy [81].  Furthermore, Adeno-

T34A and Adeno-caspase-3 combinatorial treatment reduces Survivin expression in an 

ovarian carcinoma cell line [60]. 

It has been found that heat shock protein-90 (Hsp90) stabilizes Survivin, which 

means that disruption of Hsp90 activity in turn disrupts Survivin protein levels [12, 22].  

Currently, drugs that bind to the ATP-binding pocked within Hsp90 with higher affinity 

than Hsp90’s normal binding partners are being evaluated as therapeutic agents targeting 
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Survivin.  In addition, Geldanamycin and its deratives and AICAR are also being studied 

[82-87].   

Hematopoiesis 

Overview 

 Hematopoiesis is the lifelong process through which the cells of the blood and 

immune system are produced.  These cells have an array of different functions, ranging 

from delivering oxygen to the body’s tissues, preventing blood loss, to defending against 

pathogens.  Hematopoietic stem cells are defined as cells with the ability to not only give 

rise to all the lineages of the blood but to have self-renewal capacity (Figure 4) [88].  

Hematopoietic stem cells also produce multilineage progenitor cells that have the ability 

to give rise to cells in multiple but not all lineages and possess a limited self-renewal 

potential (such as the common myeloid progenitor cell or the common lymphoid  

progenitor cell), which in turn gives rise to more restricted progenitor cells that give rise 

to individual cell lineages and have no self-renewal potential [89]. 

Markers/Definitions 

Currently the standard definition of a hematopoietic stem cell in humans, whether 

it is derived from umbilical cord blood (UCB) or bone marrow, is a cell possessing the 

cluster designation (CD) 34 and 90 markers but lacking CD38 and 45RA, termed  

CD34+CD38-CD90+CD45RA-  cells [88, 90-93].  These cells can be isolated using 

fluorescence activated cell sorting (FACS) using fluorochrome-conjugated antibodies.  In 

mice, the definition of an HSC is a cell expressing Sca-1, c-Kit and SLAM (CD150)  
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Figure 4 

 

 

 

 

 

 

 

Adapted from Weissman, I.L. and Shizuru, J.A., 2008 [88] 
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Figure 4.  The Hierarchy of Hematopoeisis.  In the formation of the blood and its 

components, the hematopoietic stem cell first gives rise to multipotent progenitor cells as 

well as more stem cells (self renewal).  The multipotent progenitor cells in turn give rise 

to lineage restricted (oligopotent) progenitor cells such as the common lymphoid 

progenitor (CLP), common myeloid progenitor (CMP), granulocyte macrophage 

progenitor (GMP) and megakaryocytic/erythoroid progenior (MEP).  Through further 

differentiation and specialization, the oligopotent progenitor cells give rise to all the 

mature blood cell elements.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

18 
 

markers on their cell surface and lacking expression of CD48 and any markers defining 

lineage differentiation (Lin), e.g., T3, T4, T8, MAC1, Gr1, B220, Flk2 or CD34, or 

expressing Sca-1 and c-Kit and negative for CD34 and lineage markers.  These cells are 

termed  SLAM SKL or CD34- SKL cells and contain the long-term repopulating HSC at 

a frequency of ~1 in 3 [94]. 

P34Cdc2/CDK1 

 Cyclin dependent kinase 1 (CDK1) or p34 Cell Division Cycle 2 gene 

(p34Cdc2) is a 34 kilodalton member of the normal cell cycle machinery.  Cdc2  

heterodimerizes with the 55 kilodalton protein cyclin B1, and together they form what is 

known as the mitosis promoting factor (MPF).  MPF is activated at the end of G2 phase 

(dephosphorylated at Thr14/Tyr15) by the phosphatase Cdc25c causing it to translocate 

to the nucleus where it helps usher cells from G2 phase into Mitosis [95].  Figure 5 

provides a schematic of p34Cdc2’s activity in cell proliferation [96].  

Role in Cell Cycle 

 P34Cdc2/Cyclin B1 is upregulated in late G2 phase of the cell cycle and peaks at 

metaphase and is involved in centrosome separation, which is required for bipolar spindle 

assembly via phosphorylation of motor proteins [97].  It also targets lamina for 

phosphorylation aiding in nuclear structure destabilization that leads to a breakdown of 

the nuclear envelope [98].  P34Cdc2/Cyclin B1 also contributes to chromosome 

condensation through condensin phosphorylation [99] and is auto-regulated by helping to  
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Figure 5 
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Figure 5.  Cdc2 and Cell Cycle.  This figure summarizes the accepted role of Cdc2 in 

the cell cycle during normal mitosis.  During most of the cell cycle Cdc2 is kept in an 

inactive state by phosphorylation at its Threonine-34 and Tyrosine-15 residues by the 

kinases Wee1 and Myt1.  During progression from the G2 phase into mitosis, the 

phosphatase Cdc25c dephosphorylates these residues and cyclin activating kinase (CAK) 

phosphorylates Cdc2 Threonine-161 resulting in an active Cdc2 that binds Cyclin B1 to 

form a heterodimeric kinase.  Once active Cdc2/Cyclin B1 translocates to the nucleus 

where among other targets, it phosphorylates Survivin at Threonine-34 during anaphase.  

Afterward, Cyclin B1 is then targeted for degradation and Cdc2 is once again rendered 

inactive. 
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activate the anaphase promoting complex (APC) before cells enter anaphase, which in 

turn targets proteins for degradation including Cyclin B1 [100-103]. 

Role in Apoptosis 

 There is considerable evidence that improper activation of Cdc2 is involved in 

activation of apoptosis.  Active Cdc2 can cause aberrant entry into mitosis, which causes 

premature chromatin condensation and apoptosis [104-107] and inhibition of Cdc2 with a 

dominant-negative mutant can protect cells from apoptosis or mitotic catastrophe induced 

by Chk2 inhibition [70, 108].  However, studies with Cdc2 deficient cells showed that 

they could still undergo apoptosis, while other studies have shown that Cdc2 

activation/inactivation levels do not change when these cells undergo apoptosis.  

Although its exact role is still not completely understood, it is clear that Cdc2 does in fact 

have a role during certain instances of apoptosis, and likely in a cell-specific manner 

[109-111].  The current paradigm for Cdc2’s involvement in apoptosis are outlined in 

Figure 6. 

Cell Cycle 

Overview 

Cell Cycle is the process that cells undergo to divide and produce two genetically 

identical daughter cells.  It begins with a cell within a quiescent state G0- or in stasis G1-

Phase.  Upon receiving instrinsic or extrinsic mitogenic signals, the cell is activated and 

initiates its progression into S-Phase wherein the cell duplicates its genome, followed by 

the G2-Phase where the cell produces most of its protein repertoire (Figure 7a).  The G0 to  
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from Castedo, M. et al., 2002 [96] 
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Figure 6.  Cdc2 and Apoptosis.  Improper activation of Cdc2 can lead to mitotic 

catastrophe.  In ErbB2-expressing cells, ErbB2 targets Cdc2 Tyrosine-15 for 

phosphorylation to help keep it properly inactive.  However, the use of the ErbB2-

inhibiting drug Herceptin or microtubule destabilizing drug Taxol result in improper 

Cdc2 activation and ultimately mitotic catastrophe. 
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Figure 7.  Cell Cycle.  A) Cell cycle overview.  Cell cycle is separation into four major 

phases: G1, S, G2 and M.  B) Mitosis overview.  M-phase can be divided into five sub-

phases: Prophase (formation of the mitotic spindles, chromatin condensation), 

Prometaphase, Metaphase (alignment of the chromosomes), Anaphase (attachment of the 

chromosomes to the mitotic spindles and separation) and Telophase (formation of the 

cleavage furrow) ultimately to cytokinesis, the formation of two daughter cells.  C) Cell 

cycle checkpoints.  Cells have cell cycle checkpoints in place to ensure faithful 

replication of cells and avoid aberrant growths.  If cells do not pass the cell cycle 

checkpoint their progression is halted or apoptosis can occur.  The first checkpoint exists 

between G1 phase and S phase to ensure the microenvironment is conducive for cell cycle 

progression.  The second checkpoint exists before entry into mitosis to ensure faithful 

DNA replication and again a conducive microenvironment for progression to occur.  

Lastly, before completion of mitosis, a checkpoint exists to ensure proper attachment of 

the mitotic spindles and chromosomes. 
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G2 phase of the cell cycle is known as Interphase.  Thereafter, cells enter their mitotic 

phase, which is divided into prophase, prometaphase, metaphase, anaphase and telophase 

(Figure 7b).  Following proper cytokinesis, two daughter cells are formed.  

Cell Cycle Arrest and Cell Cycle Checkpoints 

 In order for cell cycle to progress correctly, there are a number of checks and 

balances set in place in order to ensure proper division and replication; known as cell 

cycle checkpoints (Figure 7c).  The G1 checkpoint is set-up to ensure that cells are 

genomically stable and healthy before entering S-phase where DNA is replicated.  The 

“master regulator” of the G1 checkpoint is the p53 tumor suppressor protein [112].  The 

G2 checkpoint protects cells from potentially detrimental replication following DNA 

damage and is governed by the Chk1, Wee1 and Myt1 kinases [114].  It is at G2, after 

activation of Wee1, that the p34Cdc2/Cyclin MPF ushers cells into mitosis.  The spindle 

checkpoint in metaphase functions to ensure that the cells have properly aligned their 

chromosomes and that the machinery is adequately prepared to separate the 

chromosomes and complete cytokinesis, otherwise mitotic catastrophe occurs [115]. 

Apoptosis 

Overview 

 Apoptosis, or programmed cell death, is a cellular process that ensures that 

aberrant, unwanted or unnecessary cells are properly disposed of (e.g., cancer cells, 

excess T cells after clearance of infection and cells during embryonic development).  The 
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central executer of this process is the caspase cascade.  There are two pathways that 

activate the caspase cascade: the instrinc and extrinsic apoptotic pathways. 

Intrinsic Pathway 

 The intrinsic pathway of apoptosis is designed to sense internal signals derived 

from irreparable damage caused within the cell.  Components of the instrinsic apoptotic 

pathway include Smac/DIABLO, Bad, Apaf-1, cytochrome-c, caspase-9, caspase-3 and 

proapoptotic bcl-2 family members [116].  Internal signals generated by DNA damage, 

cytotoxic drugs or improper cell cycle, compromise mitochondrial membrane potential 

resulting in release of proapoptotic factors such as cytochrome-c and Smac/DIABLO.  

Cytochrome-c binds to Apaf-1, which in turn binds with and activates caspase-9 forming 

the Apoptosome that with the co-factor dATP results in the activation of effector 

caspases-3 and -7 and ultimately cell death (Figure 8).   

Extrinsic Pathway 

 The extrinsic pathway of apoptosis is designed to sense external signals from the 

microenvironment that can indicate that a cell’s viability is no longer necessary.  

Components of the extrinsic apoptotic pathway are mostly ligands and receptors of the 

TNF superfamily of receptors that possess death domains in their intracellular portion.  

For TNF receptors, these are termed tumor necrosis factor receptor-associated death 

domains (TRADD) and for Fas receptor, they are termed fas receptor-associated death 

domains (FADD).  In the extrinsic pathway, external factors such as TNF-related 

apoptosis inducing ligand (TRAIL), Fas ligand or high levels of tumor necrosis factor-α  
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Figure 8 

A. 

 

B. 

 

Adapted from Mol Biol of the Cell [113] 
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Figure 8.  Instrinsic and Extrinsic Apoptotic Pathways of Apoptosis.  A) Extrinsic 

apoptosis occurs when external signals (such as Fas ligand on the surface of a killer 

lymphocyte) bind to Fas receptors on another cell leading to their aggregation, activation 

and formation of the death inducing signaling cascade (DISC), which itself activates the 

caspase cascade leading to apoptosis.  B) Intrinsic apoptosis occurs when signals within 

the cell indicate that an uncorrectable aberration has occurred (such as irreparable DNA 

damage), leading to compromising of the mitochondrial membrane potential releasing 

cytochrome-c and leading to formation of the Apoptosome, activation of the caspase 

cascade and ultimately apoptosis.   
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result in aggregation of tyrosine kinase receptors of the TNF Superfamily of receptors 

such as FasR [116].  Subsequently their intracellular death domains bind, along with 

procaspase-8, to form the Death Inducing Signaling Complex (DISC).  DISC is 

responsible for the cleavage of initiating procaspase 8 into its active form and in turn 

caspase-8 activates the effector caspases-3 and -7 (Figure 8). 

Caspases-3, -7 and -9 

 Cell death (CED) proteins are the central machinery of apoptosis that were first 

discovered in C. elegans [117, 118].  The mammalian homologs have been identified [49, 

119-121] and include the cysteinyl aspartate proteinases or caspase family.  Caspases can 

be categorized into two groups: initiator caspases and effector caspases [122].   

Initiator caspases have longer prodomains (compared to effector caspases) as well as 

caspase recruitment domains (CARD) or death effector domains (DED) (Figure 9) and 

function by interacting with upstream signaling proteins.  Caspase-9 forms part of the 

apoptosome and interacts with Apaf-1 through CARD-CARD domain interactions [123].  

Caspase-9 is also a substrate of both Akt and Erk (extracellular signal regulated 

kinase)/MAPK (mitogen activated protein kinase), which phosphorylate caspase-9 at 

Serine-196 and Threonine-125, respectively [124, 125] and inhibit its proapoptotic 

activity.  During mitosis, the Cdk1/Cyclin B1 complex can also phosphorylate caspase-9 

at Threonine-125 and inhibit its activity [126].  

 Effector caspases are categorized by short prodomains and are normally cleaved 

by initiator caspases.  They also exist as homodimers in their procaspase form.  Caspases  
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Figure 9 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from Li, J. and Yuan, J., 2008 [122] 
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Figure 9.  Caspase Structures and Domains.  This figure shows the domains present in 

the caspase family of proteinases such as the p10 and p20 subunits.  L1-L4 represent the 

catalytic center loops.  CARD (caspase recruitment domain) domains are necessary for 

protein-protein interaction with other CARD-containing proteins, and DED (death 

effector domain) domains are required for interaction with upstream signaling 

components of the apoptotic pathway. 
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3 and 7 are effector caspases.  They are quintessential in executing apoptosis, which is 

illustrated in caspase-3/caspase-7 double-knockout mice that not only show a marked 

apoptotic defiency, immediate postbirth mortality and exencephaly, but their derived 

mouse embryo fibroblasts (MEF) also exhibit strong resistance to both intrinsic and 

extrinsic apoptosis [127]. 

Wee1 Kinase 

Structure, Function and Role in Cell Cycle 

 Wee1 is a member of the Wee1 family of kinases that includes Myt1 and Wee1 

that help to coordinate the cell cycle machinery.  Its main known function is the 

inactivation of the Cdc2/Cyclin B1 complex during mitosis by phosphorylation of Cdc2  

on Tyrosine-15.  Wee1 is approximately 90 kiloDaltons in size and together with Chk1 

and Myt1 regulates the G2 checkpoint [114].  It also regulates Cdc2 activity through 

subcellular localization, i.e., the two cannot both exist in their active states within the 

same subcellular compartment [128].  It has been shown that lack of Wee1 kinase results 

in early entry into mitosis before the deficient cells have had sufficient time to grow, 

resulting in smaller daughter cells [129]. 

Role in Apoptosis 

 Over-expression of Wee1 in umbilical cord blood (UCB) CD34+ hematopoietic 

cells has been reported to provide a protective effect from cytotoxic chemotherapeutic 

agents [130].  Similarly, ectopic Wee1 protects BHK cells from apoptosis induced with 

granzyme B [131].  Conversely, down-regulation of Wee1 by RNA interference 
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sensitized HeLa cells to apoptosis [114] and was seen to have a similar effect in HIV-1 

VPR-induced apoptosis [132], underlining its cytoprotective role.  Interestingly, it has 

been suggested that cytoplasmic localization of Wee1 is required to promote survival, 

whereas nuclear localization promotes apoptosis [133].  

Purpose of This Study 

The role of Survivin in hematopoiesis is a focus of our laboratory.  We have 

shown that Survivin has a role in regulating hematopoietic stem cell maintenance and 

survival and is required for hematopoietic stem and progenitor cell (HSPC) cell cycle 

entry [3, 73, 134].  It is becoming clear that Survivin’s antiapoptotic function is 

conducted mainly through its inhibition of proapoptotic proteins such as Smac/DIABLO 

and caspases-3, -7 and -9.  Over-expression of Survivin results in increased p34Cdc2 

phospho-Tyrosine-15 levels.  While it is known that p34Cdc2/Cyclin B1 targets Survivin 

for phosphorylation, Survivin does not contain instrinsic kinase activity thus the 

mechanism by which Survivin over-expression results in an increase in p34Cdc2-

Tyrosine-15 phosphorylation is unclear.  Understanding the role of Survivin has 

significant implications on the biology of stem cells and cancer biology overall.  The 

focus of this work was to elucidate the mechanism of action through which Survivin 

regulates p34Cdc2.  Using the BaF3 mouse hematopoietic cell model we have identified 

that Survivin protects the Wee1 kinase from caspase-3 dependent degradation that in turn 

maintains inactivating Cdc2  phospho-Tyrosine-15 levels, resulting in a block in 

apoptosis and enhanced overall cell survival and proliferation.   
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MATERIALS AND METHODS 

Cell lines 

The IL-3 dependent murine BaF3 cell line was used as a model for normal growth 

factor-dependent hematopoietic cells.  BaF3 cells were cultured in RPMI-1640 (Lonza 

Inc., Allendale, NJ) supplemented with 10% heat-inactivated fetal bovine serum (HI-

FBS) (HyClone Sterile Systems, Logan, UT) and 100 pg/mL of recombinant murine IL-3 

as well as 100 units/mL of Penicillin/Streptomycin (Lonza Inc.) in T75 tissue culture 

flasks.  BaF3 cells were permanently transduced with wild-type (wt) or dominant-

negative (dn) Threonine-34-to-Alanine mutation (T34A) mouse Survivin constructs in 

the bicistronic MIEG3(-) eGFP containing vector as previously described [61].  GFP 

positive cells were FACS-sorted gating on the highest luminescence-emitting cells (high 

eGFP expression correlates directly with Survivin expression) and transduced cells 

maintained as cell lines.  The wt- and ITD-Flt3 BaF3 cell lines were provided by Dr. DG 

Gilliland, Harvard Medical School, Boston, MA.  The ITD-Flt3 BaF3 cells were 

maintained in culture using the same conditions described above. 

 The human MCF-7 breast cancer epithelial cell line was cultured in αMEM media 

supplemented with 10% HI-FBS, 100 units/mL of Penicillin/Streptomycin and 2.5 mL of 

L-Glutamine per 500 mL of media in 10 cm tissue culture dishes.  These cells lack 

caspase-3 protein due to a 47-bp deletion in the corresponding gene [135].  Human  

Jurkat T-cells were cultured in RPMI-1640 media supplemented with 10% HI-FBS and 
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0.1% sterile 2-Mercaptoethanol (Bio-Rad Laboratories, Hercules, CA) in T75 tissue 

culture flasks. 

Transductions 

 Briefly, for retroviral transductions, purifed MIEG-IRES-EGFP plasmid alone or 

containting wt-Survivin or dn-Survivin were transfected into Phoenix Eco cells using 

Lipofectamine 2000 (Invitrogen, Carslbad, CA).  After sequential infection of normal 

BaF3 cells, GFP+ (infected) cells were sorted and isolated by FACS and cultured using 

the conditions described above for BaF3 cells. 

Antibodies and Reagents 

The caspase inhibitors Ac-DEVD-CHO, Ac-LEHD-CHO and Z-VAD-FMK and 

the Hsp90 inhibitor AICAR were purchased from BioMol International (Plymouth 

Meeting, PA).  The anti-Wee1, anti-p34Cdc2 and anti-Actin antibodies were purchased 

from Santa Cruz Biotechnology (La Jolla, CA).  Anti-p34Cdc2 phospho-Tyrosine-15, 

anti-p34Cdc2 and anti-PARP antibodies were from Cell Signaling (Boston, MA).  Anti-

Survivin antibody (Clone AF886) was from R&D Systems (Minneapolis, MN).  

Annexin-V-PE and 7-AAD were purchased from BD Pharmingen (San Jose, CA) .   

Cell Lysis and Immunoblotting 

Cell lysates were prepared using, Triton-X lysis buffer (50 mM HEPES, pH 7.0, 

150 mM NaCl, 10% Glycerol, 1.2% Triton X-100, 1 mM EGTA, 1 mM EDTA, 10 mM 

sodium pyrophosphate, 100 mM NaF, 1mM phenylmethylsulfonyl fluoride, 1 mM 

sodium orthovanadate) or Urea-SDS lysis buffer (62.5 mM Tris (pH 6.8), 6 M urea, 10% 
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glycerol, 2% SDS, 0.003% bromophenol blue, and 5% 2-mercaptoethanol) [136], 

supplemented with Complete Mini protease inhibitor cocktail (Roche Diagnostics Inc., 

Indianapolis, IN).  The protein content in cell lysates was determined using a Bradford 

assay (Bio-Rad Laboratories).  Lysates were heated at 100 °C for 5 minutes then run on 

8% or 15% SDS-PAGE gels and transferred to PVDF membranes (Millipore, Billerica, 

MA) at 110 milliamps for 2 hours.  The membranes were blocked with 5% milk solution 

for 1 hour then probed for various proteins.  Stripping and reprobing was performed 

using RestoreTM western blot stripping reagent (Pierce Biotechnology, Rockford, IL).  

Measurement of western blot OD readings were performed using Adobe Photoshop.  

Individual blots were quantitated using the histogram application to obtain mean values.  

Experimental means were standardized to loading controls and final values were 

standardized to either vector or 0 hours which were given the value of 1.   

Immunoprecipitation 

Human Jurkat cells were harvested in log-phase growth and total cell lysates 

prepared as described above.  Two and one-half mg of lysate for each of three 

immunoprecipitations, normal rabbit IgG, Survivin and Wee1, were pre-cleared using 20 

uL per sample of protein agarose A/G beads (Santa Cruz Biotechnology) for 15 minutes 

with rocking at 4 °C and pre-cleared lysates transferred to new tubes containing 2.5 ug of 

the same antibodies used for immunoprecipitation.  Lysates were incubated for one hour 

and 50 uL of protein agarose A/G beads added to each sample and incubated overnight 

with rocking at 4 °C.  Immunoprecipitates were subsequently washed three times using 
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Triton-X lysis buffer and 35 uL of SDS-PAGE loading buffer added to 

immunoprecipitated samples.  SDS-PAGE loading buffer (6X) was added to 100 

microgram samples of total cell lysates.  Immunoprecipitates and total cell lysates were 

heated at 100 °C for 5 minutes and run on SDS-PAGE gels. 

Treatments 

Log-phase growing BaF3 cells were counted, washed and resuspended in serum-

free RPMI-1640 and plated in 6-well tissue culture plates at a concentration of 1x106 

cells per mL in 4 mL of media two-hours prior to treatment.  Caspase inhibitors were 

prepared as 1000X stock solutions in DMSO (Ac-DEVD-CHO and Ac-LEHD-CHO at 

25 mM and Z-VAD-FMK at 20 mM).  Control groups received DMSO alone.  Cells were 

treated for 2 hours at 37 °C, harvested and lysates prepared.  For analysis of the effects of 

Hsp90 inhibition, AICAR was prepared in DMSO and used at 25 uM.  Cells receiving 

AICAR or DMSO were harvested at various time points, lysates prepared using Triton-X 

lysis buffer and samples run on SDS-PAGE.  In order to measure apoptosis, BaF3 cells 

were either plated at 1x105 cells/mL in 4 mL of normal growth media or RPMI with 1% 

FBS without IL-3 for 0, 24 or 48 hours, cell pellets collected and apoptosis quantitated 

using Annexin V/7AAD and flow cytometry.  Adherent MCF7 cells were treated with 

caspase inhibitors in similar fashion to BaF3 cells.  MCF7 cells were trypsinized 

(Trypsin, Lonza) for 5 minutes, washed, counted and plated at 2.5 x 105 cells per mL in 

10 mL of media in 10 cm tissue culture plates for 24 hours prior to treatment to allow 



 

39 
 

readherence to the plate.  At 24 hours post-plating, cells were treated and then harvested 

and lysates prepared. 

Flow Cytometry 

In order to quantitate apoptosis, cells were washed and resuspended in Annexin-V 

binding buffer and Annexin-V and 7-AAD (BD Pharmingen) added to individual 

samples.  Annexin-V single-positive, 7-AAD single-positive, Annexin-V/7-AAD double-

positive as well as double-negative populations were quantitated in triplicate samples by 

FACS using BD software CellQuest. 

Statistics 
GraphPad t-test calculator, available online at  

http://www.graphpad.com/quickcalcs/ttest1.cfm was used to perform statistical analyses.  

Individual readings were entered into the calculator and mean and SEM values obtained, 

statistical signifance was determined as a p value less than 0.05. 
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RESULTS 

Chapter 1 

 Survivin Maintains Phosphorylation of p34Cdc2 at Tyrosine-15 

Over-Expression of Survivin Correlates with Survival and Elevated Phospho-Tyr15-Cdc2 

Levels 

 Growth factor withdrawal induces apoptosis of BaF3 cells over 48 hours post-

withdrawal measured by Annexin V and 7AAD staining (Figure 10).  Ectopic expression 

of wt-Survivin protected cells from apoptosis at 24 and 48 hours.  In contrast, in cells 

over-expressing the dominant-negative (dn) T34A-Survivin, increased apoptosis was 

observed.  In addition, viable cell counts performed using trypan blue exclusion 

demonstrated that wt-Survivin over-expression increased the total number of viable cells 

compared to MIEG and T34A-Survivin-transduced cells (Figure 11).  As an additional 

measurement of apoptosis, we quantitated intracellular caspase-3 activity by intracellular 

flow cytometry.  Using anti-active (cleaved) caspase-3 antibody we observed a higher 

level of caspase-3 activity in MIEG and T34A-transduced BaF3 cells than in cells over-

expressing wt-Survivin (Figure 12), consistent with Survivin’s ability to abrogate 

caspase-3 activity [54].   

An additional and interesting observation was made when these cells were 

analyzed further using western blots.  Cells expressing ectopic wt-Survivin contained 

significantly higher levels of Tyrosine-15 phosphorylated p34Cdc2 (an inhibitory  
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Figure 10 
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Figure 10.  Early Apoptotic Index of the BaF3-Transduced Cell Lines.  MIEG, wt-

Survivin and dn-T34A-Survivin transduced BaF3 cells were washed, counted and 

2.5x105  cultured in RPMI media with 1% HI-FBS without IL-3 for 24 or 48 hrs in 

triplicate in 6-well tissue culture plates.  At 24 and 48 hours after culture intitation, cells 

were harvest, washed and stained with Annexin-V and 7AAD (as described in materials 

and methods) and apoptosis quantitated by FACS analysis.  Data is expressed as mean % 

Annexin V+ 7AAD- cells ± S.E.M. for n=3 experiments, p = <0.05 
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Figure 11 
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Figure 11.  Viable Cell Counts of the BaF3 Cell Lines.  MIEG, wt-Survivin and dn-

T34A-Survivin transduced BaF3 cells were washed, counted and 2.5x105 cells cultured in 

pro-apoptotic media (cytokine-deficient, 1% HI-FBS) for 24 and 48 hours in triplicate in 

6-well tissue culture plates.  The total viable BaF3 cell number was quantitated 

microscopically at 24 and 48 hours of culture based on trypan blue dye exclusion.  Data 

are expressed as mean ± SEM from 3 experiments, p = <0.05   
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Figure 12 
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Figure 12.  Active Caspase-3 Assay.  MIEG and wt-Survivin transduced BaF3 cells 

were washed, counted and 2.5x105 cells cultured in 1% FBS/No-IL3 RPMI media for 24 

hours in triplicate in 6-well tissue culture plates.  Cells were fixed with 1% 

paraformaldehyde solution, their membranes permeabilized with 0.25% Triton-X/0.5% 

bovine serum albumin/phosphate-buffered saline and intracellular staining performed 

with anti-active caspase-3 (p17) antibody, then apoptosis quantitated by FACS analysis 

of p17 expression.  Blot is representative of 2 experiments and expressed as mean ± 

SEM.   
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Figure 13 
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Figure 13.  Protein Profile of the BaF3 Cells Lines.  Immunoblotting analysis was 

performed for phospho-Tyrosine15 p34Cdc2, Survivin and Actin on lysates from 

exponentially growing BaF3 cells transduced with either MIEG vector or wt-Survivin.  

One hundred micrograms of total cell lysates were run on 8-15% gradient SDS-PAGE 

gels.  Relative protein concentration relative to loading control is shown below bands.  

Blot is representitative of 3 experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

49 
 

phosphorylation) compared to MIEG and T34A-transduced cells (Figure 13).  We have 

consistently seen that BaF3 cells expressing ectopic wt-Survivin have ~2-fold higher 

levels of Tyrosine-15 phosphorylated p34Cdc2, consistent with reports by others that 

indicate that Cdc2 activation is required for apoptosis [131, 137-140] and that Survivin 

decreases apoptosis.  In BaF3 cells in which Survivin is disrupted by expression of  dn-

T34A-Survivin, phospho-Tyrosine15 Cdc2 levels are ~4-fold lower than in cells 

expressing ectopic wt-Survivin.   

In order to study the effect of Survivin upregulation on Tyrosine-15 Cdc2 

phosphorylation in the context of acute leukemia [141], we utilized BaF3 cells that were 

permanently transduced with either wild-type (wt) Flt3 or internal tandem duplication 

(ITD) mutants of the Flt3 receptor derived from patients with acute myeloid leukemia 

(AML) [142].  In ITD-Flt3 BaF3 cells Survivin up-regulation is derived from the 

mitogenic signals induced by the constitutively active mutant Flt3 receptors, not from the 

introduction of ectopic Survivin and provides a model in which Survivin is up-regulated 

in a manner similar to primary cancers in vivo.  In these cells we observed significant 

upregulation of Survivin and elevated Cdc2-Tyr15 phosphorylation levels (Figure 14).  

Although at first glance phospho-Tyr15-Cdc2 levels appear lower in BaF3 cells 

expressing the N51 mutant, standardization to total Cdc2 (using densitometry) indicates 

that there is also a decrease in total Cdc2.  Therefore the levels of Cdc2-Tyr15 

phosphorylation levels are comparatively higher than wt-control.  This effect is further 

accentuated in cells that have been placed in proapoptotic conditions (cytokine-deficient,  
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Figure 14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

51 
 

Figure 14.  Cdc2-Tyr15 Phosphorylation is Elevated in BaF3 Cells Expressing ITD-

Flt3 Mutants.  BaF3 cells transduced with either wt-Flt3 or ITD-Flt3 mutations 51 or 78 

were harvested, lysates prepared, 100 ug of each sample run on SDS-PAGE gels and 

analyzed via immunoblotting for Cdc2-Tyr15 phosphorylation (pY15 Cdc2), total Cdc2, 

Survin and Actin.  Blots were quantitated using densitometric analysis, standardizing to 

wt-control (1.0), phospho-Cdc2 was standardized to total Cdc2, and Survivin to β-actin. 
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Figure 15 

A. 

 

B. 
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Figure 15.  ITD-Flt3 BaF3 Cells Show Increased Cdc2-Tyr15 Phosphorylation and 

Cell Survival.  A) Exponentially growing BaF3 cells transduced with wt-Flt3 or ITD-

Flt3 N51 and N78 mutants were washed with PBS, counted and 2.5x105 cells were 

cultured in triplicate in 6-well tissue culture plates for 24 hours in RPMI media 

containing 10% HI-FBS and 100 pg/mL IL-3 “24h Exp Gr” or 24 and 48 hours in 1% 

FBS/IL-3-depleted RPMI media to induce apoptosis.  Cells were harvested, lysates 

prepared and 100 ug of each sample run on SDS-PAGE gels and immublot analysis 

performed for phosphoTyrosine-15 Cdc2, total Cdc2 and Survivin.  B) Exponentially 

growing BaF3 cells transduced with wt-Flt3 or ITD-Flt3 N51 and N78 mutants were 

washed with PBS, counted and 2.5x105 cells were cultured in triplicate in 6-well tissue 

culture plates for 24 hours in RPMI media containing 10% HI-FBS and 100 pg/mL IL-3 

or 24 and 48 hours in RPMI media containing 1% HI-FBS and no IL-3.  Cell viability 

was quantitated usiung trypan blue exclusion.  Data are expressed as mean ± SEM and 

are representative of 3 experiments. 
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1% HI-FBS media) over 24 or 48 hours (Figure 15A).  We observe a marked increase in 

phospho-Tyr15-Cdc2 levels and Survivin in the 2 ITD-Flt3 mutants as compared to cells 

transduced with wt-Flt3. The BaF3 cells transduced with ITD-Flt3 mutants have a higher 

level of viability compared to cells transduced with wt-Flt3 as measured by total viable 

cell counts (Figure 15B).  The increased viability correlates with the increased phospho-

Tyr15-Cdc2 and Survivin levels observed, strongly suggesting the contribution of both in 

evasion of apoptosis.     

Phospho-Tyr15-Cdc2 Levels Are Not Due to An Increase in S-Phase 

 It is possible that the observed increase in phospho-Tyr15-Cdc2 levels in wt-

Survivin transduced cells could be due to an increase in the number of cells in S or G2-

phase, since p34Cdc2 is reported to be required for progression from G2 into Mitosis and 

is activated (dephosphorylated by Cdc25c).  Exponentially growing control and wt-

Survivin transduced cells were stained with propidium iodide and cell cycle stage 

analyzed using flow cytometry.  No significant difference in the proportion of cells in the 

S and G2/M phases was observed in these cells (Figure 16).  It is difficult to separate G2 

from M phase in BaF3 cells therefore the two are expressed together.   

Wt-Survivin Does Not Directly Interact with Wee1 Kinase 

 To further investigate the mechanism whereby Survivin up-regulates phospho-

Tyrosine-15 p34Cdc2 levels, we tested whether there was a direct binding between 

Survivin and Wee1.  We hypothesized that a physical interaction between Survivin and 

Wee1 would allow Survivin to act as a scaffold between Wee1 and p34Cdc2 and thereby  
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Figure 16 
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Figure 16.  Cell Cycle Analysis.  The graph shows the percentage of viable, 

exponentially growing MIEG or wt-Survivin transduced BaF3 cells in the various stages 

of cell cycle.  Exponentially growing cells were harvested, washed with PBS, counted 

and 1x106 cells fixed with 1% paraformaldehyde, permeabilized and stained with 

propidium iodide then analyzed by flow cytometry to determine the various stages of cell 

cycle within the .  N=3, no significant difference exists betweent the groups.  The 

percentage of cells in each stage of the cell cycle is expressed as Mean ± SEM. 
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enhance phospho-Tyr15-Cdc2 levels.  Using lysates from MIEG, wt- and dn-T34A-

Survivin transduced BaF3 cells, we performed immunoprecipitation of both Survivin and 

Wee1 proteins using 2.5 mg of whole cell lysates pre-cleared with A/G agarose beads.  

The immunoprecipitates and whole cell lysate controls were run on SDS- PAGE and 

immunoblotted for Survivin and Wee1 kinase.  Although Wee1 and  Survivin 

could be independently immunoprecipitated and detected, no co-immunoprecipitation 

was observed (Figure 17a).  Since the results could be due to antibody-mediated 

inhibition of association between these two proteins or a result of human Survivin not 

interacting with endogenous murine Wee1, we repeated the experiments using human 

Jurkat T-cells, which express high endogenous levels of both Wee1 and Survivin.  

Similar to BaF3 cells we observed independent immunoprecipitation and detection of 

Survivin and Wee1 but no direct binding between Wee1 and Survivin (Figure 17b). 

Wt-Survivin Increases Wee1 Kinase Protein Levels 

Since the Wee1 kinase can phosphorylate Cdc2 on Tyrosine-15, we probed 

lysates from BaF3 cells over-expressing wt-Survivin or dn-T34A-Survivin for Wee1.  

Cells over-expressing Survivin showed 2-fold higher levels of Wee1 protein compared to 

control MIEG and dn-T34A-Survivin transduced cells, the latter showing almost no 

detectable levels of Wee1 protein expression (Figure 18).  These results suggested that 

Survivin increases Cdc2-Tyr15 phosphorylation levels by increasing total levels of Wee1 

kinase. 
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Figure 17 
A. 

B. 
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Figure 17.  Immunoprecipitation of Survivin and Wee1 from human Jurkat T Cells.  

A) Exponentially growing MIEG-, wt-Survivin and dn-T34A-Survivin transduced BaF3 

cells were harvested, lysates prepared and 2.5 mg of total cell lysate used for each 

immunoprecipitation of Survivin (S) and Wee1 kinase (W).  Normal non-specific rabbit 

IgG (rIgG) was used as a control immunoprecipitation and 100 ug of total cell lysate 

from each sample were used as control.  After samples were run on 8-15% gradient SDS-

PAGE gels, immunoblotting was performed using anti-Survivin and anti-Wee1 

antibodies.  B) Exponentially growing Jurkat T-cells were harvested, lysates prepared and 

1 mg of total cell lysate used for control non-specific rabbit IgG immunoprecipitation 

(IgG) as well as immunoprecipitation of Survivin and Wee1 kinase.  One hundred 

micrograms of total cell lysate was run along side as a control on SDS-PAGE gels.  

Immunoblot analysis was performed using anti- Survivin and anti-Wee1 antibodies. 
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Figure 18 
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Figure 18.  Wee1 Kinase is Elevated in wt-Survivin Over-Expressing Cells.  Western 

blot analysis for Wee1 kinase, phospho-Tyrosine15 p34Cdc2, Survivin and β-Actin.  

Exponentially growing BaF3 cells over-expressing MIEG vector, wt-Survivin or dn-

T34A-Survivin were harvested, lysates prepared and 100 ug of each run on SDS-PAGE 

gel.  Immunoblotting analysis was performed followed by densitometric analysis of the 

bands, all standardized first to β-Actin then again standardized to MIEG control (MIEG = 

1.0).  Relative standardization is shown below the bands.  Data are representative of 5 

experiments. 
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Chapter 2 

Survivin Protects Wee1 Kinase 

Survivin Over-Expression is Sufficient to Maintain phospho-Tyr15-Cdc2 and Wee1 

Protein Levels 

We have shown that Survivin maintains Tyrosine-15 phosphorylation of 

p34Cdc2, which is associated with higher levels of Wee1 protein (Figure 18).  Since 

Wee1 is a target of caspase-3 [143, 144] and Survivin inhibits caspase-3 [54], we 

evaluated whether elevated Wee1 protein detected in cells ectopically expressing wt-

Survivin was a result of Survivin protecting Wee1 from degradation by caspase-3.  We 

first performed a dose response curve using the specific caspase-3 inhibitor, Ac-DEVD-

CHO, for 2 hours post a 2 hour incubation in serum-free media (Figure 19) and observed 

that there was not only an increase in phospho-Tyr15-Cdc2 levels but also an increase in 

the caspase-3 target whole Poly (ADP-Ribose) Polymerase (PARP), levels of which are a 

coincident measure of the inhibition of caspase-3 activity.  Peak elevation of phospho-

Tyr15-Cdc2 was observed at 25 and 50 uM.  We next compared MIEG and wt-Survivin-

transduced BaF3 cells treated for 2 hours with DMSO vehicle control or 50 uM of Ac-

DEVD-CHO after a 2 hour incubation in serum-free media, and analyzed the harvested 

cell lysates by immunoblotting.  The levels of phospho-Tyr15-Cdc2 were increased (4-

fold) in MIEG-transduced cells in the presence of the caspase-3 inhibitor however the 

levels of phospho-Tyr15-Cdc2 were unaffected by pharmacological caspase inhibition in  
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Figure 19 
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Figure 19.  Ac-DEVD-CHO Concentration Curve Correlates with Increased 

Phospho-Tyr15-Cdc2.  Exponentially growing MIEG-transduced BaF3 cells were 

washed with PBS, counted and 2.5 x 106 cells per well placed in serum-free RPMI media 

in 6-well tissue culture plates for two hours.  Cells were then treated with vehicle control 

DMSO or a specific caspase-3 inhibitor Ac-DEVD-CHO at increasing concentrations of 

1, 5, 10 and 25 uM for 2 hours.  Cells were subsequently harvested, lysates prepared and 

100 ug of each sample run on SDS-PAGE for immunblotting analysis of PARP, phospho-

Tyrosine15-Cdc2 and β-actin levels.   
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Figure 20 
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Figure 20.  Survivin Over-Expression is Sufficient to Maintain Phospho-Tyr15-Cdc2 

Levels.  Exponentially growing MIEG control and wt-Survivin transduced BaF3 cells 

were harvested, washed with PBS, counted and 2.5x106 cells per well placed in serum-

free RPMI media in 6-well tissue cultures plates.  Cells were treated with 50 uM of the 

caspase-3 inhibitor Ac-DEVD-CHO or DMSO control for 2 hours.  Cells were harvested, 

lysates prepared and 100 ug of each sample run on SDS-PAGE for immunoblotting 

analysis of phospho-Tyrosine-15 Cdc2 (pTyr15-Cdc2), PARP and β-Actin.   
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wt-Survivin over-expressing cells (Figure 20).  Reduction in the levels of cleaved PARP 

verified that the Ac-DEVD-CHO effectively reduced caspase-3 activity.   

In order to determine if increased Tyr15 phosphorylation of Cdc2 was due solely 

to inhibition of caspase-3, additional studies were performed using the selective Caspase-

7 inhibitor Ac-LEHD-CHO and the pan-caspase inhibitor Z-VAD-FMK.  In control 

MIEG-transduced cells, all three inhibitors increased the levels of phospho-Tyr15-Cdc2 

with no effect on total Cdc2 (Figure 21).  The highest levels of phospho-Tyr15-Cdc2 

were seen in cells treated with the pan-caspase inhibitor Z-Vad- FMK.  In cells over-

expressing Survivin, ectopic Survivin was sufficient to maintain elevated phospho-Tyr15- 

Cdc2 levels, which could not be increased further in the presence of these 

pharmacological caspase inhibitors.  Whole PARP levels increased primarily in the Ac-

DEVD-CHO treated cells.  The levels of Wee1 were generally higher in wt-Survivin 

over-expressing cells than in the MIEG-transduced cells except when vector cells were 

treated with the pan-caspase inhibitor Z-Vad-FMK.  Though varying slightly, all Wee1 

protein levels stayed at or above 2-fold over control-treated levels.  The effect of caspase-

7 inhibition on Wee1 and phospho-Tyr15-Cdc2 levels suggests that perhaps other 

caspases may be involved in this process.   

Caspase-3 is Required to Cause A Change to Wee1 Levels 

In order to further define a specific requirement for caspase-3 inhibition in the 

increased phospho-Tyr15-Cdc2 and Wee1 protein levels seen in wt-Survivin-transduced 

BaF3 cells, we performed similar studies in MCF7 breast cancer cells, which lack  
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Figure 21 
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Figure 21.  Pharmacological Inhibition with other Caspase Inhibitors.  Exponentially 

growing MIEG and wt-Survivin transduced BaF3 cells were harvested, counted, washed 

with PBS and plated at 2.5x106 cells per well in 6-well tissue culture plates in serum-free 

RPMI media for 2 hours.  Cells were then treated with either Ac-DEVD-CHO (DC) 

(25uM), Ac-LEHD-CHO (LC) (25uM) or Z-VAD-FMK (ZV) (20uM) or DMSO vehicle 

control for 2 hours.  Cells were harvested, lysates prepared and 100 ug of each sample 

run on SDS-PAGE for immunoblotting analysis of phospho-Tyr15-Cdc2, total p34Cdc2, 

PARP, Wee1 kinase and β-Actin.  Densitometric analysis comparing phospho-Tyr15-

Cdc2 to total Cdc2 levels and Wee1 to β-Actin levles are shown under the respective 

blots, standardizing to MIEG vehicle control = 1.0.  Data are representative of 2 

independent experiments. 
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caspase-3 protein as a result of a 47-bp deletion in the corresponding gene [135].  In 

contrast to BaF3 cells, no increase in Wee1 protein, Tyr15-Cdc2 phosphorylation, total 

p34Cdc2 or changes in PARP were observed when MCF7 cells were treated with the 

caspase-3 inhibitor Ac-DEVD-CHO,  the caspase-7 inhibitor Ac-LEHD-CHO or the pan-

caspase inhibitor Z-VAD-FMK, strongly suggesting that caspase inhibition is required 

for Survivin-mediated enhancement of phospho-Tyr15-Cdc2 and Wee1 protein levels 

(Figure 22).  The fact that the pan-caspase inhibitor and caspase-7 inhibitors did not 

affect Wee1 protein levels or Tyr15 p34Cdc2 phosphorylation suggests that the effects 

seen in the BaF3 cells are specific to caspase-3. 

Destabilization of Survivin Abrogates the Effect on Wee1 

 Survivin protein is stabilized by interacting with the heatshock protein Hsp90 [22, 

83, 145].  We therefore evaluated whether blocking Survivin-Hsp90 interaction would 

block increased Cdc2 phosphorylation to further confirm a specific role for Survivin in 

increasing Cdc2 phosphorylation and Wee1 protein levels.  BaF3 cells over-expressing 

wt-Survivin were treated with the Hsp90 inhibitor AICAR or DMSO vehicle for 1, 2, 5 or 

6 hours and lysates analyzed for Tyr15-Cdc2 phosphorylation levels.  No effect of 

AICAR on phospho-Tyr15-Cdc2 levels were observed during the first 2 hours of 

treatment, however at 5 hours the levels of phospho-Tyr15-Cdc2 in BaF3 cells treated 

with the Hsp90 inhibitor were significantly lower then untreated cells.  The effect was 

even more pronounced at 6 hours, where essentially no phospho-Tyr15-Cdc2 was 

detected (Figure 23).  Consistent with the destabilizing effects of Hsp90 inhibitors on  
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Figure 22 
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Figure 22.  Treatment of MCF7 Cells with Caspase Inhibitors Has No Effect on 

Phospho-Tyr15-Cdc2 or Wee1 Protein Levels.  MCF7 cells were harvested by 

trypsinization, washed with PBS, counted and plated at 2.5 x 106 cells in 10 cm tissue 

culture plates for 24 hours in α-MEM media.  Cells were then treated with Ac-DEVD-

CHO, Ac-LEHD-CHO, Z-VAD-FMK or dmso vehicle control for 2 hours.  The cells 

were harvested, lysates prepared and 100 ug of each sample run on SDS-PAGE for 

immunoblotting analysis of PARP, Wee1, β-actin, phospho-Tyrosine-15 p34Cdc2, total 

Cdc2, caspase3 and Survivin levels.  Densitometric analysis for Wee1 standardized to β-

actin and phospho-Tyr15-Cdc2 standardized to total Cdc2 are shown under the respective 

blots and expressed relative to vehicle control set at 1.0.  Data are representative of 3 

experiments with similar results. 
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Figure 23 
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Figure 23.  Inhibition of Hsp90 by AICAR Treatment Decreases Phospho-Tyr15-

Cdc2 Levels in wt-Survivin Over-Expressing Cells.  Exponentially growing wt-

Survivin transduced BaF3 cells were harvested, washed with PBS, counted and plated at 

2.5x106 cells per well in 6-well tissue culture plates.  Cells were treated with the Hsp90 

inhibitor AICAR (25 uM) or dmso vehicle control for 1, 2, 5 or 6 hours.  At each time 

point control and AICAR treated cells were harvested, lysates prepared and 100 ug of 

each sample run on SDS-PAGE for immunoblotting analysis of phosphoTyrosine-15 

p34Cdc2, Survivin and β-actin levels.  A plot of the densitometric analysis for the ratios 

of phosphoTyrosine-15 p34Cdc2 (pTyr15 p34Cd2), Survivin and β-actin for untreated 

cells relative to AICAR treated cells in each time point is shown below the blot. 
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Survivin protein stability, Survivin protein levels were reduced coincident with reduction 

in phospho-Tyr15-Cdc2.   

In similar fashion, treatment of BaF3 cells expressing wt-Survivin with 100 nM 

17-AAG, a Geldanamycin-derivative, that blocks the Hsp90 ATP-binding site, resulted  

in a decrease in Wee1 protein (52%),  phospho-Tyr15-Cdc2 (82%), Survivin (68%) and 

whole PARP levels (67%) after 24 hours treatment coincident with reduced levels of 

Hsp90 protein (67%) (Figure 24). 

p21cip1/waf1 is Elevated in wt-Survivin Over-Expressing BaF3 Cells 

 Previous studies by our laboratory indicate that the CDKI p21cip1/waf1 forms an 

axis with Survivin and is necessary in part for some of its effects.  We compared MIEG 

and wt-Survivin transduced BaF3 cells and observed an increase in p21, whole PARP, 

phospho-Tyr15-Cdc2 and Survivin levels in wt-Survivin transduced cells compared to 

MIEG control (Figure 25).  It has been suggested that p21 binds to procaspase-3 to help 

inhibit its cleavage and activation but is also a target of caspase-3 mediated cleavage.  

Therefore, Survivin may have the same effect on p21 levels as Wee1.  Since p21 also 

binds to and inhibits p34Cdc2, Survivin-mediated p21 up-regulation may be another 

pathway involved in Survivin-mediated enhancement of Wee1. 
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Figure 24 
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Figure 24.  17-AAG Treatment of wt-Survivin Over-Expressing BaF3 Cells.  

Exponentially growing wt-Survivin transduced BaF3 cells were treated, harvested, 

washed with PBS, counted and 2.5 x 106 cells per well cultured in serum-free RPMI in 6-

well tissue culture plates.  Cells were treated with 100 nM 17-AAG or DMSO vehicle 

control for 24 hrs and cells harvested, lysates prepared and 100 ug of each sample run on 

SDS-PAGE for immunoblotting of phospho-Tyr15-Cdc2, PARP, Survivin, Hsp90, β-

Actin and Survivin levels.  Relative expression of each protein in 17-AAG treated cells as 

compared to vehicle control is expressed as delta percentage change.  Lysates from cells 

at baseline (time 0 hr) are included as controls. 
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Figure 25 
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Figure 25.  p21cip1/waf1 Protein Elevation Correlates with Increased Survivin and 

Phospho-Tyr15-Cdc2 Levels.  Exponentially growing MIEG control and wt-Survivin 

transduced BaF3 cells were harvested, lysates prepared and 100 ug (top 3 blots) or 50 ug 

(bottom 3 blots) of each sample run on SDS-PAGE for immunoblotting analysis of 

p21cip1/waf1, PARP, GAPDH, phospho-Tyr15-Cdc2 and Survivin levels.   
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Unified Model of Survivin-Mediated Increase in Phospho-Tyr15-Cdc2 and Inhibition of 

Apoptosis 

 Signaling pathway inhibition studies suggest that signaling through the Ras-Raf-

Mek-Erk or PI3K-Akt pathways maintains Survivin levels, which leads to increased 

inhibition of caspase-3 activity.  This decrease in caspase-3 activity in turn results in an  

increase of Wee1 protein levels, which leads to an increase in Cdc2-Tyr15 inhibitory 

phosphorylation.  Our data also shows that p21cip1/waf1 levels are increased, and as a result 

may help inhibit both caspase-3 activation and Cdc2 activity.  We therefore have defined 

a pathway through which Survivin inhibition of caspase-3 activity maintains or elevates 

the Wee1 kinase that inhibits the apoptotic function of the Cdc2 kinase thereby 

promoting cell proliferation and survival (Figure 26). 
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Figure 26 
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Figure 26.  Unifying Model of Survivin’s Effect on Cdc2 Inactivation and Inhibition 

of Apoptosis.  Increase in Survivin protein levels results in increased inhibition of 

caspase-3 activity.  In turn, there is an increase in the protein levels of Wee1 kinase 

which phosphorylates cytoplasmic Cdc2 on Tyrosine-15 thereby preventing dysregulated 

Cdc2 activation and ultimately helping to evade apoptosis and promote cell survival.  

Since Survivin over-expression also elevates protein levels of  p21cip1/waf1, the literature 

suggests this increase should also aid anti-apoptotic activity through binding of 

p21cip1/waf1  to procaspase-3 and blociking caspase-3 activation as well as physically 

interacting with and inhibiting Cdc2.   
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DISCUSSION 

A number of studies show that Survivin over-expression confers resistance to 

apoptosis that is mediated through the inhibition of proapoptotic proteins such as 

caspases 3, 7 and 9 [8, 20, 146].  We have found that Survivin over-expression also 

increases phosphorylation of p34Cdc2 on Tyrosine-15.  Although Cdc2 can promote 

mitosis, it can also mediate apoptosis, and phosphorylation of p34Cdc2 at Tyrosine-15 

inactivates Cdc2 blocking its pro-apoptotic activity [131, 137-140].  Increased phospho-

Tyr15-Cdc2 is consistent both with the role of Cdc2 and the action of the anti-apoptotic 

protein Survivin.  However, since Survivin does not contain instrinc kinase activity, it is 

not clear how Cdc2 phosphorylation is achieved.  Herein, we show that Survivin 

increases the level of the Wee1 kinase that phosphorylates Cdc2 by blocking Wee1 

degradation by caspase-3.  The increase in Wee1 protein and and Tyrosine-15 

phosphorylation of Cdc2 directly correlates with increased survival in cells expressing 

ectopic wild-type Survivin.  To our knowledge this is the first report demonstrating a 

functional link between the Wee1 kinase and Survivin.      

 A functional link between Survivin and Cdc2 has been previously reported [18], 

however  cross-talk between the two proteins has recently come into question.  Several 

reports show a correlation between Cdc2 activation and apoptosis [131, 137-140], thus it 

makes sense that Cdc2 inactivation correlates with Survivin over-expression.  However, 

an association between induction of increased Survivin and an increase in p34Cdc2 

activation in response to ethanol in a gastric epithelial cell line model was recently 
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reported [147].  Although these findings seem contradictory to our findings in normal 

hematopoietic cells, differences in normal versus transformed cells could be responsible.  

Also, in the gastric epithelial model it is assumed that active Cdc2 results in increased 

Survivin stabilization and thus the two are upregulated simultaneously.  However, we 

show that an increase in Survivin expression in turn has a down-regulatory effect on 

Cdc2 activity through Wee1 kinase protection from caspase-3 mediated degradation, thus 

forming a negative feedback loop resulting in enhanced evasion of apoptosis.  Our 

proposed regulatory role of Survivin and p34Cdc2 is consistent with our previous report 

that Survivin functions as a regulatory element in the Mdm2-p53 pathway, where it 

reduces p53 protein and mRNA through protection of Mdm2 from caspase-mediated 

degradation [61]. 

 In further support of the role of Survivin in increasing phosphorylation of Tyr15-

Cdc2 as a mechanism to increase cell survival, we used a leukemia cell model that 

increases Survivin protein levels through constitutively active ITD-Flt3 mutant receptors.  

This model affords the opportunity to study Survivin and its effects on Cdc2-Tyr15 

phosphorylation in a manner that more closely resembles Survivin up-regulation in vivo.  

We observed a significant increase in phospho-Tyr15-Cdc2 levels that correlated with 

increased cell survival in cells transduced with the ITD-Flt3 mutants compared to control 

cells transduced with wt-Flt3 when we cultured these cells in pro-apoptotic conditions.  

These results strongly support the link between Survivin, its effect on Tyr15-Cdc2 

phosphorylation and increased evasion from apoptosis.   
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 Although Survivin is associated with inhibition of caspase activity, whether it 

directly binds and inhibits caspase-3 directly is not clear [148-151].  Nevertheless, over-

expression of wt-Survivin in our model system resulted in an increase in whole PARP 

levels as compared to cells over-expressing vector alone and PARP cleavage is an 

established measure of active caspase-3 [152].  We have also shown that ectopic Survivin 

is sufficient to maintain phospho-Tyr15-Cdc2 levels even in the presence of an 

exogenous specific caspase-3 inhibitor Ac-DEVD-CHO and that this effect is absent in 

caspase-3 deficient cells.  Taken together these results strongly support Survivin-

mediated caspase-3 inhibition, however they do not prove whether this represents a direct 

effect on caspase-3.  We also show that Survivin over-expression is sufficient to maintain 

higher levels of Wee1 kinase compared to vector-control cells even in the presence of 

caspase inhibition, and present strong evidence that this effect is mediated through 

caspase-3 inhibition, although we cannot rule out the involvement of other caspases, at 

least in BaF3 cells.  However, the lack of increase in Wee1 and phospho-Tyr15-Cdc2 

levels in MCF7 cells deficient only in caspase-3 strongly suggests that caspase-3 is the 

primary caspase mediating protection of Wee1.  It has been reported that the Wee1 kinase 

is a caspase-3 target and is associated with resistance to apoptosis [130, 131], similar to 

Survivin.  Thus our finding that Wee1 kinase is upregulated by wt-Survivin over-

expression through caspase-3 inhibition is consistent with the mechanism of both 

proteins. 
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Caspase-3 has been reported to play a role in the maintenance of the 

hematopoietic stem cell (HSC) pool [75].  HSCs deficient in caspase-3 show an 

accelerated proliferation and retarded differentiation.  This finding is consistent with our 

past studies that Survivin is up-regulated in response to growth factors in quiescent 

CD34+ cells and required for their entry into cell cycle [3, 73, 134].  In addition, using a 

conditional Survivin knockout mouse model, Survivin deletion results in significant 

impairment in HSC number and HSC function (Fukuda S. and Pelus, L.M. unpublished).  

Taken together these studies indicate that Survivin and caspase-3 are intimately involved 

in HSC function.  Increased caspase-3 inhibition by Survivin maintains the stem cell pool 

and loss of Survivin protein with subsequent increased caspase-3 activity results in loss 

of HSC function and perhaps increased cell differentiation.  Very little is known about 

the role of Wee1 kinase in hematopoiesis, and it will be interesting to determine how it is 

regulated in HSCs and in their differentiated progeny.  Since Survivin is up-regulated 

endogenously in HSCs and initiates proliferation, our present results suggest that 

regulation of Wee1 protein in these cells is likely directly correlated with Survivin levels.  

In addition, reports have shown that regulation of Wee1 correlates with cell survival 

[104, 130, 131, 153, 154].  Thus, evaluation of whether inhibition of Wee1 kinase in 

Survivin-over-expressing cancers would down-regulate inhibition of apoptosis could 

identify a novel and effective chemotherapeutic strategy. 
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SUMMARY 

 In chapter one, we showed that Survivin over-expression results in increased 

Tyrosine-15 phosphorylation of p34Cdc2 kinase and this increase correlates with cell 

survival and proliferation.  We were able to confirm these findings in both BaF3 cells that 

were retrovirally transduced with the wt-Survivin gene as well as in cells that over-

expressed Survivin through retroviral transduction of constitutively active tyrosine kinase 

receptors (ITD-Flt3).  This finding is important because it implies a mutual signaling loop 

between Survivin and p34Cdc2, rather than the proposed pathway whereby Cdc2 together 

with Cyclin B1 phosphorylates Survivin on Threonine-34 and stabilize the protein.  Since 

Survivin contains no instrinsic kinase activity we verified that this increase in 

phosphorylation is not due to a build-up of cells in S-phase of cell cycle, where p34Cdc2 

is known to be inactive, but rather to an increase in Wee1 kinase protein levels.  

However, we could not detect a direct association between Wee1 and Survivin in our 

murine cell line or in human Jurkat-T cells, which would have implicated Survivin as a 

scaffold protein between p34Cdc2 and Wee1.   

 In chapter two, we showed that Survivin’s effect on Wee1 kinase is caspase-3 

dependent and that over-expression of wt-Survivin is sufficient to maintain 

phosphorylation of Tyrosine-15 of p34Cdc2 even in the presence of additional 

pharmacological caspase-3 inhibition.  This was further proven in MCF7 cells that lack 

endogenous caspase-3, where pharmacological caspase inhibition was unable to increase 

Cdc2-Tyr15 phosphorylation.  In order to study how disruption of Survivin would affect 
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the observed effects we utilized two Hsp90 inhibitors AICAR and 17-AAG that 

destabilize Survivin.  Both inhibitors decreased phospho-Tyr15-Cdc2 levels, indicating 

that it is possible to block the effect of Survivin on Cdc2 phosphorylation.  We also found 

that p21cip1/waf1 is elevated in cells over-expressing Survivin, which is another target of 

caspase-3 and known to inhibit Cdc2 activity, potentially implicating another player in 

this process.  

 In summary, our results suggest that Survivin over-expression mediates protection 

of the Wee1 kinase through inhibition of caspase-3, which in turn leads to an increase in 

phospho-Tyr15-Cdc2 levels.  In the absence of Survivin, caspase-3 is not inhibited, Wee1 

is degraded and Cdc2 is activated or kept active and apoptosis is initiated.  It is possible 

that other proteins that affect p34Cdc2 activity, particularly p21Cip1/Waf1 that can inhibit 

Cdc2 [155], and is also a caspase-3 target [156], play an important role in the 

proliferation of normal hematopoietic stem cells by Survivin [74] may play a role in the 

anti-apoptotic Survivin-caspase-3-Wee1-Cdc2 axis we have described. 
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FUTURE STUDIES 
 
 In order to study the requirement of Wee1 kinase in Survivin-mediated apoptotic 

evasion, the use of retroviral vectors to incorporate both wt-Survivin or a dominant-dn-

Survivin mutant in combination with a wt-Wee1 or a Wee1 lacking its kinase domain 

could prove useful.  Primary cells could be transduced with the abovementioned viral 

vectors and apoptotis measured by Annexin V/PI staining, caspase-3 activity assay, 

TUNEL assays and viable cell counts, either without stimulation or within cytokine and 

serum-depleted conditions.  Another way to stimulate apoptosis in these cells would be 

by incubating them with FasL or agonist Fas-antibody and then measuring their response.  

This would establish a more definitive role for Wee1 in Survivin-mediated apoptosis.   

 Since we have seen that Survivin up-regulates total Wee1 protein levels, it would 

be worthwhile to evaluate the kinetic activity of Wee1 in wt-Survivin over-expressing 

cells compared to control cells.  MIEG and wt-Survivin transduced cells could be 

harvested during log-phase of their growth in culture, lysates prepared and Wee1 kinase 

immunoprecipitated.  Equal amounts of immunoprecipitated lysate could then be 

incubated with small amounts of total lysate from control cells to allow Wee1 to 

phosphorylate p34Cdc2 on Tyr15, then the resulting lysates run on SDS-PAGE gels and 

immunoblotted for phospho-Tyr15-Cdc2 levels.  Should they show comparable amounts 

of kinase activity then having more total protein in wt-Survivin over-expressing cells 

would result in more kinase activity as a result of increase in total protein.  However, 

should the experiment result in higher kinase levels in the wt-Survivin over-expressing 
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cells, further experiments could be performed studying the pathways potentially 

regulating Wee1 kinase activity and how Survivin up-regulation is affecting them. 

 Since we have conditional knockout mice for Survivin, these mice could be used 

to determine if Wee1 over-expression can compensate for the loss of Survivin in 

maintaining the hematopoietic stem cell compartment.  A competitive repopulation assay 

could be employed with hematopoietic stem and progenitor cells taken from the Survivin 

conditional knockouts, the latter could be transduced with vector, Wee1 kinase or kinase-

dead Wee1 retroviral vectors and transplanted into bone marrow ablated recipient mice.  

The ability or inability of the Survivin-/Wee1+ cells would help better understand the 

relationship between Wee1 and Survivin that we have defined. 

 The use of p21cip1/waf1 knockout mice would help determine the necessity of p21 in 

Survivin’s effect on Wee1, p34Cdc2 and overall survival.  Although our laboratory has 

already published the necessity of the p21-Survivin axis on survival in a hematopoietic 

context [74], we have not studied what effect the loss of p21 would have on Wee1 in cells 

over-expressing Survivin.  Either transient and permanent ectopic expression of Survivin 

in p21-/- cells and measurement of Wee1 protein levels would help define their 

relationship.  
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June 2008 University of California San Francisco 
 
St Jude Children’s Research Hospital Fellowship, National Graduate Student 
Symposium, March 2007 Memphis, TN 
 
Selected Abstract Travel Award, International Society of Experimental Hematology 
Conference, September 2006, Minneapolis, MN 
 
John Wallace Minority Travel Scholarship, Autumn Immunology Conference, November 
2004 Chicago, IL 
 
Gene Therapy Training Grant, Indiana University School of Medicine NIH pre-Doctoral 
Fellow, T32 from NHLBI (HL007910), July 2004 to June 2009 
Conference and Travel Award, American Association for Higher Education Hispanic 
Caucus Conference Fellow, April 2004, San Diego, CA 
 
NIH pre-Doctoral Fellow, T32 from NIDDK, Hematopoiesis Training Program, July 
2003 to June 2004, Indiana University School of Medicine, Indianapolis, IN 
 
Graduated Ronald E. McNair Scholar, McNair Scholars Program, Inter American 
University of Puerto Rico, San German, PR 
 
Graduated Magna Cum Laude, Inter American University of Puerto Rico, San German, 
PR 
 
1st Place Oral Presentations, Ronald E. McNair Summer Training Program Forum, 
August 2001, Inter American University of Puerto Rico 
 
 
 



 

 
 

Professional Experience: 
 
Preparing Future Faculty Institute, Indiana University-Purdue University Indianapolis.  
Full-day seminar series on faculty preparation and duties, June 2008 
 
Ad hoc member (Senior Graduate Student), Advisory Committee 
NIH NIGMS 1R25 GM079657-01 (Hal Broxmeyer, PI), Indiana University School of 
Medicine Initiative for Maximizing Graduate Student Diversity, January 2007 
Indianapolis, IN 
 
Indiana University School of Medicine, Indianapolis, IN- June 2006 to July 2006 
Instructor-Medical Spanish for Medical Students 
Planned lessons, created teaching materials, and coordinated an interactive clinical 
scenario simulation review session.   
 
President, IUPUI Under-represented Professional and Graduate student Organization 
(UPNGO), January 2006 to August 2006, Indianapolis, IN 
 
Preparing Future Faculty STEM Summer Institute Conference at the University of Texas 
at El Paso, June 2005 
 
Indiana University Department of Microbiology & Immunology, Indianapolis, IN-
January 2004-May 2004 
Teaching Assistant-Medical Microbiology for the Nursing Program  
Taught one lab section; helped proctor and grade lecture exams. 
 
President of the  Chapter of the  Biological Honor Society, August 2001 to May 
2002, Inter American University of Puerto Rico 
 
Vice-President of the  Chapter of the  Biological Honor Society, January 2001 to 
July 2001, Inter American University of Puerto Rico 
 
 
 


