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Abstract 

Lymphocyte proliferation and differentiation is coordinated with high precision in healthy 

humans and is vital to maintaining a normal immune system. Imbalance of these events can result 

in the development of autoimmune diseases, immunodeficiencies and hematopoietic malignancies. 

These pathologies, specifically leukemia and lymphoma have a high incidence of relapse and 

mortality due to limited treatment options. Therefore, there is a critical need to characterize the 

signal transduction pathways and understand molecular hallmarks that mediate T cell activation in 

order to develop new strategies for diagnosis and treatments of these diseases. 

Prohibitins (PHB1 and PHB2) have been proposed to play important roles in cancer 

development and disease progression. In this study we used immunoprecipitation coupled to mass 

spectrometry to identify new forms of PHB regulation. We report four novel interleukin 2 (IL-2) 

inducible phosphosites in PHB2. To elucidate the potential regulatory role of these sites we 

generated phosphospecific polyclonal antibodies against one key phosphoresidue Threonine-62, 

to characterize its function. In addition, evidence is provided for PHB1 and PHB2 upregulation in 

tumor cell lines and localization mainly at the mitochondria. These proteins were also upregulated 

during reactive oxygen species (ROS)-mediated apoptosis. Similarity, PHB1 and PHB2 protein 

levels were significantly higher in tumor cells isolated from leukemia and lymphoma patients and 

determined to mainly localize to the mitochondria, possibly to maintain mitochondria integrity, 

which may facilitate the energy requirements of these tumor cells. Therefore, prohibitins may serve 

not only as biomarkers for cancer, but also act as molecular target for therapeutic intervention in 

hematopoietic malignancies. 
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1.1 T CELL-MEDIATED IMMUNITY 

The importance of the immune system for human health is regularly exemplified by 

individuals that suffer from a defective immune system as they are more susceptible to serious and 

sometimes life-threatening infections, allergy, sepsis, autoimmune diseases, immunodeficiency 

and cancer. From a functional point of view, the immune system can be divided into the innate and 

adaptive immunity. The innate immune system is the front line of defense that grants an immediate 

but not specific response that is mediated mainly by the complement and acute inflammation 

(neutrophils and macrophages). In contrast, adaptive immunity is a more pronounced and specific 

response mainly comprised of lymphocytes (T and B cells) that is divided into two general types 

of reactions: humoral immunity, mediated by antibodies produced by B cells and cell-mediated 

immunity, mediated by T cells. T lymphocytes are capable of complex biological responses and 

their activation and clonal expansion is a fundamental event in generating of both humoral and 

cell-mediated immunity [9]. 

Naïve mature T cells constantly recirculate between blood, lymphatic system and 

secondary lymphoid organs until they encounter a specific antigen.  As a consequence, T 

lymphocytes activate, proliferate and differentiate into antigen-specific effector cells capable of 

modulating the immune response [10]. Complete activation of T cells requires three threshold 

limited sequential signals. Naïve T cells receive induction signals for activation through 

engagement of the T cell receptor (TCR) complex via binding to a specific antigen associated with 

the major histocompatibility complex (MHC) on antigen presenting cells (APC) (signal 1).  This 

signal is then reinforced by CD28 engagement by co-stimulatory molecules such as B7-2 and B7-

1 (signal 2). Together, signal 1 and signal 2 initiate a signal transduction cascade that promotes the 
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synthesis and secretion of T-cell growth factors like interleukin 2 (IL-2). These cytokines (signal 

3) are ultimately responsible for driving clonal expansion and functional differentiation [11].  

IL-2 was among the first cytokines to be characterized at the molecular level and was 

originally called T cell growth factor. This T-cell derived cytokine is a secreted glycoprotein with 

a molecular weight of approximately 15 kDa with a structure comprised of four α-helices folded 

in a characteristic configuration of the Type I cytokine receptor family. IL-2 is produced mainly 

by activated helper T (CD4+ T) cells but also in other cells like cytotoxic (CD8+ T), NK, dendritic, 

and mast cells [12, 13]. IL-2 induces a myriad of effects on the cells of the immune system but the 

main biological activities are exerted by CD4+ T cells, CD8+ T cells, B cells and NK cells causing 

expansion of antigen-specific clones, augmenting production of other cytokines, promoting 

proliferation and enhancing cytolytic activity among other effects [14-16]. 

The IL-2 signaling pathway is mediated by the IL-2 receptor (IL-2R) that is comprised of 

three chains: IL2Rα (CD25), IL2Rβ (CD122), and IL2Rγ (CD132) [17, 18].  The IL2Rα chain 

increases the affinity of ligand, while IL2Rβ and IL2Rγ participate in both ligand binding and cell 

signaling [19]. The IL-2 signaling pathway is initiated after binding of IL-2 to its receptor, causing 

Janus Kinases 1 and 3 (JAK1 and JAK3) to become associated with IL-2Rβ and IL-2Rγ chains 

respectively. This allows for autophosphorylation of the JAK1 and JAK3. Once activated, JAKs 

phosphorylate the receptor, providing docking sites for Signal Transducer and Activator of 

Transcription (STATs). Then, phosphorylation of STATs induces their formation of homodimers 

or heterodimers which translocate to the nucleus, to promote gene transcription that is associated 

with proliferation and cell survival. [11, 13] (Figure 1.1).  

Additionally, IL-2 activates Src homology 2 domain containing transforming protein 1 

(SHC) which stimulates the recruitment and activation of class IA phosphatidylinositol-3-kinases 
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(PI3Ks), which catalyze the conversion of phosphatidylinositol 4,5-biphosphate (PIP2) into 

phosphatidylinositol 3,4,5-triphosphate (PIP3) [14, 16]. PIP3, as a second messenger, recruits to 

the cell membrane 3-Phosphoinositide dependent protein kinase-1 (PDK1) to phosphorylate 

protein kinase B (AKT) [20, 21]. AKT pathway activation ensures T cell growth survival by 

regulating the transcription of genes like NF-kB as well the expression of IL-2 itself [22] (Figure 

1.1).  

IL-2 activates a myriad of effectors including SHC that can bind to with the growth factor 

receptor-bound protein 2 (GRB2). GRB2-associated binding protein (GAB2) activates son of 

sevenless homologs (SOS) next, and SOS promotes deactivation of Harvey rat sarcoma viral 

oncogene homolog (Ras) [23]. Activated Ras recruits Raf proto-oncogene serine/threonine-protein 

kinase (Raf), which in turn, activates mitogen-activated protein kinase kinase 1 and 2 (MEK) and 

MEK promotes signaling of extracellular signal-regulated kinase 1 and 2 (ERK1/2) [11, 24]. 

ERK1/2 pathway induces activation of transcription factors that play a critical role in IL-2 gene 

expression, including AP-1, c-Fos, c-Jun and Elk-1 [15, 25, 26] (Figure 1.1).  

 The aforementioned transduction signaling pathways are orchestrated by cascades of 

protein-protein interactions and phosphorylation events. Protein phosphorylation is a post-

translational modification that has an essential role in biological homeostasis. As a result, the new 

phosphorylated group alters the role of the protein: it can be activated “on” or deactivated “off,” 

causing a change in its function and also, influencing protein sub-cellular localization, interactions 

with other proteins or their degradation by proteases. Phosphorylation is performed by kinases and 

occurs on serine, threonine, and tyrosine residues in eukaryotic cells and is reversed by 

phosphatases. The use of phosphorylation modifications as a regulatory mechanism have the 

advantage that are rapid, easily reversible and does not require the synthesis of new proteins [27].  
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Figure 1.1: Schematic representation of IL-2 signal transduction pathways. Binding 

of IL-2 to the high affinity IL-2R activates JAK1 and JAK3 are via autophosphorylation 

and then phosphorylate the receptor. This provides docking sites for STAT transcription 

factors that dimerize and translocate to the nucleus where they promote gene 

transcription. SHC recruits and activates PI3K that catalyzes the conversion of PIP2 to 

PIP3, which recruits PDK1 to phosphorylate AKT. SHC also recruits SHC recruits 

GRB2, GAB2 and SOS to activate Ras, which recruits Raf in order to activate MEK, 

which in turn activate ERK1/2. Special thanks to SGM for the diagram design [6, 8].   
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1.2 PROHIBITIN FAMILY PROTEINS 

Even though prohibitins were discovered more than 20 years ago [28], the functions of 

PHB1 and PHB2 are just beginning to be elucidated. The prohibitin (PHB) family is composed of 

two members, PHB1 and PHB2. PHB1, formerly known as BAP32 and its homolog PHB2, 

previously known as BAP37 or REA, are pleiotropic proteins with multiple functions [29]. Genetic 

deletion of PHB1 and PHB2 is embryonically lethal in mice indicating that these proteins perform 

an essential role in embryonic development [30, 31] and are known to be evolutionarily conserved 

with homologues found in organisms from yeast to man [28].  

Prohibitins have been eliciting multiple functions that may be defined by their cellular 

localization and cell type. The multiple functions attributed to prohibitins include nuclear 

transcription, plasma membrane lipid scaffold protein, and in the mitochondria as a regulator of 

mitochondrial morphogenesis and apoptosis [5, 32-40].  Despite these diverse biological roles, the 

function of prohibitin proteins in cancer remains poorly understood [41]. 

PHB1 was originally described as a tumor suppressor due to its ability to inhibit cell 

proliferation [42]. This effect was later attributed to the 3’-UTR and not the PHB1 protein [43], 

however, reports indicate PHB1 can inhibit proliferation through interaction with the cell cycle 

checkpoint molecules E2F [44], p53[45], and Rb [46]. PHB2, a repressor of estrogen receptor 

activity, directly interacts and inhibits the transcriptional activity of the estrogen receptor [30].   

1.2.1 Biophysical characteristics of the Prohibitin family 

The human prohibitins are encoded by two nuclear genes PHB1 (GeneID:5245) and PHB2 

(GeneID: 1331).  PHB1 gene is located on chromosome 17q21 with 7 exons [47] and PHB2 gene 

maps to chromosome 12p13 with ten exons [48]. PHB1 and PHB2 have molecular masses of 
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approximately 32 and 37 kDa, respectively, and share 47% amino acid sequence identity and 67% 

similarity [3, 4] (Figure 1.2).  

PHB1 and PHB2 are members of a group of membrane proteins containing the SPFH 

domain (also known as the prohibitin domain), which includes Stomatins, Prohibitins, Flotillins 

and bacterial HflK/C proteins. This domain is found in divergent species from prokaryotes to 

eukaryotes and their included proteins share numerous characteristics, including propensity to 

oligomerize, subcellular sorting and co- and post-translational modifications [49]. All proteins in 

this group are enriched in detergent-resistant membrane fractions, indicating that they are 

components of lipid raft membrane [50]. Lipid rafts are membrane microdomains enriched in 

certain lipids and cholesterol that function as platforms for compartmentalizing cellular processes 

such as signal transduction, protein sorting, receptor trafficking, membrane fluidity, and regulation 

of neurotransmission among other functions [51, 52].   

Protein members of the SPFH domain group are reported to be anchored in membranes 

like the membranes in Golgi apparatus, mitochondria, endoplasmic reticulum, lipid droplets, and 

endosomes [49, 53]. The functions that have been implicated are chaperones and scaffold proteins 

[54, 55], protein and vesicle trafficking [56], ion channel regulation [53], microdomain formation 

and the formation of specialized membrane structures related to endocytosis and 

mechanosensation [50, 57, 58]. 

Prohibitins are composed of the previously mentioned prohibitin domain, an N-terminal 

transmembrane region consisting of a hydrophobic membrane-anchoring alpha helix [6, 59], a C-

terminal coiled-coil structure that is involved in protein-protein interaction between PHB1 and 

PHB2 [59, 60], and a nuclear export sequence consisting of a putative leucine-rich nuclear export 

signal  [37], (Figure 1.3). The prohibitin domain spans residues 26-187 in PHB1 and 39-201 in 
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PHB2, and is the region of highest homology (55% identity and 81% similarity) [3, 4, 59]. The 

coiled-coil regions of alpha helices are positioned towards the C-terminal region of both proteins 

that spans amino acids 180-224 and 212-253, respectively, for PHB1 and PHB2 [59]. The C-

terminal region of PHB1 also contains a putative nuclear export sequence [37]. 

While the molecular structure of these proteins has not been solved, Winter et al. were able 

to produce structural models of PHB1 and PHB2 based on secondary structure prediction and 

homology modeling using the known nuclear magnetic resonance (NMR) structure of flotillin-2, 

which belongs to the SPFH domain protein family [60]. In addition to this domain PHB2 also 

contain an estrogen receptor binding domain near its N-terminus spanning residues 23-27 [61]. 
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Figure 1.2: Protein alignment of human PHB1 and PHB2. Human PHB1 (Accession P35232) 

(upper sequence) and PHB2 (Accession Q99623) (lower sequence) protein sequences were aligned 

using the EMBOSS Needleman-Wunsch algorithm. (│), identical residues; (:), strongly similar 

residues; (.) , weakly similar residues [3, 4]. 
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Figure 1.3: Schematic representation of PHB 1 and PHB 2 phosphorylation sites. Identified 

phosphosites in human prohibitin proteins and the amino acid residues they modify. Yellow and 

green boxes indicate the prohibitin domain for PHB1 and PHB2 respectively. Numbers indicate 

the amino acid residues. Serine (S), Threonine (T), Tyrosine (Y). Amino-terminal end (N-) and 

carboxyl-terminal end (-C). Adapted from [2, 5]. 
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1.2.2 Prohibitin Phosphorylation  

Prohibitin phosphorylation has been reported to be important for cell signaling, cell 

differentiation and protein-protein interactions [54, 62, 63]. The schematic diagram (Figure 1.4) 

displays the phosphosites that have been identified in PhosphoSitePlus (www.phosphosite.org). 

This platform is an open, comprehensive, manually curated and interactive resource to compile 

experimentally observed post-translational modifications. The majority of the phosphorylation 

events assigned for prohibitins have been obtained via proteomic discovery-mode mass 

spectrometry with only very few of these sites having been characterized using site-specific 

methods such as site-directed mutagenesis, modification with site-specific antibodies as 

subsequent functional assay assessment. Moreover, upstream kinases have not been identified or 

validated. In other words, four of 14 sites for PHB1 and four of 20 sites for PHB2 have been 

identified and studied by site-specific methods. The sites characterized are Tyrosine (T)114, Serine 

(S)218, Threonine (T)258 and T259 for PHB1 and S91, S176, S243 and T248 for PHB2 (shown 

in red in Figure 1.4).  

For instance, Jiang et al. reported that phosphorylation of PHB1 by AKT at Thr258 induces 

its localization from the nucleus to mitochondria causing cell proliferation in bladder cancer cell 

lines [64]. Also, the same residue was found to be phosphorylated in pancreatic carcinoma cells 

by AKT in vivo and in vitro [65]. Likewise, Zhu et al. identified a dual role of PHB1 to 

transforming growth factor-β (TGF-β) as a downstream effector causing cell survival following 

serine phosphorylation, in contrast, apoptosis was mediated by serine dephosphorylation in certain 

prostate cancer cells [66]. Moreover, it has been reported that cell stimulation with insulin leads to 

phosphorylation of PHB1 at Tyr114 and that residue creates a binding site for the Src homology 
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region 2 domain-containing phosphatase-1 (Shp1) blocking phosphorylation of AKT of in vivo 

and in vitro in myoblast and breast cancer cell lines [63]. 

In PHB2 Ser91 was demonstrated to be phosphorylated by calcium/calmodulin-dependent 

protein kinase IV (CaMKIV) causing the blocking of this kinase to repress the transcriptional 

activity of myocyte enhancer factor 2 (MEF2) [64]. Likewise, our group identified Tyr248 and 

Serine 248 as being phosphorylated upon T cell activation [7, 67]. 

1.2.3 Prohibitins, Mitochondrial Biology, and Oxidative Stress  

Prohibitins in the mitochondria associate with each other to form a ring-shaped complex 

comprised of 12 to 16 PHB1 and PHB2 heterodimers [39]. This high molecular complex 

(approximately 1.2 megadaltons), has a diameter of 20 to 25 nanometers and is located in the inner 

mitochondrial membrane (IMM) [5, 39, 59, 60, 67]. Deletion of one prohibitin gene or siRNA 

knockdown of PHB1 or PHB2 results in the degradation of the respective prohibitin protein [5, 39, 

67]. Similarly, co-immunoprecipitation experiments show an association of PHB1 with PHB2 and 

vice versa [32, 67]. These findings demonstrate the interdependence between prohibitins in the 

protein complex formation.  

Yeast molecular genetics has played a key role in understanding PHB function and 

structure. The prohibitin homologues in Saccharomyces cerevisiae have been proposed to function 

as chaperones for newly imported proteins including electron transport enzymes [5, 34, 68]. 

Studies report that Prohibitins maintain the morphogenesis of cristae and biogenesis of the 

respiratory chain [5, 39, 69]. Additionally, they protect newly imported proteins from the 

degradation by m-AAA proteases, serve as scaffold proteins and have chaperone activity [5, 29, 

34, 70]. For the first time, our laboratory group demonstrated that prohibitins were highly 

upregulated upon activation of normal primary human T cells following engagement of the TCR 
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complex. Moreover, these proteins were phosphorylated which may facilitate T cell survival 

through stabilization of mitochondrial electron transport enzymes during increased metabolic 

demand required for T lymphocyte proliferation [67]. 

Enhanced oxidative stress has been associated with prohibitins expression. In endothelial 

cells, down-regulation of PHB1 resulted in increased mitochondrial reactive oxygen species (ROS) 

production and cellular senescence [71], while over-expression of PHB1 in intestinal epithelial 

cells ameliorated oxidative stress in inflammatory bowel disease [72]. In the mitochondrial 

environment under physiological conditions, the optimal levels of intracellular reactive oxygen 

species (ROS) are maintained as byproducts of normal metabolism in eukaryotic cells. These 

normally low ROS concentrations have important roles in cell signaling and homeostasis [73]. 

However, oxidative stress can occur when the equilibrium between the generation of ROS and 

detoxification by antioxidant proteins is disrupted. Oxidative stress disturbs crucial cellular 

functions and has been related to a wide spectrum of diseases, including chronic inflammation and 

oncogenesis [74, 75]. Indeed, increased levels of ROS are persistently elevated in several types of 

cancer cells [74]. Regardless of the evidence that prohibitins are involved in the regulation of ROS 

and oxidative stress, their correlation with hematopoietic malignancies remains an unexplored area 

[76-79]. 
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Figure 1.4: Schematic representation of PHB1 and PHB2 phosphorylation sites. Mass 

spectrometry identified phosphosites in human prohibitin proteins and their amino acid residue. 

Yellow and green boxes indicate the prohibitin domain for PHB1 and PHB2 respectively. Numbers 

indicate the amino acid residues. Numbers marked in red indicate residues characterized by site-

specific methods. Serine (S), Threonine (T), Tyrosine (Y). Source: PhosphoSitePlus [6, 7]. 
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1.2.4 Prohibitin Proteins in Cancer 

The link between prohibitins and cancer is striking because these proteins relate to 

pathways that induce cell proliferation, resistance and metastasis (Ras/Raf/MEK/ERK, 

PI3K/AKT, TGF-β, transcription factors) [29, 54, 65, 80]. As a consequence,  high levels of 

prohibitins expression have been demonstrated in several transformed cells and in many primary 

human cancers, including endometrial adenocarcinoma [81], hepatocellular carcinoma [82], 

gastric cancer [83], esophageal cancer [84], bladder cancer [85], and breast cancer [86], however, 

their tumorigenic mechanism have not been fully elucidated. Evidence suggests that cellular 

localization is a determinant of prohibitin function especially in oncogenic cells [29, 84, 86, 87].  

To illustrate, in non-cancerous breast cells prohibitins are confined to the mitochondria, 

while in breast cancer cells these proteins are located primarily in the nucleus, suggesting that 

localization of prohibitins is a determinant for oncogenic potential in certain cancer cell types [88]. 

In breast cancer cell lines, PHB1 interacts with the transcription factor p53 enhancing its activity 

and during apoptotic induction PHB1 is translocated to the mitochondria [45]. Yoshimaru et al. 

reported that PHB2 interacts with Brefeldin A-inhibited guanine nucleotide-exchange protein 3 

(BIG3). BIG3 has a critical role in the modulation of estrogen receptor signaling and targeting 

these proteins overcomes tamoxifen resistance in breast cancer cells [45]. PHB1 is a key regulator 

of retinoblastoma suppressor protein (Rb) that binds to E2F transcription factors causing cell cycle 

arrest and consequential growth arrest. These effects may be mediated by their interaction with 

different chromatin remodeling proteins including Rb, heterochromatic protein (HP1), Histone 

deacetylase 1 (HDAC) and the nucleosome remodeling proteins (Brg1 or Brm) [89]. In 

neuroblastoma cells, laser confocal microscopy results revealed that prohibitins colocalized with 
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the proto-oncogenes p53, Rb, c-myc, and c-fos. Also, the expression and localization of prohibitins 

changed during differentiation with retinoic acid. 

Finally, it is of interest to note that some microRNAs (miRs) targeting untranslated regions 

(UTR) of prohibitins are classified as oncogenic. For instance, the oncomir miR-27a expression 

has been reported to be altered in several cancers including breast and relapsed leukemias [90, 91]. 

1.2.5 Prohibitins and metastasis 

Many factors are involved in the initiation of cancer, but in the vast majority of these cases, 

mortality is due to metastatic progression. Metastasis requires a number of genetic or epigenetic 

modifications to complete the stages of the migratory process [92]. Along with the oncogenic cells’ 

limitless replicative potential and their increased capacity to survive, cancer cells must be equipped 

with at least three essential characteristics to cause metastasis. First, to escape the surrounding 

matrix and become migratory, these cells must undergo an “epithelial-to-mesenchymal transition”. 

Next, the cell must develop a mechanism to resist apoptosis. Finally, to sustain the supply of 

oxygen and nutrients angiogenesis is a requirement in order to ensure survival [93, 94]. Indeed, 

recent studies have shown that although aerobic glycolysis is known to promote metastasis, an 

aberration in a mitochondrial complex that involves overload of the electron tra nsport chain can 

also profoundly enhance tumor metastasis [95, 96].   

Prohibitin upregulation is positively related to esophageal and squamous cell carcinoma 

node metastasis and distant metastasis [84, 97]; in bladder cancer, prohibitin upregulation is 

positively related to multiple tumors, muscle invasion and tyrosine-protein kinase Met  (c-MET) 

proto-oncogene overexpression [98]. Moreover, serum from colorectal patients contains 

significantly higher levels of these proteins compared to serum from healthy volunteers [99]. 

Prohibitins were found to be differentially overexpressed in highly invasive metastasic breast 



www.manaraa.com

 17 

cancer cell lines and in lymph node positive breast cancer patient samples using proteomic analysis 

[92, 100]. These findings may encourage further studies investigating prohibitin expression as a 

biomarker and clinicopathologic indicator of systemic malignancies.  

1.2.6 Prohibitins as a therapeutic target  

Localization of prohibitins in different cellular compartments, their potential to interact 

with tumor suppressor and transcription factors, their ability to stabilize mitochondrial electron 

transport and their capacity to act as scaffold proteins in the plasma membrane indicate that these 

proteins have a potential as therapeutic targets [5, 35, 37]. Furthermore, cellular localization and 

expression is a determinant of prohibitin function especially in oncogenic cells [29, 84, 86, 87]. 

This difference in behavior, which is not fully understood, may be exploited to develop therapeutic 

agents. 

The proposed therapeutic target model for prohibitins (Figure 1.5) is based on studies 

reporting that these proteins are required scaffolds for cRaf localization to the plasma membrane, 

which is crucial for Ras-cRaf interaction and downstream activation of the ERK signaling pathway 

causing cell proliferation by activation of transcription factors (c-Myc, CREB, c-Jun, c-Fos)  and 

survival by enhancing the activity of anti-apoptotic proteins (Bcl2, Bcl-xL) [101, 102]. Targeting 

prohibitins will therefore inhibit the Ras-cRaf interaction and will suppress the proliferative and 

pro-survival effects of this pathway causing death or growth arrest in cells that are dependent on 

the Erk pathway directly or indirectly.  

Treatment with inhibitors of Ras, Raf, and MEK has shown therapeutic value, 

unfortunately, tumor resistance counteracts their efficacy. Natural derivative compounds such as 

Rocaglamide has been shown to target prohibitins and prevent their interaction with cRaf at IC50 

values within nanomolar concentrations [103]. Moreover, this substance blocked metastasis 
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growth in vitro and in vivo in cells that depend on to Ras-ERK signaling. More importantly, 

Rocaglamide was relatively nontoxic in normal cells, suggesting that the scaffold function of 

prohibitins is dispensable in these cells [80].  In the same context, previous studies have shown 

that phytochemical flavaglines and the synthetic fluorinated small molecule fluorizoline target 

prohibitins causing disruption of the Raf-MEK-ERK signaling pathway and induction of apoptosis 

through the intrinsic mitochondrial pathway, respectively [103-105]. Taken together, the array of 

prohibitin activity suggests these proteins might be attractive therapeutic targets for a variety of 

disease states, including inflammation, obesity and cancer, however a better understanding of their 

cell dependent function appears to be essential [55]. 
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Figure 1.5: Therapeutic target model for Prohibitins proteins.  A schematic model showing the 

mechanisms of prohibitins activation in the Ras/Raf/MEK/ERK pathway. Prohibitins are required 

scaffolds for the cRaf localization on the plasma membrane, which is crucial for Ras-cRaf  

interaction and downstream activation of the ERK signaling pathway causing cell proliferation and 

survival. Targeting prohibitins should inhibit the Ras-cRaf interaction and will suppress the 

downstream effects of this transduction pathway. 
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1.3 SIGNIFICANCE AND HYPOTHESIS 

The importance of the immune system for human health is regularly observed in 

individuals that suffer from a defective immune system as they are more susceptible to serious and 

sometimes life-threatening infections, allergy, sepsis, autoimmune diseases, immunodeficiencies 

and cancer. Specifically, T cell regulation is vital in maintaining immune system homeostasis. An 

uncontrolled increase in T cell proliferation can lead to the development of hematopoietic 

malignancies that have a high incidence, resulting in relapse and in patient mortality despite current 

treatments. According with the American Cancer Society, leukemia is the most common cancer in 

children. Additionally, Hispanic children are more likely to be diagnosed with leukemia and they 

have a greater propensity to die from this pathology as compared with other children [106]. For 

this reason, there is a critical need to elucidate the regulatory mechanisms of the cell signaling 

pathways that mediate T-cell responses to establish a wider molecular foundation for the 

development of new therapeutic strategies into these diseases. 

The objective of this dissertation was initiated to determine the role of PHB1 and PHB2 in 

T- and B-cell malignancies. We hypothesize that prohibitins are cell signaling intermediaries 

involved in differentiation and proliferation in hematological malignancies. To test this 

hypothesis the PHB1 and PHB2 phosphorylation state was examined in the leukemia cell line 

Kit225. In addition, prohibitin proteins have been proposed to play significant roles in cancer 

development and progression by regulation of apoptosis and cell proliferation [5, 32, 34-36, 39, 

41, 69]. Therefore, the second objective of this dissertation was to define the expression of 

prohibitins in human lymphoid and myeloid tumor cell lines and patient samples. We hypothesized 

that PHB1 and PHB2 represent anti-apoptotic proteins involved in lymphoid oncogenesis. 
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We provide novel evidence that PHB1 and PHB2 are upregulated in hematologic tumor 

cells and possibly serve in the maintenance of mitochondrial integrity to protect against oxidative 

stress-induced cell death. These findings provide further evidence regarding the importance of 

PHB1 and PHB2 in lymphocyte function and dysfunction. 
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CHAPTER 2                                                                                              

Identification of Novel Phosphosites in Prohibitins 
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2.1 INTRODUCTION 

Since their discovery in 1992 by McClung et al., cellular localization and function of 

prohibitins in different cell types has remained controversial. Moreover, protein phosphorylation 

represents a pivotal post-translational modification that regulates protein activity, sub-cellular 

localization, interactions with other proteins or their degradation by proteases [63, 67]. 

Dysregulation of normal patterns of protein phosphorylation can lead to a myriad of pathologies 

including cancer [27]. Previous work from our group showed that prohibitins are phosphorylated 

and differentially expressed during T cell activation [8]. This data strongly suggested that 

phosphorylation of these proteins plays an important role in cell differentiation and proliferation. 

Notably, there are no previous reports regarding the phosphorylation state of either PHB1 or PHB2 

in T cells following IL-2 stimulation. 

IL-2 induces several effects in immune cells of the but the main biological activities are 

believed to be exerted by CD4+ T cells, CD8+ T cells, B and NK cells causing expansion of 

antigen-specific clones, augmenting the production of other cytokines, to promote cell 

proliferation and to enhance cytolytic activity [14, 15]. The IL-2 signal transduction begins 

following binding of IL-2 to its receptor, and the subsequent activation of downstream signaling 

regulates proliferation, survival and apoptosis [11].  

In order to understand the phosphorylation role of specific serine, threonine and tyrosine 

residues in prohibitin proteins and IL-2 signaling, cell culture and mass spectrometry was used. 

Knowledge about phosphorylation status of the prohibitin complex should have important 

implications for understanding its function in human T cells and T cell malignancies as these 

results may represent a possible regulatory point for lymphocyte function which could result in 

previously unrecognized therapeutic strategies to control T cell mediated diseases.  
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The strategy employed here consisted of immunoprecipitation (IP) reactions coupled to 

liquid chromatography and tandem mass spectrometry (LC-MS/MS) analysis. The treatments 

included: cells that were untreated, stimulated with IL-2 for 20, 45 or 60 min or treated with 

Calyculin A (CA) for 30 min. The rational to use CA is because this selective protein phosphatase 

inhibitor might further augment serine/threonine phosphorylation and it has been shown to regulate 

IL-2 signaling at multiple levels, including the formation of the receptor complex and activation 

of downstream signaling molecules [107]. To harvest PHB1 and PHB2 from their native 

environment we used an IL-2 dependent chronic lymphocytic leukemia Kit225 cell line [108, 109] 

which provided an excellent source for large scale immunoprecipitation, allowing for mass 

spectrometry to identify phosphorylated peptides at a picomol concentration without the need of 

extensive purification [110].  

2.2 MATERIALS AND METHODS 

2.2.1 Cell Culture and Treatments 

The human IL-2 dependent Kit225 cell line was maintained in RPMI 1640 (Thermo 

Scientific Inc.) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals), 2 mM L-

glutamine (cellgro), 50 IU/ml penicillin (cellgro), and 50 mg/ml streptomycin (cellgro) (complete 

RPMI media) plus 10 IU/ml recombinant IL-2 at 37 °C with 5% CO2. Kit225 cells were made 

quiescent by growing to exhaustion (> 5X105 cells/mL) and then stimulated with 10,000 IU of 

human recombinant IL-2 (NCI Preclinical Repository) for 20, 45 and 60 minutes, or treated with 

100 nM Calyculin A (CA) (Sigma-Aldrich) for 30 minutes. Treatments were performed at 37 °C 

using 50x106 cells per treatment. Untreated, unstimulated cells were used as control.  
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2.2.2 Solubilization of Proteins, Immunoprecipitation, Western Blot and Mass 

Spectrometry Analysis 

Cells were pelleted and solubilized in lysis buffer [10 mM Tris-HCl (pH 7.6), 5 mM EDTA 

(pH 8.0), 50 mM sodium chloride (NaCl), 30 mM sodium pyrophosphate (Na4P2O7), 50 mM 

sodium fluoride (NaF), 1 mM sodium ortho-vanadate (Na3VO4), 1% Triton X-100] containing 1 

mM phenylmethylsulfonyl fluoride (PMSF), 5 g/ml aprotinin, 2 g/ml leupeptin, and 1 g/ml 

pepstatin A, and rotating at 4 °C for 1 hr.  Whole cell lysates were clarified by centrifugation 

(15,000x g, 15 min, 4 °C). For immunoprecipitation reactions (IP), supernatants were rotated with 

5 μg of PHB2 rabbit monoclonal antibody clone E1Z5A for 2 hours at 4 °C. Immune complexes 

were captured by incubation with Protein A-Sepharose beads (Rockland Immunochemicals) 

rotating for 1 hr at 4 °C. The beads were then washed three times with ice cold lysis buffer and 

eluted by boiling 5 min in 4X SDS sample buffer (0.125 M Tris-HCl (pH 6.8), 10% 2-

mercaptoethanol, 4.6% SDS, 0.004% bromophenol blue, 10% glycerol, pH 6.8). Samples were 

resolved in 12% SDS-PAGE and visualized by Coomassie blue staining (BioRad) after 1 hr. An 

input control (5%) of each sample was simultaneously run in the gel, transferred to polyvinyl-

difluoride (PVDF) membrane and blocked with 1% bovine serum albumin (BSA) for 1 hr at room 

temperature. 

Western blot analysis was performed by incubating the membrane with affinity purified 

rabbit polyclonal anti-PHB2 [67], monoclonal anti-PHB1 (Abcam, II-14-10), rabbit monoclonal 

anti-Phospho-Stat5 (cell signaling, D47E7) overnight at 4 °C.  Assays were developed with 

horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse IgG (heavy plus light chains; 

KPL) and visualized by using enhanced chemiluminescence and radiographic film. Bands 

corresponding to PHB1 and PHB2 were excised from Coomassie blue stained gel and sent to the 
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Taplin Biological Mass Spectrometry Facility (Harvard University) for analysis through liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). Any protein with three or more unique 

peptide matches was considered confidently identified. Spectra analysis using the SEQUEST 

search algorithm, manual examination of the spectra as well as the probability-based score Ascore 

where used to determine phosphorylation site localization [111-113]. 

2.3 RESULTS 

2.3.1 Large-scale Immunoprecipitation of PHB1 and PHB2 and Subsequent Phosphosite 

Mapping 

A large-scale immunoprecipitation of PHB2 was performed in order to obtain the necessary 

protein amount required for LC-MS/MS analysis. For each sample, 50x106 quiescent Kit225 cells 

per treatment were used for a single immunoprecipitation reaction. Cells were left untreated, 

stimulated with IL-2 (104 IU) for 20, 45 or 60 min or treated with CA (100nM) for 30 min. PHB2 

was immunoprecipitated and the samples separated by 12% SDS-PAGE and visualized by 

Coomassie blue staining. The bands corresponding of PHB1 (≈35 kDa) and PHB2 (≈32 kDa) from 

non-stimulated, IL2-stimulated, and CA-treated were excised, subjected to trypsin digestion, and 

analyzed by liquid chromatography-tandem mass spectrometry (Figure 2.1 A).  An input control 

of the sample (5%) was evaluated by Western blot for total PHB1 and PHB2 protein and phospho-

STAT5 to ensure IL-2 induced activation (Figure 2.1 B). Representative data of several 

experiments is shown. The location of the novel phosphorylation sites in the prohibitins is shown 

in (Figure 2.1 C). The diagram includes the novel phosphorylation sites found in the present study 

(green) as well as residues previously identified and characterized using site-specific methods (red) 

and their localization in relation with the prohibitin domain. Spectra analysis using the SEQUEST 
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search algorithm revealed a protein coverage fluctuating from 77% to 92% for the analyzed 

samples, and the identification of several phosphorylated peptides for both proteins including four 

novel phosphosites for PHB2 (Table 2.1 and Figure 2.1 C). Table 2.1 shows a summary of 

treatments, protein coverage by mass spectrometry, and phosphosites identified for both proteins, 

novel phosphosites are underlined.  
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Figure 2.1: Identification and mapping of novel phosphorylation sites in human PHB1 and 

PHB2.  Quiescent Kit225 cells were left untreated (-), stimulated with IL-2 for 20, 45, 30 min or 

treated with CA (100 nM) for 15 min. Cell lysates were immunoprecipitated (IP) with anti-PHB2 

and separated by SDS-PAGE. One set was Coomassie blue-stained (A), and the other was 

immunoblotted (B) with anti-PHB1 and anti-PHB2, or anti-phospho-STAT5 antibodies. (C) 

Schematic representation showing the novel phosphorylation sites found with IL-2 (green) as well 

as residues previously identified and characterized using site-specific methods (red) and their 

localization in relation with the prohibitin domain for PHB1 and PHB2. 
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Table 2.1: LC-MS/MS identification of phosphorylation sites in PHB1 and PHB2. 

Treatment PHB1 PHB2 

 Coverage Phospho residues Coverage Phospho residues 

None 85% S101, Y259 92% S91, S293 

IL-2  

20 min 
79% S101 83% S293 

IL-2 

45 min 
83% Y259 84% 

S91, T62, T155 

T169, S293 

IL-2 

60 min 
80% S101, Y259 78% T21, S293 

CA 

30min 
77% S101 79% S91, S293 

 

2.3.2 Mass Spectra, Conservation and Putative Kinases of Two Novel IL-2 inducible 

phosphorylation sites 

The strategy employed in section 2.3.1 lead to the identification of 8 residues that become 

phosphorylated in PHB1 and PHB2, four of them with IL-2 stimulation (Table 2.1). In PHB1 the 

residues identified were S101 and T259. Both were constitutively phosphorylated and have already 

been reported in the literature [7, 114, 115]. In PHB2, T21, T62, S91, T155, T169 and S293 were 

identified to be phosphorylated. The sites S91 and S293 were constitutively phosphorylated and 

have already been characterized [7, 62, 116]. Here we report T21, T62, T155 and T169 as novel 

IL-2 inducible PHB2phosphorylation sites. T21 and T155 were previously reported in to be 
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phosphorylated but not with the induction of IL-2, moreover, their identification was through 

proteomic discovery-mode mass spectrometry, meaning that no site-specific methods were 

employed in order to characterize them [7, 117, 118]. Of special interest to us were T62 and T169. 

Threonine-62 was found to be a novel IL-2 inducible phosphosite. In addition, this 

threonine is localized in the prohibitin domain of PHB2 and the described [E/D][pS/pT]XXX 

sequence motif is a consensus β-Adrenergic Receptor kinase substrate (βARK) [119, 120]. Also, 

using the logarithmic kinase-specific prediction computational analysis T62 was estimated to be 

modified by Glycogen synthase kinase 3 (GSK3), Protein kinase C (PKC) and Protein kinase A 

(PKA) [121, 122]. Tandem mass spectrum for the peptide IGGVQQDTILAEGLHFR and 

GGVQQDTILAEGLHFRI, which contain the phosphorylated PHB2 T62 residue (underlined) 

from IL-2 stimulated samples is shown in Figure 2.2 and 2.3 respectively. This phospho-threonine 

was identified in Kit225 cells that were IL-2 stimulated at 45 min. The Ascore (measures the 

probability of correct phosphorylation site localization based on the presence and intensity of site-

determining ions in LC-MS/MS spectra for this phosphorylated residue) was 1000 indicating 

unequivocal localization of the phospho-residue [113]. PHB2 T62 is not conserved in its homolog 

PHB1 protein (Figure 1.1). To determine the extent of T62 conservation, human PHB2 protein 

sequence was aligned with PHB2 from other species using Clustal Omega program [1]. T62 as 

well as the surrounding amino acid sequence was found to be well conserved among eleven 

different species, mainly primates, bovine, rat and mouse (Figure 2.4). These evidence suggests 

that phosphorylation of T62 could be a result of an evolutionary recent gain-of-function mutation 

related to a specialized activity of the more complex immune system in higher organisms. 

The second site of interest Threonine-169 was found also to be phosphorylated in PHB2. 

This phosphosite localized in the prohibitin domain and the reported [M/I/L/V]X[R/K]XX[pS/pT] 



www.manaraa.com

 32 

motif is a known Checkpoint kinase 1 substrate (CHEK1). Also, [M/I/L/V/F/Y]XRXX[pS/pT] and 

XX[pS/pT]E motifs have been reported to be Calmodulin-dependent protein kinase IV (CaMKII) 

and G protein-coupled receptor kinase 1 (GRK1) substrates respectively [7, 119, 123, 124]. 

Tandem mass spectrum for the peptide RRELTERA, which contains the phosphorylated PHB2 

T169 residue (underlined) from IL-2 treated samples at 45 min is shown in Figure 2.5. The Ascore 

for this phosphorylated site was 14 indicating that the phospho-residue is confidently assigned. 

PHB2 T169 is conserved in its homolog PHB1 protein (Figure 1.1). To determine the extent of 

T169 conservation, human PHB2 protein sequence was aligned with PHB2 from other species 

using Clustal Omega program [1]. T169 as well as the surrounding amino acid sequence was found 

to be well conserved among thirteen different species, including primates, bovine, rat, mouse, 

fungus, and plants (Figure 2.6).   
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Figure 2.2: Tandem mass spectra of T62 containing PHB2 peptide. (A) Schematic 

representation of peptide fragment ions of the peptide covering T62. (B) Complete tandem mass 

spectra on IL-2 stimulated Kit225 cells at 45 min. (C) Spectra escalation on the mass-to-charge 

ratio (m/z) axis, asterisks are used to designate the monophosphorylated peptides. Serine (S), 

Threonine (T), Tyrosine (Y). 
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 Figure 2.3: Tandem mass spectra of T62 containing PHB2 peptide. (A) Schematic 

representation of peptide fragment ions of the peptide covering T62. (B) Complete tandem mass 

spectra on IL-2 stimulated Kit225 cells at 45 min. (C) Spectra escalation on the mass-to-charge 

ratio (m/z) axis, asterisks are used to designate the monophosphorylated peptides. Serine (S), 

Threonine (T), Tyrosine (Y). 
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Figure 2.4: Sequence conservation of PHB2 T62. Amino acid sequence alignment of the region 

surrounding T62 (asterisk) from different organisms using Clustal Omega program [1]. 
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Figure 2.5: Tandem mass spectra of T169 containing PHB2 peptide. (A) Schematic 

representation of peptide fragment ions of the peptide covering T62. (B) Complete tandem mass 

spectra on IL-2 stimulated Kit225 cells at 45 min. (C) Spectra escalation on the mass-to-charge 

ratio (m/z) axis, asterisks are used to designate the monophosphorylated peptides. Serine (S), 

Threonine (T), Tyrosine (Y). 
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Figure 2.6: Sequence conservation of PHB2 T169. Amino acid sequence alignment of the region 

surrounding T62 (asterisk) from different organisms using Clustal Omega program [1, 2]. 
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2.4  DISCUSSION 

In an effort to gain comprehension into the molecular mechanism of action of PHB1 and 

PHB2 during T cell proliferation and differentiation, phosphorylation status of these proteins was 

evaluated. Phosphorylation of proteins is post-translational modification employed by cells as a 

primary protein regulatory mechanism. As a result, the new phosphorylated group alters the role 

of the protein: it can be activated “on” or deactivated “off”, causing a dramatic change in its 

function like altering substrate binding affinity, sub-cellular localization, interaction with other 

proteins or their degradation by proteases. These actions regulate cell vital processes like 

differentiation, proliferation and apoptosis. As mentioned before, several proteins involved in T 

cell activation are phosphorylated forming a highly coordinated system of signal transduction 

pathways induced by the T cell receptor, co-stimulatory molecules, and IL-2 receptor. Through 

phosphoamino acid analysis, our group has reported that prohibitins are phosphorylated and 

upregulated at the messenger RNA (mRNA) level during T cell induction in response to diverse 

activating agents like phytohemaglutinin (PHA), anti-CD3, concanavalin A (ConA) and phorbol 

12-myristate 13-acetate (PMA)/ionomycin [67].  

In this work, with the strategy of large-scale immunoprecipitation of PHB2 followed by 

identification of phosphopeptides through LC-MS/MS we were able to identify novel 

phosphorylated residues in response to IL-2 stimuli. These findings provide a novel understanding 

into the function of prohibitins during this specific immune response. We found eight residues that 

are phosphorylated in PHB2, four of them were constitutively phosphorylated, and for the first 

time, PHB2 T21, T62, T155 and T169 were identified to become differentially phosphorylated in 

response to IL-2 induction (Figures 2.1-2.6 and Table 2.1). Moreover, T62 and T169 are 

phosphorylated residues that never have been reported before. 
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T62 and T169 amino acid sequence alignment of the region surrounding each of the 

phosphosites from different organisms revealed conservation among different species. 

Interestingly, T169 was found to be more highly conserved than T62. Based on the analysis of the 

LC-MS/MS spectra and the Ascore T62 was chosen for further examination. 

In conclusion, using immunoprecipitation coupled to mass spectrometry four novel 

phosphosites in PHB2 were identified. In order to elucidate the potential regulatory role of the T62 

in IL-2 signaling, phosphospecific polyclonal antibodies were generated against this 

phosphoresidue. The characterization of such antibodies is the focus of the next chapter.   

 

  



www.manaraa.com

 46 

 

 

 

 

 

 

 

 

CHAPTER 3                                                                                   

Characterization of PHB2 Phospho-Threonine 62 Antibodies 
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3.1 INTRODUCTION 

Threonine phosphorylation of proteins is a vital component in regulating cell signaling. As 

shown earlier (Table 2.1) PHB2 T62 becomes phosphorylated in response to IL-2 stimulation of 

Kit225 cells. In order to verify phosphorylation of T62 and to elucidate its role in IL-2 signaling, 

we developed phosphospecific polyclonal antibodies against that site. This chapter is focused on 

the characterization of the anti-phospho-PHB2-T62 (anti-pT62) antibodies by testing their efficacy 

by ELISA, specificity using dot blot analysis and peptide competition assays, protein 

characterization via confocal immunofluorescence and analysis through immunoprecipitation and 

Western blot studies. Overall, these antibodies represent a new tool that could more accurately 

define T62 phosphorylation and its function in regulating PHB2 activity.  

3.2 MATERIALS AND METHODS 

3.2.1 Generation of Phosphospecific Antibodies 

The anti-pT62 PHB2 rabbit polyclonal antibody was custom-generated by GenScript 

(Piscataway, NJ) using the immunogen GVQQD(pT)ILAGLHFS (where pT indicates phospho-

threonine) coupled to keyhole limpet hemocyanin. Four rabbits were immunized per 

phosphopeptide (designated 17629, 17630, 17631 and 17632). The efficacy of whole antiserum 

from final bleeds was tested through enzyme-linked immunosorbent assay (ELISA) by the 

company. According to their protocol, wells were coated with 100 l of either phosphopeptide or 

non-phosphopeptide at 4 g/ml. Peroxidase conjugated anti-rabbit IgG (H&L) goat antibody was 

used as the secondary antibody. 

 

3.2.2 Dot Blot Analysis, Peptide Competition and Antiserum Purification 



www.manaraa.com

 48 

PHB2 pT62 phosphopeptide (GVQQD(pT)ILAGLHFS) and non-phosphopeptide 

(GVQQDTILAGLHFS) were diluted in PBS and blotted in decreasing concentration (100 ng, 10 

ng, 1 ng) into methanol activated PVDF membranes. The membranes were allowed to dry, then 

re-activated and blocked in 1% BSA for 1 hr at room temperature followed by incubation with 

phosphospecific antisera (1:5000) for 2 hrs. For peptide competition assays, a 1:5000 dilution was 

performed by incubating the phosphospecific antibodies with 10 g of either PHB2 pT62 non-

phosphopeptide (pre-clear) or phosphopeptide (pre-block) rotating for 2 hr at room temperature 

before probing dot blotted membranes. All antisera were affinity purified using a commercially 

available kit (SulfoLink, ThermoFisher) a using 2-step phosphospecific purification method. The 

fractions containing the protein of interest were dialyzed overnight at 4 °C in phosphate-buffered 

saline (PBS).  

 

3.2.2 Cell Culture and Treatments 

The human IL-2 dependent Kit225 cell line was maintained in RPMI 1640 (Thermo 

Scientific Inc.) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals), 2 mM L-

glutamine (cellgro), 50 IU/ml penicillin (cellgro), and 50 mg/ml streptomycin (cellgro) (complete 

RPMI media) plus 10 IU/ml recombinant IL-2 at 37 °C with 5% CO2. Kit225 cells were made 

quiescent by growing to exhaustion (> 5X105 cells/mL) and then stimulated with 10,000 IU of 

human recombinant IL-2 (NCI Preclinical Repository) for 5, 15, 30, 45 and 60 minutes. Treatments 

were performed at 37 °C using 50x106 cells per treatment. Untreated, unstimulated cells were used 

as control.  

 

3.2.3 Solubilization of Proteins, Immunoprecipitation and Western blot analysis 
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Cells were pelleted, solubilized, and clarified as described in section 2.2.2. For 

immunoprecipitation reactions, supernatants were rotated with 5 μg of anti-PHB2 Rabbit 

monoclonal antibody clone E1Z5A (Cell Signaling technology) for 2 hr at 4 °C. Immune 

complexes were captured by incubation with Protein A-Sepharose beads (Rockland 

Immunochemicals) rotating for 1 h at 4 °C. The beads were then washed three times with ice-cold 

lysis buffer and eluted by boiling 5 min in 2 x SDS sample buffer (50 mM Tris-HCl (pH 6.8), 100 

mM dithiothreitol, 2% SDS, 0.02% bromophenol blue, 10% glycerol, pH 6.8). Samples were 

resolved in 12% SDS-PAGE, transferred to PVDF membranes and blocked with 1% bovine serum 

albumin (BSA) for 1 hr at room temperature. Western blot analysis was performed by incubating 

the membrane with the four custom generated anti-pT62 PHB2 rabbit polyclonal antibodies 

(17629, 17630, 17631 and, 17632) overnight at 4 ºC. Assays were developed with horseradish 

peroxidase-conjugated goat anti-rabbit IgG (heavy plus light chains; KPL) and visualized by using 

enhanced chemiluminescence and radiographic film. For reprobing, PVDF membranes were 

incubated with stripping buffer (100 mM -mercaptoethanol, 2% SDS, 62.5 mM Tris-HCL, pH 

6.7) at 55 °C for 30 min, blocked, and then reprobed with anti-PHB2 Rabbit monoclonal antibody 

clone E1Z5A (Cell Signaling technology) overnight at 4 °C. 

For reverse-immunoprecipitation, supernatants were rotated with 5 μg of each custom 

generated anti-pT62 PHB2 rabbit polyclonal antibodies (17629, 17630, 17631 and, 17632) 2 hr at 

4 ºC. Immune complexes were captured by incubation with Protein A-Sepharose beads (Rockland 

Immunochemicals) rotating for 1 h at 4 °C. The beads were then washed three times with ice-cold 

lysis buffer and eluted by boiling 5 min in 2 x SDS sample buffer. Samples were resolved in 12% 

SDS-PAGE, transferred to PVDF membrane and blocked with 1% bovine serum albumin (BSA) 
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for 1 hr at room temperature. Western blot analysis was performed by incubating the membrane 

with anti-PHB2 Rabbit monoclonal antibody clone E1Z5A overnight at 4 ºC. 

For lysates cell pellets were solubilized in 1% Triton X-100 containing lysis buffer and 

Western blot analysis was performed using 20 µg of protein for each sample as previously 

described using the custom generated anti-pT62 PHB2 rabbit polyclonal antibodies (17629, 17630, 

17631 and, 17632) overnight at 4 ºC [125]. After developing, membranes were stripped, blocked, 

and then reprobed with anti-PHB2 Rabbit monoclonal antibody clone E1Z5A (Cell Signaling 

technology) overnight at 4 °C. For all samples, total protein was determined by the bicinchoninic 

acid method (Pierce Biotech).  

 

3.2.4 Immunofluorescent confocal microscopy 

Kit225 cells were cytocentrifuged onto glass slides, fixed with cold methanol and 

permeabilized with 0.2% Triton X-100. The cell staining procedures were performed using the 

following antibodies: custom made affinity purified anti-PHB2 pT62 (17632) rabbit polyclonal 

antibody, mouse monoclonal anti-PHB1 (abcam, II-14-10), rat monoclonal anti-PHB2 (Millipore, 

MABC953). To reduce photobleaching effects, all staining steps were executed in the dark. High-

resolution digital fluorescent images were captured from the stained cells using an LSM 700 

confocal laser scanning microscope equipped with a 40x and 63x immersion oil objective (Zeiss, 

New York, NY). Image acquisition was performed in the multitrack scanning mode with the 

excitation wavelength at 405, 488 and 555, 639 nm, corresponding to the blue, green, red and 

magenta fluorescence signals, respectively. Consistently, the confocal images were acquired with 

the same settings and analyzed using the ZEN 2009 software (Zeiss). Collected images were 

exported in a 12-bit TIFF RGB format. The LSM 700 confocal microscope system is located in 
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the Cytometry, Screening and Imaging Core Facility, a component of the Border Biomedical 

Research Center (BBRC-UTEP). 

 

3.2.5 Phosphoamino Acid Analysis 

Kit225 cells were metabolically labeled with 1 mCi/ml [32P]-orthophosphate (PerkinElmer 

Life Sciences) overnight at 37 °C. The cells were lysed and PHB2 was immunoprecipitated as 

described above. The corresponding proteins were visualized by Coomassie blue R-250 stain (Bio-

Rad) and autoradiography, excised, and subjected to limited hydrolysis in 6 N HCl at 100 °C for 

30 min. The samples were then dried and resuspended in pH 1.9 buffer (formic acid:acetic 

acid:water at 50:156:1794 ratio) containing 1 μg of phosphoamino acid standards. The samples 

were spotted on a thin layer cellulose-acetate gel and electrophoresis was performed in the first 

dimension at 1500 V for 30 min in pH 1.9 buffer and in the second dimension at 1300 V for 15 

min in pH 3.9 buffer (pyridine:acetic acid:water at 10:100: 1890 ratio) using the Hunter Thin Layer 

Electrophoresis apparatus. Standards were visualized with ninhydrin and radiolabeled samples 

detected by autoradiography [67]. 

3.3 RESULTS 

3.3.1 Anti-PHB2 pT62 Antiserum Preferentially Recognizes Phosphorylated Peptide 

Phosphorylation of PHB2 pT62 was identified through mass spectrometry analysis and 

may represent a novel mechanism of regulation of IL-2 signaling. To verify that IL2R is 

phosphorylated at threonine 62 and to investigate the regulatory role of this phosphorylation site, 

phosphospecific polyclonal antibodies were generated. Four rabbits were immunized with the 

phosphopeptides and are designated 17629, 17630, 17631, and 17632. Final bleed antisera were 
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analyzed by ELISA and specificity to phosphopeptide (GVQQD(pT)ILAGLHFS) in blue versus 

non-phosphopeptide (GVQQDILAGLHFS) in red was confirmed for all four rabbits (Figure 3.1).  

To determine whether the PHB2phosphospecific antisera cross-reacts with the non-

phosphorylated form of the peptide, dot blot analysis with the immunizing phosphopeptide and the 

corresponding non-phosphorylated peptide was performed. Increasing amounts of pT62 or  T62 

peptides were spotted onto PVDF membranes and immunoblotted with PHB2 anti-pT62 antisera 

at a 1:5000 dilution. The PHB2 anti-pT62 antisera primarily recognized the phosphorylated 

peptide but not its non-phosphorylated counterpart, indicating that these phosphospecific antisera 

do not cross-react significantly with the non-phosphorylated peptide (Figure 3.2 top panel). In 

addition, a peptide competition assay was performed to confirm the specificity of the antisera. Dot 

blotted membranes were probed using anti-pT62 antisera pre-incubated with 10 µg the non-

phosphopeptide (pre-clear) or phosphopeptide (pre-block) as indicated. The PHB2 anti-pT62 

antisera signal was specifically blocked by the phosphopeptide, but not the non-phosphopeptide 

(Figure 3.2, middle and bottom panel).  
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Figure 3.1: PHB2 pT62 antisera has specificity towards phosphopeptide. Four rabbits, 17629, 

17630, 17631, and 17632, were immunized with phosphopeptide. Increasing dilutions of each 

antiserum were analyzed through ELISA. Specificity of the antisera to phosphopeptide (blue) and 

non-phosphopeptide (red) is shown. 
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Figure 3.2: PHB2 pT62 recognizes phosphorylated peptide and is specific.  Antisera were tested 

by dot blot (DB) analysis using decreasing concentrations of  PHB2 T62 and pT62 peptides spotted 

on to PVDF membranes and incubated at a 1:5000 dilution of the anti-serum as indicated (top panel). 

For peptide competition analysis, the PHB2 pT62antisera was incubated for 2 hr at room temperature 

with 10 µg of the non-phosphopeptide (pre-clear) or phosphopeptide (pre-block) as indicated (middle 

and bottom panel). 
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3.3.2 Affinity Purified 17632 Phospho-antibody recognize the T62 Phosphorylated form of 

PHB2 in Western blot analysis.  

 Antisera were affinity purified using a commercially available kit (SulfoLink, 

ThermoFisher) using 2-step phosphospecific purification method. First, antisera were purified 

through negative selection using a nonphosphopeptide column to remove the non-phosphospecific 

antibodies, and to collect the phosphospecific antibodies in the flowthrough. Then, this fraction 

positively purified using a phosphopeptide column to purify the phosphospecific antibodies from 

the other immunoglobulins.  

To test the affinity of purified phosphospecific antibodies in whole cell lysate, quiescent 

Kit225 cells were treated with IL-2 for 5, 15, 30, 45 and 60 min. Untreated, unstimulated cells 

were used as a control. Samples were analyzed by Western blot analysis of total cell lysate using 

the four purified specific antibodies. The membranes were stripped and reprobed for total PHB2 

to discriminate for protein size with other non-specific bands. As shown by arrows in Figure 3.3, 

the antibodies do not recognize PHB2 T62 during IL-2 induction since we observe signal in all 

treatments including untreated control in three antibodies (A, B, and C) and a very weak signal for 

one antibody (D). Also, non-specific proteins bands are detected by all antibodies. Representative 

data of six independent experiments is shown. 

To further characterize these phosphospecific antibodies, quiescent Kit225 cells were 

treated with IL-2 for 5, 15, 30, 45 and 60 min. Untreated, unstimulated cells were used as a control. 

PHB2 was immunoprecipitated, resolved in SDS-PAGE, transferred to PVDF membrane and 

examined for phosphorylation of T62 by Western blot. Reprobing these blots with total PHB2 

antibody confirmed similar PHB2 expression. As presented if Figure 3.4, the 17632 purified 

antibody recognizes IL-2 inducible pT62, however, we observed a variation in reproducibility in 
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the level of pT62 detection between experiments (Figure 3.4 D and E, two independent results 

displayed inside a gray box). Representative data of six independent experiments is shown. 

Furthermore, pT62 was analyzed through reverse-immunoprecipitation. In other words, we 

performed an IP reaction with each purified anti-pT62 antibody, resolved in SDS-PAGE, 

transferred to PVDF membrane and examined for total PHB2 by Western blot. In agreement with 

the previously discussed result, pT62 17632 antibody was able to detect pT62 and hence 

immunoprecipitate PHB2 with IL-2 induction (Figure 3.5). The same variation in reproducibility 

was faced with these experiments (Figure 3.5 D and E), two independent results displayed inside 

a gray box). Representative data of six independent experiments is shown. Following 

immunoprecipitation or reverse-immunoprecipitation antibodies 17629, 17630 and 17631 were 

not able to detect pT62. Taken together the data suggest that phosphospecific antibody (17632) 

recognizes the T62 phosphorylated form of PHB2 in Western blot analysis.  

 

 

 

 

 

 

 

 

 

 

 



www.manaraa.com

 57 

 

 

 

 

Figure 3.3: Affinity purified phosphospecific antibodies do not recognize pT62 in whole cell 

lysate. Kit225 cells were grown to exhaustion and then stimulated with IL-2 (10
4
 IU)  for 5, 15, 

30, 45 and 60 min. Untreated, unstimulated cells were used as negative control.  Cell lysates (20 

µg) were separated by 12% SDS-PAGE and subjected to Western blot (WB) analysis with purified 

PHB2 anti-pT62 antibodies (A, B, C and D). The membranes were stripped and reprobed for total 

PHB2. Arrows indicate location of PHB2.  
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Figure 3.4: Affinity purified 17632 Phospho-antibody recognizes the T62 phosphorylated 

form of PHB2 in Western blot analysis. Kit225 cells were grown to exhaustion and then 

stimulated with IL-2 (10
4
 IU) for the indicating times. PHB2 was immunoprecipitated, resolved in 

SDS-PAGE, transferred to PVDF membrane and examined for phosphorylation of  T62 by Western 

blot (WB) using the purified PHB2 anti-pT62 antibodies (A, B, C, D and E). The membranes were 

stripped with total PHB2 antibody. Gray box displays two independent results for 17632 antibody 

(D and E).  
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Figure 3.5: Affinity purified 17632 Phospho-antibody recognizes the T62 phosphorylated 

form of PHB2 in Western blot analysis. Quiescent Kit225 cells were stimulated with IL-2 (104 

IU) for the indicating times. PHB2 was immunoprecipitated, resolved in SDS-PAGE, transferred 

to PVDF membrane and examined for phosphorylation of  T62 by Western blot using the purified 

PHB2 anti-pT62 antibodies (A, B, C, D and E). The membranes were stripped with total PHB2 

antibody. Gray box displays two independent results for 17632 antibody (D and E).  
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3.3.3 Affinity Purified 17632 Phospho-antibody recognize the T62 Phosphorylated form of 

PHB2 in Immunofluorescent Confocal Microscopy. 

To continue with the characterization of the PHB2 anti-T62 (17632) triple labeled 

immunofluorescent confocal microscopy was utilized. For Kit225 cells that have been treated with 

IL-2 for 45 and 60 min. Untreated, unstimulated cells were used as control. In all treatments, the 

nucleus was identified with the DNA binding fluorescent stain DAPI and total PHB1 and PHB2 

co-localized primarily to peri-nuclear regions. There were higher fluorescence levels of PHB2 anti-

pT62 at 45 min compared with untreated cells and 60 min (Figure 3.6). Likewise with this 

technique, we observe a variation in reproducibility in the level of pT62 detection between 

experiments based on two independent results (Figure 3.6, top and bottom panels). Representative 

data of six independent experiments is shown. Taken together, this data confirms the specificity of 

the phosphospecific antibody (17632) towards the T62 phosphorylated form of PHB2 in 

immunofluorescent confocal microscopy. 

 

3.3.4 PHB2 is Serine phosphorylated in response to IL-2 stimulation based on induction in 

phosphoamino acid analysis. 

To determine the global phosphorylation state of prohibitin proteins, phosphoamino acid 

analysis of [32P]-labeled immunopurified PHB1 and PHB2 from Kit225 cells was performed. 

PHB2 was immunoprecipitated from cells radiolabeled overnight with 1 millicurie (mCi) of [32P]-

orthophosphate after IL-2 stimulation (untreated, 45 and 60 min) and subjected to separation by 

12% SDS-PAGE and transferred to PVDF membrane. PHB1 and PHB2 were visualized by 

Coomassie blue stain before the membrane was subjected to autoradiography. Autoradiography 

showed both PHB1 and PHB2 were phosphorylated (Figure 3.7 A). PHB1 and PHB2 bands were 



www.manaraa.com

 61 

excised and subjected to phosphoamino acid analysis. Under these conditions, PHB1 was 

determined not to be phosphorylated, PHB2 was phosphorylated on serine after 45 min with IL-2 

stimulation at but in at very low levels (Figure 3.7 B, dotted line). Representative data of five 

independent experiments is shown. 

 This finding suggests evidence that the phosphorylation rate of prohibitins during IL-2 

stimulation is low perhaps with a slow rate of phosphate turnover but strong enough to be detected 

by mass spectrometry (section 2.3.1). 
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Figure 3.6: Affinity Purified 17632 phospho-antibody recognize the T62 phosphorylated 

form of PHB2 in immunofluorescent confocal microscopy. Quiescent Kit225 cells were 

stimulated with IL-2 (104 IU) for the times indicated and then cytocentrifuged onto glass slides 

and subjected to analysis by immunofluorescent confocal microscopy. Nuclear staining was 

determined with DAPI. anti-pT62, PHB1 and PHB2 were conjugated with Cy3, Alexa and 

Alexa647, respectively. Overlay panel is displayed. Two independent experiments are shown (top 

and bottom panels). 
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Figure 3.7: PHB2 is Serine phosphorylated with IL-2 induction in phosphoamino acid 

analysis. Kit225 cells were [32P]-orthophosphate labeled overnight under normal culturing 

conditions, cells were stimulated with IL-2 for the times indicated. PHB2 was immunoprecipitated, 

separated by SDS-PAGE, and subjected to Coomassie blue staining, autoradiography of the 

membrane after 14 days exposure is presented (D). Phosphoamino acid analysis was performed 

on both PHB1 and PHB2 (B), Phospho standards were detected by ninhydrin (left panel), and 

migration of PHB phosphoamino acids by autoradiography (right panel) is shown for PHB2. 

Arrows denote locations of PHB1 and PHB2, dotted line indicates serine phosphorylation. pS, pT 

and Yp denotes phospho-serine, phospho-threonine, phospho-tyrosine, respectively, that 

corresponds to the migration of the standards. 
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3.4 DISCUSSION 

In order to study the importance of the novel PHB2 phosphorylation sites identified through 

mass spectrometry T62, rabbit polyclonal phosphospecific antibodies were generated. The strategy 

for characterization of the antibodies included ELISA, dot blot, Western blot and 

immunofluorescent confocal microscopy. Western blots were performed on whole cell lysate and 

immunoprecipitated PHB2 or anti-pT62. These strategies revealed the specificity of one of our 

antibodies (17632) to be used in Western blot analysis in immunoprecipitated protein and in 

immunofluorescent microscopy.  

All four rabbit antisera preferentially recognized their corresponding phosphorylated 

peptide based on ELISA and dot blots. Moreover, in peptide competition assays, they were also 

specifically blocked by the phospho- but not non-phosphopeptide. In addition, the purified fraction 

of the PHB2 anti-pT62 (17632) recognized phosphorylated T62 form of PHB2 in Western blot 

analysis following immunoprecipitation but not in whole cell lysates where we observed a very 

weak signal. The previous result suggests that the phosphorylation rate of this specific amino acid 

is limited. This assumption was supported when we performed phosphoamino acid analysis and 

we could only detect a low level of phosphorylation. Likewise, in immunofluorescent confocal 

microscopy, anti-pT62 (17632) recognized phosphorylated T62 form of PHB2 but with high levels 

of variability and intensity. With these findings, we can assume that phosphorylation rate in 

prohibitins specifically phospho-threonine is low and probably very dynamic.  

Taken together, this data confirms the specificity of one phosphospecific antibody (17632) 

towards the T62 phosphorylated form of PHB2 in Western blot analysis and in immunofluorescent 

confocal microscopy. 
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CHAPTER 4                                                                                                          

The Prohibitin Protein Complex Promotes Mitochondrial Stabilization and 

Cell Survival in Hematologic Malignancies  
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4.1 INTRODUCTION 

Prohibitins (PHB1 and PHB2) have been proposed to play important roles in cancer 

development and progression, however their oncogenic mechanism of action has not been fully 

elucidated. Previously, we showed that the PHB1 and PHB2 protein complex is required for 

mitochondrial homeostasis and survival of normal human lymphocytes. In this study, novel 

evidence is provided that indicates mitochondrial prohibitins are overexpressed in hematologic 

tumor cells and promote cell survival under conditions of oxidative stress. Immunofluorescent 

confocal microscopy revealed both proteins to be mainly confined to mitochondria in primary 

patient lymphoid and myeloid tumor cells and tumor cell lines, including Kit225 cells. 

Subsequently, siRNA-mediated knockdown of PHB1 and PHB2 in Kit225 cells significantly 

enhanced sensitivity to H2O2-induced cell death, suggesting a protective or anti-apoptotic function 

in hematologic malignancies. Indeed, PHB1 and PHB2 protein levels were significantly higher in 

tumor cells isolated from leukemia and lymphoma patients compared to PBMCs from healthy 

donors. These findings suggest that PHB1 and PHB2 are upregulated during tumorigenesis to 

maintain the mitochondrial integrity and therefore may serve as novel biomarkers and molecular 

targets for therapeutic intervention in certain types of hematologic malignancies. 

4.2 MATERIALS AND METHODS 

4.2.1 Cell culture and patient samples 

Kit225 cells were maintained in RPMI 1640 supplemented with 10% FCS (Atlanta 

Biologicals), 2 mM L-glutamine, 50 IU/ml penicillin, and 50 mg/ml streptomycin (complete 

RPMI) plus 10 IU/ml recombinant IL-2. Jurkat, MT-2, Hut102, HH, H9, YT, KCL-22, Raji, 

Ramos, BJAB, Nalm-6 and CCRF-CEM cells were maintained in complete RPMI without IL-2.  
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Human peripheral blood mononuclear cells (PBMCs) were obtained from healthy donors, 

purified by isocentrifugation, and activated with phytohemagglutinin (PHA) (1 μg/ml) for 72 hr, 

as previously described [67]. Primary patient leukemia and lymphoma cells were obtained from 

de-identified excess diagnostic material (peripheral blood, bone marrow or lymph node biopsies) 

through a The University of Texas at El Paso Institutional Review Board approved study. All 

clinical materials were obtained with the patients’ consent and approval from the local ethics 

committee. 

 

4.2.2 Cell lysis and Western blot analysis 

Cell pellets were solubilized in 1% Triton X-100 containing lysis buffer and Western blot 

analysis performed as previously described using the following antibodies [125]: affinity purified 

rabbit polyclonal anti-PHB2 [67], monoclonal anti-PHB1 (abcam, II-14-10), rabbit monoclonal 

anti-PHB2 (cell signaling, E1Z5A), mouse monoclonal caspase-8 (cell signaling, 1C12), mouse 

monoclonal caspase-9 (cell signaling, C9), rabbit monoclonal caspase-3 (cell signaling, D3R6Y), 

monoclonal anti-actin (Sigma-Aldrich), and monoclonal anti-GAPDH (Fitzgerald). For all 

samples, total protein was determined by the bicinchoninic acid method (Pierce Biotech). 

 

4.2.3 Reactive Oxygen Species (ROS)-induced Apoptosis  

For induction of ROS-mediated apoptosis, Kit225 cells were treated with hydrogen 

peroxide (H2O2) (500µM) (Sigma-Aldrich) at 37 ºC at the time points indicated and cellular 

viability evaluated. Additionally, caspase activation was determined by detection of PARP 

cleavage by Western blot analysis with rabbit polyclonal anti-PARP (Cell Signaling), which 

recognizes full length PARP1 (116 kDa) fragment. 
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4.2.4 Viability assay 

Cell viability was assessed by using the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reagent (Promega), following the 

manufacturer’s instructions. Cells were seeded in flat-bottom tissue culture 96-well plates at a 

density of 100,000 per well in a 100 µl of culture media. After the indicated times of incubation, 

20 µl of the MTS reagent were added to each well containing the cells, followed by an additional 

incubation for 30 min. To stop the reaction we add 25 ul 10% SDS. The purple water-soluble 

formazan product was measured by absorbance at 490 nm utilizing a microplate reader 

(VERSAmax tunable microplate reader), as previously described [126]. Two independent 

experiments, each performed in triplicate, were performed. Data are shown as a normalized 

percentage of cell viability and are consistently reported as the average with the corresponding 

standard deviations. 

 

4.2.5 Immunofluorescent confocal microscopy 

The cell staining procedures were performed using the following antibodies as previously 

described [67]: mouse monoclonal anti-PHB1 (abcam), affinity purified rabbit polyclonal anti-

PHB2 [67], mouse monoclonal anti-OxPhos CII (Invitrogen), or rabbit monoclonal anti-COX IV 

(cell signaling). To reduce photobleaching effects, all staining steps were executed in the dark. 

High-resolution digital fluorescent images were captured from the stained cells using an LSM 700 

confocal laser scanning microscope equipped with a 40x and 63x immersion oil objective (Zeiss, 

New York, NY). Image acquisition was performed in the multitrack scanning mode with the 

excitation wavelength at 405, 488 and 555 nm, corresponding to the blue, green and red 

fluorescence signals, respectively. Consistently, the confocal images were acquired with the same 
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settings and analyzed using the ZEN 2009 software (Zeiss). Collected images were exported in a 

12-bit TIFF RGB format. The LSM 700 confocal microscope system is located in the Cytometry, 

Screening and Imaging Core Facility, a component of the Border Biomedical Research Center 

(BBRC-UTEP). 

 

4.2.6 siRNA-mediated silencing of PHB1 and PHB2 

PHB1 (SMARTpool Cat. # M-010530-00), PHB2 (SMARTpool Cat. # M-018703-00) and 

control non-targeting (siControl pool Cat. #D-001206-13) siRNA were purchased from 

Dharmacon. Transfection of Kit225 cells was carried out by electroporation using the 

Nucleofection system (Amaxa). Briefly, Kit225 cells (5 × 106) were suspended in 100 μl of 

transfection solution V and transfected with 1.5 μg of PHB1, PHB2 or control siRNA using the X-

001 program. Transfected cells were immediately diluted with pre-warmed complete RPMI 

containing IL-2 (10 IU/ml) and cultured for the time indicated. 

4.3 RESULTS 

4.3.1 PHB1 and PHB2 are overexpressed in human lymphoid and myeloid tumor cell lines. 

PHB1 and PHB2 protein levels have been reported to be higher in several transformed cells 

as compared to their non-transformed counterparts. To test this notion within hematologic 

malignancies, the expression levels of PHB1 and PHB2 were investigated in a panel of lymphoid 

and myeloid-derived tumor cell lines. As shown (Figure 4.1 A and B), normal naïve (lane a and b) 

and PHA-activated (lane c) human PBMCs were compared to the chronic lymphocytic leukemia 

T-cell line Kit225 (lane d), acute lymphoblastic leukemia T-cell line Jurkat (lane e), HTLV-1 

transformed T-cell lines MT-2 and Hut102 (lane f and g), cutaneous T-cell lymphoma cell lines 

HH and H9 (lane h and i), NK-like acute lymphoblastic lymphoma and thymoma cell line YT  
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(lane j), chronic myelogenous leukemia cell line KCL-22 (lane k), Burkitt’s lymphoma cell lines 

Raji, Ramos and BJAB (lane l, m and n), pre-B acute lymphoblastic leukemia cell line NALM-6 

(lane o), and acute lymphocytic leukemia cell line CCRF-CEM  (lane p) by Western blot analysis 

of total cell lysate (Figure 4.1 A). The membrane was stripped and reprobed for GAPDH to confirm 

equal loading. Consistent with our previous findings, densitometric analysis indicated PHB1 and 

PHB2 protein levels were upregulated upon activation of primary human  PBMCs  (5.34 and 5.44 

average fold increase for PHB1 and PHB2 respectively) (Figure 4.1 B) [67]. Compared to naive 

primary human PBMCs, PHB1 and PHB2 protein levels were 4.3 to 18.4 and 3.6 to 18.4 fold 

higher (p<0.05) in the tumor cell lines, respectively. Taken together, PHB1 and PHB2 proteins are 

overexpressed in lymphoid and myeloid tumor cell lines compared to normal naïve and activated 

primary human PBMCs. 

 

4.3.2 PHB1 and PHB2 co-localize to the mitochondria of Kit225 cells 

Identifying the subcellular localization of PHB1 and PHB2 in hematologic tumor cells is 

important to understanding their function in hematologic cell transformation, as well as the general 

mechanism of action in normal human lymphocytes. To determine their localization, dual labeled 

immunofluorescent confocal microscopy was utilized on the model cell line Kit225. The 

interleukin-2 dependent Kit225 cell line was established from a patient diagnosed with T-cell 

chronic lymphocytic leukemia [109]. 

The nucleus was identified with the DNA binding fluorescent stain DAPI (Figure 4.2 A, B 

and B1). PHB1 and PHB2 co-localize primarily to peri-nuclear regions with a specific punctuate 

staining pattern in Kit225 cells. There were no detectable levels of PHB1 or PHB2 at the plasma 

membrane or in the nucleus. To determine whether the prohibitin complex can be localized to 
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mitochondria in Kit225 cells, the inner mitochondrial membrane marker protein OxPhos CII was 

utilized (Figure 4.2 C, D and D1). Dual immunofluorescent confocal microscopy detecting PHB2 

and OxPhos CII in tandem with DAPI showed co-localization of PHB2 with OxPhos CII. Taken 

together, PHB1 and PHB2 were identified to be primarily confined to the mitochondria in 

lymphoid tumor cell lines, including Kit225 cells. 
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Figure 4.1: PHB1 and PHB2 protein expression in human lymphoid and myeloid derived 

tumor cell lines. (A) Naïve (lane a and b) or PHA activated primary human PBMCs (lane c), CLL 

T cell line Kit225 (lane d), ALL T cell line Jurkat (lane e), HTLV-1 transformed T cell lines MT-

2 and Hut102 (lane f and g), CTCL cell lines HH and H9 (lane h and i), NK-like lymphoma cell 

line YT  (lane j), CML cell line KCL-22 (lane k), Burkitt’s lymphoma cell lines Raji, Ramos and 

BJAB (lane l, m and n), pre-B-ALL cell line NALM-6 (lane o), and ALL cell line CCRF-CEM  

(lane p) cell lysates (10 µg) were separated by 10% SDS-PAGE and subjected to Western blot 

analysis with antibodies directed to PHB1, PHB2 or GAPDH. (B) PHB1 and PHB2 band 

intensities were normalized to GAPDH using densitometric analysis and the fold increase plotted 

for each cell type. Values represent the mean ± S.D. of three independent experiments. 
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Figure 4.2: PHB1 and PHB2 co-localize primarily to mitochondria of Kit225 cells. Kit225 

cells were cytocentrifuged onto glass slides and subjected to analysis by immunofluorescent 

confocal microscopy. (A and B) PHB subcellular localization was determined by staining the 

nucleus with DAPI; PHB1-Cy2 and PHB2-Cy3 and overlay. (C and D) Nuclear staining with 

DAPI, OxPhos CII-Cy2, PHB2-Cy3 and overlay were detected in Kit225 cells using 

immunofluorescent confocal microscopy. B1 and D1 represent zoomed views of their 

corresponding image. The 20 µm and 5 µm size marker is indicated. 
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4.3.3 PHB1 and PHB2 knock-down alone was not sufficient to induce apoptosis of Kit225 

cells.  

siRNA mediated knockdown and cell viability assay were performed in other to investigate 

if downregulation alone of prohibitins could cause cell death.  Cells were electroporated with non-

targeting control siRNA (Figure 4.3 A, lane a), PHB1 specific siRNA (lane b), or PHB2 specific 

siRNA (lane c) and cultured for 48 hr before cell lysis, SDS-PAGE and Western blot detection of 

PHB1 and PHB2 to confirm knockdown. Then, cell viability assays were performed (B). Also, 

Western blot was performed to evaluate the expression levels of caspase-8, caspase-9, and caspase-

3 (C). Interestingly, the levels of cleaved caspases remained unchanged among controls and 

experimental samples, as well as cell viability. In conclusion, PHB1 and PHB2 knock-down alone 

was not sufficient to induce apoptosis of Kit225 cells.  

 

4.3.4 PHB1 and PHB2 are upregulated during ROS-mediated apoptosis of Kit225 cells, while 

reduced PHB1/2 expression results in increased cell death during oxidative stress 

Accumulating evidence suggests that prohibitins play a role in preventing oxidative stress 

in an array of cell types [71, 72].  Previously, we showed PHB1 and PHB2 protein levels were 

upregulated during cytokine deprivation-mediated apoptosis in Kit225 cells, suggesting the 

complex is induced in response to oxidative stress [67]. To test this hypothesis and explore the 

functional role of PHB1 and PHB2 during ROS-mediated apoptosis, Kit225 cells were treated with 

500 µM H2O2 for 0, 1, 3, 6, 12 and 24 hr. Hydrogen peroxide (H2O2) has been widely used as a 

ROS in various cell models as an inducer of apoptosis [127]. H2O2 is endogenously generated in 

the mitochondria and cytosol and is one of the major contributors to oxidative damage [74].  
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Western blot analysis of protein lysate from treated Kit225 cells revealed PHB1 and PHB2 

protein levels increase in a time-dependent manner (Figure 4.4 A). Detection of GAPDH protein 

levels was performed to confirm equal loading, whereas oxidative stress mediated caspase 

activation readily was verified by detection of caspase-cleaved PARP which reached maximum 

levels at approximately three hours. 

The differential regulation of PHB1 and PHB2 during ROS-mediated cell death suggested 

the complex plays a functional role in the oxidative stress response of Kit225 cells. To determine 

the cellular consequences of PHB1 and PHB2 loss during ROS-mediated cell death, siRNA-

mediated knockdown was performed and cell viability monitored following an H2O2 treatment 

time course for 24 hr. Kit225 cells were electroporated with non-targeting control siRNA (lane a), 

PHB1 specific siRNA (lane b), or PHB2 specific siRNA (lane c) and cultured for 48 hr before cell 

lysis, SDS-PAGE and Western blot detection of PHB1 and PHB2 to confirm knockdown (Figure 

4.4 B). The membrane was stripped and reprobed for GAPDH to confirm equal loading. An H2O2 

time course was then performed after treatment with siRNA for 12 hr and cell viability determined 

by MTS assay at 0, 3, 6 and 12 hr after addition of H2O2. The percent viability of Kit225 cells 

following PHB1 and PHB2 depletion was 78%, 58% and 45% after 3, 6 and 12 hr H2O2 treatment,  

respectively, compared to control siRNA treated cells (Figure 4.4 C). Only when treated with 

H2O2, did Kit225 cells with diminished PHB1 and PHB2 expression display greater levels of cell 

death. 

 

4.3.5 PHB1 and PHB2 co-localize primarily to mitochondria of Kit225 during oxidative 

stress. 
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Identifying the subcellular localization of prohibitins during oxidative stress is significant, 

as these proteins have been reported to elicit multiple functions that may be defined by their 

cellular localization. To explore the subcellular localization of PHB1 and PHB2 during ROS-

mediated apoptosis, Kit225 cells were treated with 500 µM H2O2 for 0, 1, 3, 6, 12 and 24 hr. 

Immunofluorescent confocal microscopy was utilized to evaluate PHB1 or PHB2 co-localization 

and prohibitin subcellular localization. In all time points, PHB1 and PHB2 co-localized primarily 

to peri-nuclear regions in Kit225 cells. There were no detectable levels of PHB1 or PHB2 at the 

plasma membrane or in the nucleus (Figure 4.5 A and A1). To confirm mitochondrial localization 

of the prohibitin complex in Kit225 cells, co-staining with the inner mitochondrial membrane 

marker protein COX IV was performed. Dual immunofluorescent confocal microscopy detecting 

PHB2 and COX IV in tandem with DAPI showed co-localization of PHB2 primarily with COX 

IV (B and B1). Oxidative stress mediated caspase activation was verified via caspase-cleaved 

PARP (C). Overall, the results displayed prohibitins be localized mainly in the mitochondria 

throughout ROS-mediated cell death. 
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Figure 4.3: PHB1 and PHB2 knock-down alone was not sufficient to induce apoptosis of 

Kit225 cells. (A) Kit225 cells (5x106) were electroporated with either non-targeting control siRNA 

(100 nM) (lane a), PHB1 specific siRNA (100 nM) (lane b), or PHB2 specific siRNA (100 nM) 

(lane c) and harvested at 48 hrs post-transfection. Cell lysates (10 µg) were subjected to 12% SDS-

PAGE and Western blot analysis with antibodies directed toward PHB1, PHB2 and GAPDH as 

indicated. (B) Cell viability was measured at 48 hr post-transfection. (C) Western blot was done 

with antibodies against  caspase-8, caspase-9 and caspase-3. 
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Figure 4.4: Kit225 cells unable to upregulate PHB1 and PHB2 are more sensitive to ROS-

mediated cell death. (A) Kit225 cells (5x106) were treated with 500 µM H2O2 for 0, 1, 3, 6, 12 or 

24 hr. Cell lysate (10 µg) was separated by 10% SDS-PAGE, transferred to PVDF membrane, and 

PHB1, PHB2, GAPDH and PARP protein levels detected by Western blot analysis as indicated. 

(B) Kit225 cells (5x106) were electroporated with either non-targeting control siRNA (100 nM) 

(lane a), PHB1 specific siRNA (100 nM) (lane b), or PHB2 specific siRNA (100 nM) (lane c) and 

harvested at 48 hr post-transfection. Cell lysates (10 µg) were subjected to 12% SDS-PAGE and 

Western blot analysis with antibodies directed toward PHB1, PHB2 and GAPDH as indicated. (C) 

Kit225 (5x106) cells were electroporated with control non-targeting siRNA (100 nM), PHB1 

specific siRNA (100 nM), or PHB2 specific siRNA (100 nM), and treated with H2O2 (500 µM) for 

the indicated time points after 48 hr post-transfection with siRNA. Cell viability was determined 

by MTS assay. Values are the mean ± standard deviation of PHB1 and PHB2 siRNA treated 

percent viability normalized to control siRNA treated percent viability from three independent 

experiments. 
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Figure 4.5: PHB1 and PHB2 co-localize primarily to mitochondria of Kit225 during 

oxidative stress. Kit225 cells were treated with 500µM H2O2 for 0, 1, 3, 6, 12 and 24 hr. Cells 

were cytocentrifuged onto glass slides and subjected to analysis by immunofluorescent confocal 

microscopy. (A and A1) PHB subcellular localization was determined by staining the nucleus with 

DAPI; PHB1-Alexa488 and PHB2-Cy3 and merge. (B and B1) Nuclear staining with DAPI, 

PHB1-Alexa488, COX IV-Cy3 and overlay. (C) Nuclear staining with DAPI, cleaved PARP-

Alexa488 and overlay were detected in Kit225 cells using immunofluorescent confocal 

microscopy. A1 and B1 represent zoomed views of their corresponding image. 
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4.3.6 PHB1 and PHB2 are overexpressed in tumor cells from patients diagnosed with 

lymphoid and myeloid malignancies 

To further evaluate the expression of PHB1 and PHB2 in hematologic malignancies, 

Western blot analyses were performed on total cell lysates of 115 leukemia/lymphoma patient 

samples from El Paso Texas regional hospitals and compared with PBMCs purified from healthy 

donors. PHB1 and PHB2 band intensities were normalized to GAPDH using densitometric 

analysis and fold increase relative to the average expression in the normal PBMC donors was 

plotted for each sample (Figure 4.6 A and B). For this sample set, densitometry analysis indicated 

that 76% and 83% of tumor samples have a fold increase of one or more (>1 fold) in PHB1 and 

PHB2 expression respectively (C).  

In other to better categorize our results, we select only new-onset hematopoietic 

malignancies and we evaluate the expression of PHB1 and PHB2 in these samples. Western blot 

analyses were performed on total cell lysates from PBMCs purified from healthy donors (n=5) and 

tumor cells obtained from individuals diagnosed with B-ALL (n=15), B-NHL (n=18), CML 

(n=10), T-ALL (n=5) and T-NHL (n=8). The membranes were stripped and reprobed for GAPDH 

levels to confirm equal loading. Densitometric analysis indicated that PHB1 and PHB2 were 

overexpressed (>1 fold) in 61% and 79% of tumor samples, respectively compared to normal donor 

PBMCs (Figure 4.7 A). The range of normalized prohibitin expression relative to normal PBMCs 

was 0.1 to 37.6 fold for PHB1 and 0.2 to 55.9 fold for PHB2 (Figure 4.7 B). The median fold 

increase in PHB1/PHB2 protein expression in the B-ALL, B-NHL, CML, T-ALL, T-NHL patient 

samples were 2.9/4.6, 3/5.7, 1.9/4.3, 2.3/2.8, and 6.4/4.1 respectively (Figure 4.7 B). Thus, 

concordant with prohibitin expression observed in tumor cell lines (Figure 4.1), PHB1 and PHB2 



www.manaraa.com

 93 

are overexpressed in lymphoid (T- and B-cell leukemia/lymphoma) and myeloid (CML) primary 

patient tumor cells.  

 

4.3.7 PHB1 and PHB2 co-localize primarily to the mitochondria in primary hematologic 

tumor cells 

To determine PHB1 and PHB2 localization in primary CML and T-ALL cells, dual labeled 

immunofluorescent confocal microscopy was utilized (Figure 4.8). Similar to prohibitin 

localization in normal PBMCs [67] and Kit225 cells (Figure 4.2), PHB1 and PHB2 co-localize 

primarily to peri-nuclear regions in CML (A) and T-ALL (B and B1). There were no detectable 

levels of PHB1 or PHB2 observed at the plasma membrane or in the nucleus. Subcellular 

localization was evaluated in a CML (Figure 4.8 C and C1) and T-ALL (D and D1) tumor samples 

using the inner mitochondrial membrane marker COX IV. Dual immunofluorescent confocal 

microscopy detecting PHB1 and COX IV in tandem with DAPI showed co-localization of PHB1 

with COX IV (C, C1, D, and D1). These findings further support the role of the prohibitin complex 

in promoting hematologic tumor cell survival through mitochondrial stabilization.  

 

4.3.8 Proteomic Identification of PHB1 and PHB2 interacting proteins in Kit225 cells 

PHB1 and PHB2 have been reported to interact with a vast number of proteins, however 

these studies were primarily performed in adherent cell lines [2, 6, 55]. To gain insight into the 

prohibitins mechanism of action in T cells and during IL-2 induction, differentially expressed co-

associating proteins were identified using co-immunoprecipitation and LC-MS/MS analysis. 

PHB2 was immunoprecipitated from IL-2 activated Kit225 cell lysate. SDS-PAGE separation of 

the prohibitin complex of proteins was subjected to Coomassie blue staining and the detected 
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proteins of interest were named for their corresponding relative molecular weights (kDa) (Figure 

4.9). In total, ten proteins of interest were detected, including p175, p150, p130, p100, p70, p40, 

p35, p33, p30, and p28. The successful identification of all proteins was achieved by searching the 

NCBI database with the peptide sequences obtained from LC-MS/MS analysis using the 

SEQUEST algorithm (Table 4.1). The theoretical molecular weight (MW) of each identified 

protein was compared to the observed MW from the SDS-PAGE. Remarkably, Stress-70 protein 

(HSPA9) and transaldolase 1 (TALDO1) are mitochondrial proteins that function as negative 

regulator of apoptosis and as a transferase in the pentose-phosphate pathway respectively. 
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Figure 4.6: PHB1/PHB2 are overexpressed in tumor cells obtained from individuals 

diagnosed with hematopoietic malignancies. PBMCs were isolated from normal donors (N) and 

patients diagnosed hematopoietic malignancies (P). Cell lysates (10 µg) were separated by 12% 

SDS-PAGE and subjected to Western blot analysis with antibodies directed to PHB1, PHB2 and 

GAPDH (A). PHB1 and PHB2 band intensities were normalized to GAPDH using densitometric 

analysis and fold increase relative to the average expression in the normal PBMC donors plotted 

for each sample (B). Heat map depicting the relative fold expression of PHB1 and PHB2 across the 

different tumor cell types of 115 Leukemia/Lymphoma patient samples from El Paso Texas 

regional hospitals. 
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Figure 4.7: PHB1/PHB2 are overexpressed in tumor cells obtained from individuals 

diagnosed with lymphoid or myeloid malignancies. PBMCs were isolated from normal donors 

(n=5) and patients diagnosed with B-ALL (n=15), B-NHL (n=18), CML (n=10), T-ALL (n=5) and 

T-NHL (n=8). Cell lysates (10 µg) were separated by 12% SDS-PAGE and subjected to Western 

blot analysis with antibodies directed to PHB1, PHB2 and GAPDH. (A) PHB1 and PHB2 band 

intensities were normalized to GAPDH using densitometric analysis and fold increase relative to 

the average expression in the normal PBMC donors plotted for each sample as a heat map. (B) 

Box plot depicting the relative fold expression of PHB1 and PHB2 across the different tumor cell 

types with the median fold increase denoted in the table (dots represent outlier values). 
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Figure 4.8: PHB1/PHB2 co-localize to peri-nuclear regions and mitochondria in tumor cells 

obtained from patients diagnosed with hematologic malignancies. Samples were 

cytocentrifuged onto glass slides and subjected to analysis by immunofluorescent confocal 

microscopy. (A and B) PHB subcellular localization was determined by staining the nucleus with 

DAPI; PHB1-Cy2 and PHB2-Cy3 and overlay in a CML and ALL patient samples respectively. 

(C and D) Nuclear staining with DAPI, PHB2-Cy2, COX IV-Cy3, and overlay were detected in 

CML and ALL patient samples using immunofluorescent confocal microscopy. The 10 µm and 5 

µm size marker is indicated.  B1, C1 and D1 represent zoomed views of their corresponding image. 
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Figure 4.9: Immunoprecipitation of PHB2 co- associating proteins in IL-2 stimulated Kit225 

cells. PHB2 immunoprecipitate from IL-2 stimulated Kit225 cells was separated by SDS-PAGE 

and subjected to Coomassie blue stain. The detected proteins of interest were excised, trypsin 

digested and resulting peptides sequenced by LC-MS/MS analysis. Arrows denote proteins of 

interest and Immunoglobulin G (IgG) heavy chain and light chain (LC).     



www.manaraa.com

 105 

 

 

Table 4.1: LC-MS/MS Identification of PHB2 co-immunoprecipitating proteins. 

 

Protein Identification Gene 
Theoretical MW 

(kDa) 

P175 Filamin FLNA 281 

P150 Myosin-9 MYH9 226.5 

P130 
RAS protein 

activator like-3 
RASAL-3 111.86 

P100 α-Actinin-4 ACTN4 105.02 

P70 
Stress-70 

protein 
HSPA9 75 

P40 γ-Actin ACTG1 41.8 

P35 Transaldolase 1 TALDO1 37.4 

P33 Prohibitin 2 PHB2 33.3 

P30 Swiprosin-1 EFHD2 26.8 

P28 Prohibitin 1 PHB1 29.8 
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4.4 DISCUSSION 

Prohibitins have been proposed to play key roles in a variety of disease states, however 

their function in lymphocytes has not been clearly defined [57]. Evidence is provided herein that 

PHB1 and PHB2 are overexpressed in a panel of leukemia and lymphoma cell lines compared to 

normal naïve PBMCs (Figure 4.1). Likewise, primary tumor cells obtained from leukemia and 

lymphoma patients displayed similar levels of overexpressed prohibitins (Figure 4.6 and 4.7). 

Although prohibitins have been reported to localize to a variety of subcellular locations in tumor 

cells [2, 6], PHB1 and PHB2 were shown to co-localize mainly to mitochondria in Kit225 and 

leukemia/lymphoma patient tumor cells (Figure 4.2 and 4.8) [67]. Furthermore, PHB1 and PHB2 

were upregulated upon oxidative stress-induced cell death, suggesting these proteins play a 

protective or anti-apoptotic function in lymphoid tumor cells (Figure 4.4). PHB1 and PHB2 

knockdown significantly enhanced the susceptibility of Kit225 cells to ROS-induced cell death 

(Figure 4.4) but PHB1 and PHB2 knockout alone was not sufficient to induce apoptosis (Figure 

4.3). Remarkably, prohibitins localize in mitochondria during oxidative stress (Figure 4.5). The 

mitochondrial chaperone action of PHB1 and PHB2 supports the hypothesis that prohibitins can 

play a protective function for cells undergoing a transformation. 

Mitochondrial dysfunction is a hallmark of cellular transformation and increasing evidence 

supports its importance in human pathology. It is well established that cancer cells have an 

enhanced energy demands including an increase in glycolysis, glucose transport, gluconeogenesis 

and pentose phosphate pathway activity [128-130]. Considering the critical role of chaperones in 

the maintenance of mitochondrial integrity, it is reasonable to expect prohibitin overexpression is 

functionally linked to oncogenesis. Indeed, PHB1 and PHB2 protein levels were overexpressed in 
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tumor cells isolated from patients with leukemia and lymphoma compared to normal naïve PBMCs 

(Figure 4.6 and 4.7). Previous reports suggest PHB1 mRNA levels are inversely proportional to 

cellular proliferation in a number of cell types [46, 131, 132], however the results presented herein 

indicate PHB1 and PHB2 are upregulated during the oxidative stress response in hematologic 

tumor cells.  

The regulation of prohibitins in response to various stimuli has been reported in a number 

of tumor cell types. Luan et al. established that PHB1 knockdown reverses the “epithelial-to-

mesenchymal transition” phenotype in pancreatic cancer cell lines. It was also concluded that 

disrupting the Ras/Raf/MEK/ERK pathway by blocking prohibitin-cRaf interaction diminished the 

viability of pancreatic cancer cells in vitro, and inhibits their migration in vitro and in vivo [80]. 

Moreover, phosphorylation of PHB1 at T258 on the plasma membrane activates PI3K/AKT and 

the Ras/Raf/MEK/ERK pathways promoting proliferation and metastasis of cancer cells in lung 

and cervical adenocarcinoma cell lines [133]. Additionally, the oncoprotein c-Myc, whose 

activation and deregulation by chromosomal translocations is a major feature of certain leukemias 

and lymphomas [134], was shown to target the PHB1 gene by binding and inducing its 

transcription on a specific consensus sequence [135]. This interplay of oncogenic signaling 

molecules suggests that one mechanism of cellular transformation occurs through the upregulation 

of prohibitins to protect mitochondria during the increased bioenergetic requirements demanded 

by tumor cells. Similarly, interleukin 6 signaling through STAT3 was shown to control PHB1 

expression in intestinal epithelial cells where it was shown to protect again oxidative stress [76]. 

The pathophysiological role of the JAK/STAT signaling pathway in hematologic malignancies is 

well established [135-137]. In conclusion, these observations indicate that PHB1 and PHB2 

activity contribute to tumor cell survival in the context of mitochondrial protection and therefore 
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strengthen the potential value of these proteins as therapeutic targets in the treatment hematologic 

cancers. 
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CHAPTER 5                                                                                               

Overview and Future Directions 
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5.1 OVERVIEW 

Lymphocyte proliferation and differentiation is coordinated with great precision in healthy 

humans and is vital to maintaining a normal immune system. Imbalance of this regulation can 

result in the development of autoimmune diseases, immunodeficiency, and hematopoietic 

malignancies. These pathologies in specific leukemia and lymphoma have a high incidence of 

relapse and mortality due to their limited treatment options. Therefore, there is a critical need to 

characterize the signal transduction pathways and molecular hallmarks that mediate T cell 

activation in order to develop new strategies for diagnosis and treatments of immunologic diseases. 

The first objective of this dissertation was to identify IL-2 inducible phosphorylation sites 

of prohibitins. The strategy of large-scale immunoprecipitation of PHB2 followed by identification 

of phosphopeptides through LC-MS/MS revealed eight residues that are phosphorylated in PHB2, 

four of them were constitutively phosphorylated, and for the first time, PHB2 T21, T62, T155, 

and T169 were identified to become differentially phosphorylated in response to IL-2 

induction (Figures 2.1-2.6 and Table 2.1). Moreover, T62 and T169 are phosphorylated 

residues that never have been reported before. The novel IL-2 inducible threonine 62 and 169 

were chosen for further examination. Amino acid sequence alignment of the region surrounding 

each of the phosphosites from different organisms revealed conservation among different species.  

 In order to verify if PHB2 is phosphorylated at T62 and to investigate the regulatory role 

of this phosphorylation sites, phosphospecific polyclonal antibodies were generated. The strategy 

for characterization of the antibodies included ELISA, dot blots, peptide competition assays, 

Western blot of immunoprecipitated (PHB2 and anti-pT62) and immunofluorescent confocal 

microscopy. These results revealed that PHB2 anti-pT62 antisera preferentially recognize their 

phosphorylated peptide and are specifically blocked by phospho- but not non-phosphopeptide. In 
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addition, one of our antibodies PHB2 and anti-pT62 (17632) displayed specificity towards the 

T62 phosphorylated form of PHB2 in Western blot analysis (immunoprecipitated) protein and 

in immunofluorescent confocal microscopy with variable degrees in reproducibility probably 

because the low rate of phosphorylation in prohibitins (Figures 3.1-3.6). 

 The second part of our study was initiated in an effort to gain insight into the prohibitin 

molecular mechanism of action in lymphoid and myeloid-derived malignancies, PHB1 and PHB2 

were determined to be overexpressed in tumor cell lines compared to normal primary human 

PBMCs (Figure 4.1) and localized primarily to the mitochondria in Kit225 cells (Figure 4.2).  

siRNA-mediated knockdown of PHB1 and PHB2 in Kit225 cells significantly enhanced their 

sensitivity to ROS-induced cell death, suggesting a protective function in human hematologic 

tumor cells (Figure 4.4). These findings were substantiated by evidence demonstrating PHB1 and 

PHB2 are upregulated during ROS-mediated apoptosis (Figure 4.4). Furthermore, PHB1 and 

PHB2 protein levels were significantly higher in tumor cells isolated from leukemia and 

lymphoma patients compared to healthy individual PBMCs (Figure 4.6 and 4.7) and localized 

to primarily to the mitochondria (Figure 4.8). Taken together, these findings support the role of 

PHB1 and PHB2 in hematologic tumor cells for maintenance of mitochondrial integrity, which 

may facilitate the energy requirements of these tumor cells.  

 In conclusion, we were able to identify novel phosphosites in PHB2, generated and 

characterized a polyclonal antibody for a specific site. In addition, evidence is provided that PHB1 

and PHB2 are upregulated during tumorigenesis to possibly maintain mitochondrial integrity and 

therefore may serve as novel biomarkers and molecular targets for therapeutic intervention in 

certain types of hematologic malignancies. 
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5.2 FUTURE DIRECTIONS 

5.2.1 Prohibitins as a therapeutic target  

The cellular localization and expression of prohibitins is a determinant of their function, 

especially in oncogenic cells. Hence, these proteins could serve as potential therapeutic targets. 

Treatments with the recently described small molecule inhibitor fluorizoline which has been 

shown to interact with prohibitins and cause apoptosis or the natural compound rocaglamide which 

disrupts their interaction with c-Raf could result in selective toxicity towards leukemia/lymphoma 

cell lines or patient samples [103, 105, 138]. The cellular pathways altered during treatment with 

these drugs could be evaluated, as well their synergistic effect with other chemotherapeutic agents 

or inhibitors. Also, we can assess the hypothesis that knockdown of prohibitins in primary cancer 

cells leads to increased susceptibility to chemotherapeutic agents. 

 

5.2.2 Investigate the functional role of T62 phosphorylation on signal transduction pathways. 

Regulation of T62 phosphorylation has yet to be explored. Determine the kinases and 

phosphatases involved in mediating pT62 phosphorylation/dephosphorylation events with IL-2 

induction in order to identify the mechanism behind this phenomenon. Likewise, we could 

investigate these events with the induction of different cytokines and growth factors such as IL-6, 

CD3/CD28 or PHA. Other human lymphoid and myeloid tumor cell lines, as well as other tissues 

like breast or prostate cancer, could be used for this purpose. 

 

5.2.3 Determine involvement of T62 phosphorylation in disease 

It has been demonstrated that aberrant phosphorylation of proteins serves a crucial role in 

numerous cancers, including leukemia and lymphoma. Therefore, PHB2 T62 phosphorylation 
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status could be explored in leukemia and lymphoma patient samples as well as other malignancies. 

Whole cell lysates from these samples could be evaluated for phosphorylation of T62 by Western 

blot and immunofluorescence using our phosphospecific antibody. 

 

5.2.4. Evaluate the Relation of Prohibitins co-associated Proteins 

Prohibitins have been reported to interact with a considerable number of proteins, however 

the co-associated proteins during IL-2 stimulation have never been reported. We identified 

prohibitins co-associating proteins that were differentially expressed during IL-2 induction by co-

immunoprecipitation and LC-MS/MS analysis (Figure 4.9 and Table 4.1). Interestingly, Stress-70 

protein (HSPA9) and transaldolase 1 (TALDO1) are mitochondrial proteins that function as 

negative regulator of apoptosis and as a transferase in the pentose-phosphate pathway respectively. 

Moreover, these two proteins have never been reported to interact with prohibitins. We can 

investigate the expression of these proteins after prohibitin knockdown and viceversa. 

 

 

 

 

 

 

 

 

 

 



www.manaraa.com

 114 

References 

1. Sievers, F., A. Wilm, D. Dineen, T.J. Gibson, K. Karplus, W. Li, R. Lopez, H. McWilliam, 

M. Remmert, J. Soding, J.D. Thompson, and D.G. Higgins, Fast, scalable generation of 

high-quality protein multiple sequence alignments using Clustal Omega. Molecular 

Systems Biology, 2011. 7: p. 539. 

2. Bavelloni, A., M. Piazzi, M. Raffini, I. Faenza, and W.L. Blalock, Prohibitin 2: At a 

communications crossroads. International Union of Biochemistry and Molecular Biology, 

2015. 67(4): p. 239-54. 

3. Li, W., A. Cowley, M. Uludag, T. Gur, H. McWilliam, S. Squizzato, Y.M. Park, N. Buso, 

and R. Lopez, The EMBL-EBI bioinformatics web and programmatic tools framework. 

Nucleic Acids Research, 2015. 43(W1): p. W580-4. 

4. Rice, P., I. Longden, and A. Bleasby, EMBOSS: the European Molecular Biology Open 

Software Suite. Trends in Genetics, 2000. 16(6): p. 276-7. 

5. Merkwirth, C. and T. Langer, Prohibitin function within mitochondria: essential roles for 

cell proliferation and cristae morphogenesis. Biochimica et Biophysica Acta, 2009. 

1793(1): p. 27-32. 

6. Theiss, A.L. and S.V. Sitaraman, The role and therapeutic potential of prohibitin in 

disease. Biochimica et Biophysica Acta, 2011. 1813(6): p. 1137-43. 

7. Hornbeck, P.V., J.M. Kornhauser, S. Tkachev, B. Zhang, E. Skrzypek, B. Murray, V. 

Latham, and M. Sullivan, PhosphoSitePlus: a comprehensive resource for investigating 

the structure and function of experimentally determined post-translational modifications 

in man and mouse. Nucleic Acids Research, 2012. 40: p. D261-70. 

8. Martinez, G.S., JAK/STAT signaling through IL-2R, in Adobe Illustrator SC6, I.-f. 

_pathway, Editor. 2012: El Paso. 

9. Chaplin, D.D., Overview of the immune response. The Journal of Allergy and Clinical 

Immunology, 2010. 125(2 Suppl 2): p. S3-23. 

10. Tomura, M., K. Itoh, and O. Kanagawa, Naive CD4+ T lymphocytes circulate through 

lymphoid organs to interact with endogenous antigens and upregulate their function. The 

Journal of Immunology, 2010. 184(9): p. 4646-53. 

11. Ross, J.A., Z.S. Nagy, H. Cheng, S.M. Stepkowski, and R.A. Kirken, Regulation of T cell 

homeostasis by JAKs and STATs. Archivum Immunologiae et Therapiae Experimentalis, 

2007. 55(4): p. 231-45. 

12. Boyman, O. and J. Sprent, The role of interleukin-2 during homeostasis and activation of 

the immune system. Nature Reviews Immunology, 2012. 12(3): p. 180-90. 

13. Liao, W., J.X. Lin, and W.J. Leonard, Interleukin-2 at the crossroads of effector responses, 

tolerance, and immunotherapy. Immunity, 2013. 38(1): p. 13-25. 

14. Olejniczak, K. and A. Kasprzak, Biological properties of interleukin 2 and its role in 

pathogenesis of selected diseases--a review. Medical Science Monitor, 2008. 14(10): p. 

RA179-89. 

15. Gaffen, S.L. and K.D. Liu, Overview of interleukin-2 function, production and clinical 

applications. Cytokine, 2004. 28(3): p. 109-23. 

16. Gaffen, S.L., Signaling domains of the interleukin 2 receptor. Cytokine, 2001. 14(2): p. 

63-77. 



www.manaraa.com

 115 

17. Cacalano, N.A. and J.A. Johnston, Interleukin-2 signaling and inherited 

immunodeficiency. The American Society of Human Genetics, 1999. 65(2): p. 287-93. 

18. Ruiz-Medina, B.E., J.A. Ross, and R.A. Kirken, Interleukin-2 Receptor beta Thr-450 

Phosphorylation Is a Positive Regulator for Receptor Complex Stability and Activation of 

Signaling Molecules. The Journal of Biological Chemistry, 2015. 290(34): p. 20972-83. 

19. Waldmann, T.A., The biology of interleukin-2 and interleukin-15: implications for cancer 

therapy and vaccine design. Nature Reviews Immunology, 2006. 6(8): p. 595-601. 

20. Migone, T.S., S. Rodig, N.A. Cacalano, M. Berg, R.D. Schreiber, and W.J. Leonard, 

Functional cooperation of the interleukin-2 receptor beta chain and Jak1 in 

phosphatidylinositol 3-kinase recruitment and phosphorylation. Molecular and Cellular 

Biology, 1998. 18(11): p. 6416-22. 

21. Muscolini, M., C. Camperio, C. Capuano, S. Caristi, E. Piccolella, R. Galandrini, and L. 

Tuosto, Phosphatidylinositol 4-phosphate 5-kinase alpha activation critically contributes 

to CD28-dependent signaling responses. The Journal of Immunology, 2013. 190(10): p. 

5279-86. 

22. Kane, L.P., V.S. Shapiro, D. Stokoe, and A. Weiss, Induction of NF-kappaB by the 

Akt/PKB kinase. Current Biology, 1999. 9(11): p. 601-4. 

23. Ravichandran, K.S. and S.J. Burakoff, The adapter protein Shc interacts with the 

interleukin-2 (IL-2) receptor upon IL-2 stimulation. The Journal of Biological Chemistry, 

1994. 269(3): p. 1599-602. 

24. Kolch, W., Meaningful relationships: the regulation of the Ras/Raf/MEK/ERK pathway by 

protein interactions. Biochemical Journal, 2000. 351 Pt 2: p. 289-305. 

25. Mortellaro, A., S. Songia, P. Gnocchi, M. Ferrari, C. Fornasiero, R. D'Alessio, A. Isetta, F. 

Colotta, and J. Golay, New immunosuppressive drug PNU156804 blocks IL-2-dependent 

proliferation and NF-kappa B and AP-1 activation. The Journal of Immunology, 1999. 

162(12): p. 7102-9. 

26. Kim, H.P., J. Imbert, and W.J. Leonard, Both integrated and differential regulation of 

components of the IL-2/IL-2 receptor system. Cytokine & Growth Factor Reviews, 2006. 

17(5): p. 349-66. 

27. Sefton, B.M. and S. Shenolikar, Overview of protein phosphorylation. Current Protocols 

in Molecular Biology, 2001. Chapter 18: p. Unit 18.1. 

28. McClung, J.K., E.R. Jupe, X.T. Liu, and R.T. Dell'Orco, Prohibitin: potential role in 

senescence, development, and tumor suppression. Experimental Gerontology, 1995. 30(2): 

p. 99-124. 

29. Thuaud, F., N. Ribeiro, C.G. Nebigil, and L. Desaubry, Prohibitin ligands in cell death and 

survival: mode of action and therapeutic potential. Chemistry & Biology, 2013. 20(3): p. 

316-31. 

30. He, B., Q. Feng, A. Mukherjee, D.M. Lonard, F.J. DeMayo, B.S. Katzenellenbogen, J.P. 

Lydon, and B.W. O'Malley, A repressive role for prohibitin in estrogen signaling. 

Molecular Endocrinology, 2008. 22(2): p. 344-60. 

31. Park, S.-E., J. Xu, A. Frolova, L. Liao, B.W. O'Malley, and B.S. Katzenellenbogen, Genetic 

deletion of the repressor of estrogen receptor activity (REA) enhances the response to 

estrogen in target tissues in vivo. Molecular and Cellular Biology, 2005. 25(5): p. 1989-

99. 



www.manaraa.com

 116 

32. Coates, P.J., R. Nenutil, A. McGregor, S.M. Picksley, D.H. Crouch, P.A. Hall, and E.G. 

Wright, Mammalian prohibitin proteins respond to mitochondrial stress and decrease 

during cellular senescence. Experimental Cell Research, 2001. 265(2): p. 262-73. 

33. Lucas, C.R., H.M. Cordero-Nieves, R.S. Erbe, J.W. McAlees, S. Bhatia, R.J. Hodes, K.S. 

Campbell, and V.M. Sanders, Prohibitins and the cytoplasmic domain of CD86 cooperate 

to mediate CD86 signaling in B lymphocytes. The Journal of Immunology, 2013. 190(2): 

p. 723-36. 

34. Nijtmans, L.G., L. de Jong, M. Artal Sanz, P.J. Coates, J.A. Berden, J.W. Back, A.O. 

Muijsers, H. van der Spek, and L.A. Grivell, Prohibitins act as a membrane-bound 

chaperone for the stabilization of mitochondrial proteins. The EMBO journal, 2000. 

19(11): p. 2444-51. 

35. Osman, C., M. Haag, C. Potting, J. Rodenfels, P.V. Dip, F.T. Wieland, B. Brügger, B. 

Westermann, and T. Langer, The genetic interactome of prohibitins: coordinated control 

of cardiolipin and phosphatidylethanolamine by conserved regulators in mitochondria. 

The Journal of Biological Chemistry, 2009. 184(4): p. 583-596. 

36. Rajalingam, K., C. Wunder, V. Brinkmann, Y. Churin, M. Hekman, C. Sievers, U.R. Rapp, 

and T. Rudel, Prohibitin is required for Ras-induced Raf-MEK-ERK activation and 

epithelial cell migration. Nature Cell Biology, 2005. 7(8): p. 837-43. 

37. Rastogi, S., B. Joshi, G. Fusaro, and S. Chellappan, Camptothecin induces nuclear export 

of prohibitin preferentially in transformed cells through a CRM-1-dependent mechanism. 

The Journal of Biological Chemistry, 2006. 281(5): p. 2951-9. 

38. Sharma, A. and A. Qadri, Vi polysaccharide of Salmonella typhi targets the prohibitin 

family of molecules in intestinal epithelial cells and suppresses early inflammatory 

responses. Proceedings of the National Academy of Sciences of the United States of 

America, 2004. 101(50): p. 17492-7. 

39. Artal-Sanz, M. and N. Tavernarakis, Prohibitin and mitochondrial biology. Trends in 

Endocrinology and Metabolism, 2009. 20(8): p. 394-401. 

40. Han, J., C. Yu, R.F. Souza, and A.L. Theiss, Prohibitin 1 modulates mitochondrial function 

of Stat3. Cellular Signalling, 2014. 26(10): p. 2086-95. 

41. Koushyar, S., W.G. Jiang, and D.A. Dart, Unveiling the potential of prohibitin in cancer. 

Cancer Letters, 2015. 369(2): p. 316-22. 

42. Nuell, M.J., D.A. Stewart, L. Walker, V. Friedman, C.M. Wood, G.A. Owens, J.R. Smith, 

E.L. Schneider, R. Dell' Orco, C.K. Lumpkin, and et al., Prohibitin, an evolutionarily 

conserved intracellular protein that blocks DNA synthesis in normal fibroblasts and HeLa 

cells. Molecular and Cellular Biology, 1991. 11(3): p. 1372-81. 

43. Jupe, E.R., X.T. Liu, J.L. Kiehlbauch, J.K. McClung, and R.T. Dell'Orco, Prohibitin in 

breast cancer cell lines: loss of antiproliferative activity is linked to 3' untranslated region 

mutations. Cell Growth and Differentiation, 1996. 7(7): p. 871-8. 

44. Choi, D., S.J. Lee, S. Hong, I.H. Kim, and S. Kang, Prohibitin interacts with RNF2 and 

regulates E2F1 function via dual pathways. Oncogene, 2008. 27(12): p. 1716-25. 

45. Fusaro, G., P. Dasgupta, S. Rastogi, B. Joshi, and S. Chellappan, Prohibitin induces the 

transcriptional activity of p53 and is exported from the nucleus upon apoptotic signaling. 

The Journal of Biological Chemistry, 2003. 278(48): p. 47853-61. 

46. Gamble, S.C., D. Chotai, M. Odontiadis, D.A. Dart, G.N. Brooke, S.M. Powell, V. Reebye, 

A. Varela-Carver, Y. Kawano, J. Waxman, and C.L. Bevan, Prohibitin, a protein 



www.manaraa.com

 117 

downregulated by androgens, represses androgen receptor activity. Oncogene, 2007. 

26(12): p. 1757-68. 

47. Sato, T., H. Saito, J. Swensen, A. Olifant, C. Wood, D. Danner, T. Sakamoto, K. Takita, 

F. Kasumi, Y. Miki, and et al., The human prohibitin gene located on chromosome 17q21 

is mutated in sporadic breast cancer. Cancer Research, 1992. 52(6): p. 1643-6. 

48. Ansari-Lari, M.A., Y. Shen, D.M. Muzny, W. Lee, and R.A. Gibbs, Large-scale 

sequencing in human chromosome 12p13: experimental and computational gene structure 

determination. Genome Research, 1997. 7(3): p. 268-80. 

49. Browman, D.T., M.B. Hoegg, and S.M. Robbins, The SPFH domain-containing proteins: 

more than lipid raft markers. Trends in Cell Biology, 2007. 17(8): p. 394-402. 

50. Langhorst, M.F., A. Reuter, and C.A. Stuermer, Scaffolding microdomains and beyond: 

the function of reggie/flotillin proteins. Cellular and Molecular Life Sciences, 2005. 62(19-

20): p. 2228-40. 

51. Pike, L.J., The challenge of lipid rafts. The Journal of Lipid Research, 2009. 50 Suppl: p. 

S323-8. 

52. Thomas, S., A. Preda-Pais, S. Casares, and T.D. Brumeanu, Analysis of lipid rafts in T 

cells. Molecular Immunology, 2004. 41(4): p. 399-409. 

53. Morrow, I.C. and R.G. Parton, Flotillins and the PHB domain protein family: rafts, worms 

and anaesthetics. Traffic, 2005. 6(9): p. 725-40. 

54. Mishra, S., S.R. Ande, and B.L.G. Nyomba, The role of prohibitin in cell signaling. The 

FEBS Journal, 2010. 277(19): p. 3937-46. 

55. Mishra, S., L.C. Murphy, B.L. Nyomba, and L.J. Murphy, Prohibitin: a potential target 

for new therapeutics. Trends in Molecular Medicine, 2005. 11(4): p. 192-7. 

56. Glebov, O.O., N.A. Bright, and B.J. Nichols, Flotillin-1 defines a clathrin-independent 

endocytic pathway in mammalian cells. Nature Cell Biology, 2006. 8(1): p. 46-54. 

57. Huber, T.B. and T. Benzing, The slit diaphragm: a signaling platform to regulate podocyte 

function. Current Opinion in Nephrology and Hypertension, 2005. 14(3): p. 211-6. 

58. Wetzel, C., J. Hu, D. Riethmacher, A. Benckendorff, L. Harder, A. Eilers, R. Moshourab, 

A. Kozlenkov, D. Labuz, O. Caspani, B. Erdmann, H. Machelska, P.A. Heppenstall, et al., 

A stomatin-domain protein essential for touch sensation in the mouse. Nature, 2007. 

445(7124): p. 206-9. 

59. Tatsuta, T., K. Model, and T. Langer, Formation of membrane-bound ring complexes by 

prohibitins in mitochondria. Molecular Biology of the Cell, 2005. 16(1): p. 248-59. 

60. Winter, A., O. Kamarainen, and A. Hofmann, Molecular modeling of prohibitin domains. 

Proteins, 2007. 68(1): p. 353-62. 

61. Delage-Mourroux, R., P.G. Martini, I. Choi, D.M. Kraichely, J. Hoeksema, and B.S. 

Katzenellenbogen, Analysis of estrogen receptor interaction with a repressor of estrogen 

receptor activity (REA) and the regulation of estrogen receptor transcriptional activity by 

REA. The Journal of Biological Chemistry, 2000. 275(46): p. 35848-56. 

62. Bavelloni, A., M. Piazzi, I. Faenza, M. Raffini, A. D'Angelo, L. Cattini, L. Cocco, and 

W.L. Blalock, Prohibitin 2 represents a novel nuclear AKT substrate during all-trans 

retinoic acid-induced differentiation of acute promyelocytic leukemia cells. The FASEB 

Journal, 2014. 28(5): p. 2009-19. 

63. Ande, S.R., Y. Gu, B.L. Nyomba, and S. Mishra, Insulin induced phosphorylation of 

prohibitin at tyrosine 114 recruits Shp1. Biochimica et Biophysica Acta, 2009. 1793(8): p. 

1372-8. 



www.manaraa.com

 118 

64. Jiang, L., P. Dong, Z. Zhang, C. Li, Y. Li, Y. Liao, X. Li, Z. Wu, S. Guo, S. Mai, D. Xie, 

Z. Liu, and F. Zhou, Akt phosphorylates Prohibitin 1 to mediate its mitochondrial 

localization and promote proliferation of bladder cancer cells. Cell Death & Disease, 

2015. 6: p. e1660. 

65. Han, E.K., T. McGonigal, C. Butler, V.L. Giranda, and Y. Luo, Characterization of Akt 

overexpression in MiaPaCa-2 cells: prohibitin is an Akt substrate both in vitro and in cells. 

Anticancer Research, 2008. 28(2A): p. 957-63. 

66. Zhu, B., J. Zhai, H. Zhu, and N. Kyprianou, Prohibitin regulates TGF-beta induced 

apoptosis as a downstream effector of Smad-dependent and -independent signaling. 

Prostate, 2010. 70(1): p. 17-26. 

67. Ross, J.A., Z.S. Nagy, and R.A. Kirken, The PHB1/2 phosphocomplex is required for 

mitochondrial homeostasis and survival of human T cells. The Journal of Biological 

Chemistry, 2008. 283(8): p. 4699-713. 

68. Berger, K.H. and M.P. Yaffe, Prohibitin family members interact genetically with 

mitochondrial inheritance components in Saccharomyces cerevisiae. Molecular and 

Cellular Biology, 1998. 18(7): p. 4043-52. 

69. Merkwirth, C., S. Dargazanli, T. Tatsuta, S. Geimer, B. Löwer, F.T. Wunderlich, J.-C.C. 

von Kleist-Retzow, A. Waisman, B. Westermann, and T. Langer, Prohibitins control cell 

proliferation and apoptosis by regulating OPA1-dependent cristae morphogenesis in 

mitochondria. Genes & Development, 2008. 22(4): p. 476-488. 

70. Sievers, C., G. Billig, K. Gottschalk, and T. Rudel, Prohibitins are required for cancer cell 

proliferation and adhesion. PLOS ONE, 2009. 5(9). 

71. Schleicher, M., B.R. Shepherd, Y. Suarez, C. Fernandez-Hernando, J. Yu, Y. Pan, L.M. 

Acevedo, G.S. Shadel, and W.C. Sessa, Prohibitin-1 maintains the angiogenic capacity of 

endothelial cells by regulating mitochondrial function and senescence. The Journal of Cell 

Biology, 2008. 180(1): p. 101-12. 

72. Theiss, A.L., R.D. Idell, S. Srinivasan, J.-M. Klapproth, D.P. Jones, D. Merlin, and S.V. 

Sitaraman, Prohibitin protects against oxidative stress in intestinal epithelial cells. The 

FEBS Journal, 2007. 21(1): p. 197-206. 

73. Sosa, V., T. Moline, R. Somoza, R. Paciucci, H. Kondoh, and M.E. Lleonart, Oxidative 

stress and cancer: an overview. Ageing Research Reviews, 2013. 12(1): p. 376-90. 

74. Reuter, S., S.C. Gupta, M.M. Chaturvedi, and B.B. Aggarwal, Oxidative stress, 

inflammation, and cancer: how are they linked? Free Radical Biology & Medicine, 2010. 

49(11): p. 1603-16. 

75. Liou, G.-Y. and P. Storz, Reactive oxygen species in cancer. Free Radical Research, 2010. 

44(5): p. 479-96. 

76. Theiss, A.L., T.S. Obertone, D. Merlin, and S.V. Sitaraman, Interleukin-6 transcriptionally 

regulates prohibitin expression in intestinal epithelial cells. The Journal of Biological 

Chemistry, 2007. 282(17): p. 12804-12. 

77. Sripathi, S.R., W. He, C.L. Atkinson, J.J. Smith, Z. Liu, B.M. Elledge, and W.J. Jahng, 

Mitochondrial-nuclear communication by prohibitin shuttling under oxidative stress. 

Biochemistry, 2011. 50(39): p. 8342-51. 

78. Zhou, P., L. Qian, M. D'Aurelio, S. Cho, G. Wang, G. Manfredi, V. Pickel, and C. Iadecola, 

Prohibitin reduces mitochondrial free radical production and protects brain cells from 

different injury modalities. The Journal of Neuroscience, 2012. 32(2): p. 583-92. 



www.manaraa.com

 119 

79. Zheng, H. and G.M. Lu, Reduction of prohibitin expression contributes to left ventricular 

hypertrophy via enhancement of mitochondrial reactive oxygen species formation in 

spontaneous hypertensive rats. Free Radical Research, 2015. 49(2): p. 164-74. 

80. Luan, Z., Y. He, M. Alattar, Z. Chen, and F. He, Targeting the prohibitin scaffold-CRAF 

kinase interaction in RAS-ERK-driven pancreatic ductal adenocarcinoma. Molecular 

Cancer, 2014. 13: p. 38. 

81. Byrjalsen, I., P.M. Larsen, S.J. Fey, L. Thormann, B.J. Pedersen, and C. Christiansen, Two-

dimensional gel analysis of human endometrial proteins: cyclic changes in the expression 

of specific proteins during the normal menstrual cycle. Human Reproduction, 1995. 10(1): 

p. 13-8. 

82. Seow, T.K., S.E. Ong, R.C. Liang, E.C. Ren, L. Chan, K. Ou, and M.C. Chung, Two-

dimensional electrophoresis map of the human hepatocellular carcinoma cell line, HCC-

M, and identification of the separated proteins by mass spectrometry. Electrophoresis, 

2000. 21(9): p. 1787-813. 

83. Ryu, J.-W., H.-J. Kim, Y.-S. Lee, N.-H. Myong, C.-H. Hwang, G.-S. Lee, and H.-C. Yom, 

The proteomics approach to find biomarkers in gastric cancer. Journal of Korean Medical 

Science, 2003. 18(4): p. 505-9. 

84. Ren, H.-Z.Z., J.-S.S. Wang, P. Wang, G.-q.Q. Pan, J.-F.F. Wen, H. Fu, and X.-z.Z. Shan, 

Increased expression of prohibitin and its relationship with poor prognosis in esophageal 

squamous cell carcinoma. Pathology & Oncology Research, 2010. 16(4): p. 515-522. 

85. Spurdle, A.B., J.L. Hopper, X. Chen, M.R.E. McCredie, G.G. Giles, B. Newman, and G. 

Chenevix-Trench, Prohibitin 3' untranslated region polymorphism and breast cancer risk 

in Australian women. Lancet, 2002. 360(9337): p. 925-6. 

86. Williams, K., C. Chubb, E. Huberman, and C.S. Giometti, Analysis of differential protein 

expression in normal and neoplastic human breast epithelial cell lines. Electrophoresis, 

1998. 19(2): p. 333-43. 

87. Patel, N., S.K. Chatterjee, V. Vrbanac, I. Chung, C.J. Mu, R.R. Olsen, C. Waghorne, and 

B.R. Zetter, Rescue of paclitaxel sensitivity by repression of Prohibitin1 in drug-resistant 

cancer cells. Proceedings of the National Academy of Sciences of the United States of 

America, 2010. 107(6): p. 2503-8. 

88. Chen, Y.W., H.C. Chou, P.C. Lyu, H.S. Yin, F.L. Huang, W.S. Chang, C.Y. Fan, I.F. Tu, 

T.C. Lai, S.T. Lin, Y.C. Lu, C.L. Wu, S.H. Huang, et al., Mitochondrial proteomics 

analysis of tumorigenic and metastatic breast cancer markers. Functional & Integrative 

Genomics, 2011. 11(2): p. 225-39. 

89. Wang, S. and D.V. Faller, Roles of prohibitin in growth control and tumor suppression in 

human cancers. Translational Oncogenomics, 2008. 3: p. 23-37. 

90. Guttilla, I.K. and B.A. White, Coordinate regulation of FOXO1 by miR-27a, miR-96, and 

miR-182 in breast cancer cells. The Journal of Biological Chemistry, 2009. 284(35): p. 

23204-16. 

91. Feng, Y., F. Duan, C. Song, X. Zhao, L. Dai, and S. Cui, Systematic evaluation of cancer 

risk associated with rs2292832 in miR149 and rs895819 in miR27a: a comprehensive and 

updated metaanalysis. Oncotarget, 2016. 7(16): p. 22368-84. 

92. Martin, B., R. Sanz, R. Aragues, B. Oliva, and A. Sierra, Functional clustering of 

metastasis proteins describes plastic adaptation resources of breast-cancer cells to new 

microenvironments. Journal of Proteome Research, 2008. 7(8): p. 3242-53. 



www.manaraa.com

 120 

93. Kalluri, R. and R.A. Weinberg, The basics of epithelial-mesenchymal transition. The 

Journal of Clinical Investigation, 2009. 119(6): p. 1420-8. 

94. Valastyan, S. and R.A. Weinberg, Tumor metastasis: molecular insights and evolving 

paradigms. Cell, 2011. 147(2): p. 275-92. 

95. Porporato, P.E., V.L. Payen, J. Perez-Escuredo, C.J. De Saedeleer, P. Danhier, T. Copetti, 

S. Dhup, M. Tardy, T. Vazeille, C. Bouzin, O. Feron, C. Michiels, B. Gallez, et al., A 

mitochondrial switch promotes tumor metastasis. Cell Reports, 2014. 8(3): p. 754-66. 

96. Santidrian, A.F., A. Matsuno-Yagi, M. Ritland, B.B. Seo, S.E. LeBoeuf, L.J. Gay, T. Yagi, 

and B. Felding-Habermann, Mitochondrial complex I activity and NAD+/NADH balance 

regulate breast cancer progression. The Journal of Clinical Investigation, 2013. 123(3): p. 

1068-81. 

97. Guo, F., K. Hiroshima, D. Wu, M. Satoh, M. Abulazi, I. Yoshino, T. Tomonaga, F. 

Nomura, and Y. Nakatani, Prohibitin in squamous cell carcinoma of the lung: its 

expression and possible clinical significance. Human Pathology, 2012. 43(8): p. 1282-8. 

98. Wu, T.-F., H. Wu, Y.-W. Wang, T.-Y. Chang, S.-H. Chan, Y.-P. Lin, H.-S. Liu, and N.-H. 

Chow, Prohibitin in the pathogenesis of transitional cell bladder cancer. Anticancer 

Research, 2007. 27(2): p. 895-900. 

99. Jörg, M., P. Angela, S. Peter, and P.S. Jonathan, Differential immunization identifies 

PHB1/PHB2 as blood-borne tumor antigens. Oncogene, 2004. 23(44): p. 7430-7435. 

100. Dowling, P., P. Meleady, A. Dowd, M. Henry, S. Glynn, and M. Clynes, Proteomic 

analysis of isolated membrane fractions from superinvasive cancer cells. Biochimica et 

Biophysica Acta, 2007. 1774(1): p. 93-101. 

101. Rajalingam, K. and T. Rudel, "Prohibitin"g CRAF/MAPK activation with rocaglamides. 

Chemistry & Biology, 2012. 19(9): p. 1077-1078. 

102. McCubrey, J.A., L.S. Steelman, W.H. Chappell, S.L. Abrams, E.W.T. Wong, F. Chang, B. 

Lehmann, D.M. Terrian, M. Milella, A. Tafuri, F. Stivala, M. Libra, J. Basecke, et al., Roles 

of the Raf/MEK/ERK pathway in cell growth, malignant transformation and drug 

resistance. Biochimica et Biophysica Acta, 2007. 1773(8): p. 1263-84. 

103. Polier, G., J. Neumann, F. Thuaud, N. Ribeiro, C. Gelhaus, H. Schmidt, M. Giaisi, R. 

Kohler, W.W. Muller, P. Proksch, M. Leippe, O. Janssen, L. Desaubry, et al., The natural 

anticancer compounds rocaglamides inhibit the Raf-MEK-ERK pathway by targeting 

prohibitin 1 and 2. Chemistry & Biology, 2012. 19(9): p. 1093-104. 

104. Basmadjian, C., F. Thuaud, N. Ribeiro, and L. Desaubry, Flavaglines: potent anticancer 

drugs that target prohibitins and the helicase eIF4A. Future Medicinal Chemistry, 2013. 

5(18): p. 2185-97. 

105. Moncunill-Massaguer, C., J. Saura-Esteller, A. Perez-Perarnau, C.M. Palmeri, S. Nunez-

Vazquez, A.M. Cosialls, D.M. Gonzalez-Girones, H. Pomares, A. Korwitz, S. Preciado, F. 

Albericio, R. Lavilla, G. Pons, et al., A novel prohibitin-binding compound induces the 

mitochondrial apoptotic pathway through NOXA and BIM upregulation. Oncotarget, 2015. 

6(39): p. 41750-65. 

106. Society, A.C., American Cancer Society. Cancer Facts & Figures for Hispancis/Latinos 

2012-2014, A.C.S.C. Society, Editor. 2012: Atlanta. 

107. Ross, J.A., H. Cheng, Z.S. Nagy, J.A. Frost, and R.A. Kirken, Protein phosphatase 2A 

regulates interleukin-2 receptor complex formation and JAK3/STAT5 activation. The 

Journal of Biological Chemistry, 2010. 285(6): p. 3582-91. 



www.manaraa.com

 121 

108. Yodoi, J., K. Teshigawara, T. Nikaido, K. Fukui, T. Noma, T. Honjo, M. Takigawa, M. 

Sasaki, N. Minato, M. Tsudo, and et al., TCGF (IL 2)-receptor inducing factor(s). I. 

Regulation of IL 2 receptor on a natural killer-like cell line (YT cells). The Journal of 

Immunology, 1985. 134(3): p. 1623-30. 

109. Hori, T., T. Uchiyama, M. Tsudo, H. Umadome, H. Ohno, S. Fukuhara, K. Kita, and H. 

Uchino, Establishment of an interleukin 2-dependent human T cell line from a patient with 

T cell chronic lymphocytic leukemia who is not infected with human T cell 

leukemia/lymphoma virus. Blood, 1987. 70(4): p. 1069-72. 

110. Shou, W., R. Verma, R.S. Annan, M.J. Huddleston, S.L. Chen, S.A. Carr, and R.J. 

Deshaies, Mapping phosphorylation sites in proteins by mass spectrometry. Methods in 

Enzymology, 2002. 351: p. 279-96. 

111. Eng, J.K., A.L. McCormack, and J.R. Yates, An approach to correlate tandem mass 

spectral data of peptides with amino acid sequences in a protein database. The Journal of 

the American Society for Mass Spectrometry, 1994. 5(11): p. 976-89. 

112. Washburn, M.P., The H-index of 'an approach to correlate tandem mass spectral data of 

peptides with amino acid sequences in a protein database'. The Journal of the American 

Society for Mass Spectrometry, 2015. 26(11): p. 1799-803. 

113. Beausoleil, S.A., J. Villen, S.A. Gerber, J. Rush, and S.P. Gygi, A probability-based 

approach for high-throughput protein phosphorylation analysis and site localization. 

Nature Biotechnology, 2006. 24(10): p. 1285-92. 

114. Ande, S.R., S. Moulik, and S. Mishra, Interaction between O-GlcNAc modification and 

tyrosine phosphorylation of prohibitin: implication for a novel binary switch. PLOS ONE, 

2009. 4(2): p. e4586. 

115. Ho, M.Y., C.M. Liang, and S.M. Liang, MIG-7 and phosphorylated prohibitin 

coordinately regulate lung cancer invasion/metastasis. Oncotarget, 2015. 6(1): p. 381-93. 

116. Sun, L., X. Cao, B. Liu, H. Huang, X. Wang, L. Sui, W. Yin, and K. Ma, CaMK IV 

phosphorylates prohibitin 2 and regulates prohibitin 2-mediated repression of MEF2 

transcription. Cellular Signalling, 2011. 23(10): p. 1686-90. 

117. Rigbolt, K.T., T.A. Prokhorova, V. Akimov, J. Henningsen, P.T. Johansen, I. 

Kratchmarova, M. Kassem, M. Mann, J.V. Olsen, and B. Blagoev, System-wide temporal 

characterization of the proteome and phosphoproteome of human embryonic stem cell 

differentiation. Science Signaling, 2011. 4(164): p. rs3. 

118. Zhao, X., I.R. Leon, S. Bak, M. Mogensen, K. Wrzesinski, K. Hojlund, and O.N. Jensen, 

Phosphoproteome analysis of functional mitochondria isolated from resting human muscle 

reveals extensive phosphorylation of inner membrane protein complexes and enzymes. 

Molecular & Cellular Proteomics, 2011. 10(1): p. M110 000299. 

119. Onorato, J.J., K. Palczewski, J.W. Regan, M.G. Caron, R.J. Lefkowitz, and J.L. Benovic, 

Role of acidic amino acids in peptide substrates of the beta-adrenergic receptor kinase and 

rhodopsin kinase. Biochemistry, 1991. 30(21): p. 5118-25. 

120. Amanchy, R., B. Periaswamy, S. Mathivanan, R. Reddy, S.G. Tattikota, and A. Pandey, A 

curated compendium of phosphorylation motifs. Nature Biotechnology, 2007. 25(3): p. 

285-6. 

121. Blom, N., S. Gammeltoft, and S. Brunak, Sequence and structure-based prediction of 

eukaryotic protein phosphorylation sites. The Journal of Molecular Biology, 1999. 294(5): 

p. 1351-62. 



www.manaraa.com

 122 

122. Blom, N., T. Sicheritz-Ponten, R. Gupta, S. Gammeltoft, and S. Brunak, Prediction of post-

translational glycosylation and phosphorylation of proteins from the amino acid sequence. 

Proteomics, 2004. 4(6): p. 1633-49. 

123. White, R.R., Y.G. Kwon, M. Taing, D.S. Lawrence, and A.M. Edelman, Definition of 

optimal substrate recognition motifs of Ca2+-calmodulin-dependent protein kinases IV 

and II reveals shared and distinctive features. The Journal of Biological Chemistry, 1998. 

273(6): p. 3166-72. 

124. Hutchins, J.R., M. Hughes, and P.R. Clarke, Substrate specificity determinants of the 

checkpoint protein kinase Chk1. FEBS Letters, 2000. 466(1): p. 91-5. 

125. Kirken, R.A., R.A. Erwin, D. Taub, W.J. Murphy, F. Behbod, L. Wang, F. Pericle, and 

W.L. Farrar, Tyrphostin AG-490 inhibits cytokine-mediated JAK3/STAT5a/b signal 

transduction and cellular proliferation of antigen-activated human T cells. Journal of 

Leukocyte Biology, 1999. 65(6): p. 891-9. 

126. Oldham, E.D., L.M. Nunes, A. Varela-Ramirez, S.E. Rankin, B.L. Knutson, R.J. Aguilera, 

and H.J. Lehmler, Cytotoxic activity of triazole-containing alkyl beta-D-glucopyranosides 

on a human T-cell leukemia cell line. Chemistry Central Journal, 2015. 9: p. 3. 

127. Xiang, J., C. Wan, R. Guo, and D. Guo, Is Hydrogen Peroxide a Suitable Apoptosis Inducer 

for All Cell Types? BioMed Research International, 2016. 2016: p. 7343965. 

128. Gatenby, R.A. and R.J. Gillies, Why do cancers have high aerobic glycolysis? Nature 

Reviews Cancer, 2004. 4(11): p. 891-9. 

129. Patra, K.C. and N. Hay, The pentose phosphate pathway and cancer. Trends in 

Biochemical Sciences, 2014. 39(8): p. 347-54. 

130. Vincent, E.E., A. Sergushichev, T. Griss, M.-C. Gingras, B. Samborska, T. Ntimbane, P.P. 

Coelho, J. Blagih, T.C. Raissi, L. Choiniere, G. Bridon, E. Loginicheva, B.R. Flynn, et al., 

Mitochondrial Phosphoenolpyruvate Carboxykinase Regulates Metabolic Adaptation and 

Enables Glucose-Independent Tumor Growth. Molecular Cell, 2015. 60(2): p. 195-207. 

131. Gamble, S.C., M. Odontiadis, J. Waxman, J.A. Westbrook, M.J. Dunn, R. Wait, E.W. Lam, 

and C.L. Bevan, Androgens target prohibitin to regulate proliferation of prostate cancer 

cells. Oncogene, 2004. 23(17): p. 2996-3004. 

132. Peng, X. and R.G. Mehta, Differential expression of prohibitin is correlated with dual 

action of Vitamin D as a proliferative and antiproliferative hormone in breast epithelial 

cells. The Journal of Steroid Biochemistry and Molecular Biology, 2007. 

133. Chiu, C.F., M.Y. Ho, J.M. Peng, S.W. Hung, W.H. Lee, C.M. Liang, and S.M. Liang, Raf 

activation by Ras and promotion of cellular metastasis require phosphorylation of 

prohibitin in the raft domain of the plasma membrane. Oncogene, 2013. 32(6): p. 777-87. 

134. Rui, L. and C.C. Goodnow, Lymphoma and the control of B cell growth and differentiation. 

Current Molecular Medicine, 2006. 6(3): p. 291-308. 

135. Haggerty, T.J., K.I. Zeller, R.C. Osthus, D.R. Wonsey, and C.V. Dang, A strategy for 

identifying transcription factor binding sites reveals two classes of genomic c-Myc target 

sites. Proceedings of the National Academy of Sciences of the United States of America, 

2003. 100(9): p. 5313-8. 

136. Ferrajoli, A., S. Faderl, F. Ravandi, and Z. Estrov, The JAK-STAT pathway: a therapeutic 

target in hematological malignancies. Current Cancer Drug Targets, 2006. 6(8): p. 671-9. 

137. Ishikawa, H., N. Tsuyama, M. Obata, and M.K. M, Mitogenic signals initiated via 

interleukin-6 receptor complexes in cooperation with other transmembrane molecules in 

myelomas. Journal of Clinical and Experimental Hematopathology, 2006. 46(2): p. 55-66. 



www.manaraa.com

 123 

138. Perez-Perarnau, A., S. Preciado, C.M. Palmeri, C. Moncunill-Massaguer, D. Iglesias-

Serret, D.M. Gonzalez-Girones, M. Miguel, S. Karasawa, S. Sakamoto, A.M. Cosialls, C. 

Rubio-Patino, J. Saura-Esteller, R. Ramon, et al., A trifluorinated thiazoline scaffold 

leading to pro-apoptotic agents targeting prohibitins. Angewandte Chemie International 

Edition in English, 2014. 53(38): p. 10150-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



www.manaraa.com

 124 

Vita 

Elisa Robles-Escajeda earned her medical degree from the Universidad Autónoma de 

Ciudad Juárez. After years working in private practice, she decided to join The University of Texas 

at El Paso (UTEP) and earned her Bachelor of Science degree in Microbiology in 2011. She then 

continued her education by enrolling in the Pathobiology Doctoral Program within the Department 

of Biological Sciences at UTEP with an emphasis on cancer research. 

While pursuing her degree, Dr. Robles was the recipient of numerous honors and awards. 

She was part of The RISE (Research Initiatives for Scientific Enhancement) Graduate Scholars 

Program and received various travel awards to present her research findings at national and 

international conferences including The American Association of Immunologists annual meeting 

in Seattle, WA, The American Society for Cell Biology conference in San Francisco, CA, and 

Denver, CO, and the Research Centers in Minority Institutions International Symposium on Health 

Disparities, in San Juan, Puerto Rico. She also received The Institute on Teaching and Mentoring 

Travel Award for five consecutive years allowing her to travel to Atlanta, GA, Tampa, FL, and 

Washington, DC, to broaden her knowledge about research, academia, and succeed as a member 

of the professoriate.    

Dr. Robles worked as a research assistant in the Department of Biological Sciences and 

published several peer-reviewed scientific articles. Aside from her academic responsibilities, she 

enjoys mentoring students in translational medicine and exposing them to the many opportunities 

offered within the field of biomedical research.  

 Dr. Robles’s dissertation “The Prohibitin Protein Complex Promotes Mitochondrial 

Stabilization and Cell Survival in Hematologic Malignancies” was performed under the 

supervision of Dr. Robert A. Kirken.  The findings of her dissertation were submitted for 

publication in a peer-reviewed scientific journal. Elisa’s current plan is to continue her exciting 

career in cancer research as a post-doctoral research fellow at UTEP.   

 



www.manaraa.com

 125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	University of Texas at El Paso
	DigitalCommons@UTEP
	2017-01-01

	The Prohibitin Protein Complex Promotes Mitochondrial Stabilization And Cell Survival In Hematologic Malignancies
	Elisa Robles Escajeda
	Recommended Citation


	ThesisAndDissertationDocumentTemplate

