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Summary
T he o rdered , directional m igration o f  T -lym phocytes is a key process during im m une 

su rveillance, and im m une response. T-cell m igration is a com plex, highly  coordinated process. 

T his requires cell adhesion to  the high endothelial venules or to  the ex tracellu lar m atrix  by a 

series o f  surface recep tor/ligand  interactions involving adhesion m olecules o f  the integrin 

fam ily  including  lym phocyte function associated  m o lecu le -1 (L FA -1), phosphorylation- 

dependen t s ignalling  cascades and cytoskeletal rearrangem ents. M echanism s that regulate T-cell 

m igration  are o f  considerab le  relevance for understanding the pathogenesis o f  various diseases 

including chron ic  inflam m atory diseases such as inflam m atory bow el disease and the 

in flam m atory  arth ropath ies.

T he research  group from  this centre (Institute o f  M olecular M edicine, T rin ity  C ollege 

D ublin) has prev iously  dem onstrated  that LFA-1 induces several signalling  pathw ays leading to 

cy toskeletal rearrangem ents resulting in T-cell m igration. The specific role o f  LFA-1 as a 

signalling  m olecu le  has previously  been studied w ith evidence suggesting  both tyrosine kinase 

and serine-th reon ine kinase involvem ent in the transduction  o f  the signal for lym phocyte 

m igration. A fully  functional m icrotubule (M T) cytoskeleton and associated  signal transduction 

m ust be co -o rd inate ly  regulated for the T -cells to m igrate. H ow ever, the m echanism s and 

regulatory  com ponen ts m ediating  LFA-1 integrin induced cy toskeletal rearrangem ents and T- 

cell locom otion  are poorly  understood. In this thesis, we identified and characterized  proteins 

undergo ing  ty rosine  phosphorylation  in T -cells fo llow ing LFA-1 stim ulation  and investigated 

m olecu lar m echan ism s for the regulation o f  M T cytoskeleton in m igrating  T-cells.

In the first part o f  this study, we identified proteins w hich are tyrosine phosphorylated 

during  LFA-1 induced T-cell m igration. We applied a targeted  proteom ic approach com bined 

w ith phosphopro tein  enrichm ent, follow ed by the m ass spectrom etry  analysis and 

b io in fo rm atics o f  the im m uno-affin ity  purified phosphotyrosine (pT yr) contain ing  proteins. A 

subsection  o f  these  proteins w ere validated by W estern blotting o f  lysates o f  locom otory 

lym phocytes triggered  via  LFA-1. Further, b io inform atic analysis o f  the identified tyrosine 

phosphopro teom e da ta  resulted in the generation o f  associated  biological netw orks o f  protein 

and /o r gene associations. In addition to  the identification o f  several w ell-docum ented proteins, 

the analysis suggested  involvem ent o f  a num ber o f  new and novel proteins in LFA-1 induced T- 

cell m igration . T h is dataset expands the list o f  the signalling  com ponents o f  the  LFA-1 induced 

pT yr protein  com plexes in m igrating  T-cells that will be extrem ely  useful in the study o f  their 

specific  ro les w ith in  LFA-1 associated signalling pathw ays. Identification o f  proteins previously 

not reported  in the con tex t o f  LFA-1 stim ulated signal transduction  m ay provide new  insights 

into understand ing  the LFA-1 signalling  netw orks and aid in the search for new  potential 

therapeu tic  targets.



In the following part o f the thesis, we examined functional involvement o f  MT 

cytoskeleton and its regulation in T-cell migration. We demonstrate that tubulin, the building 

block o f MT, undergoes post-translational modifications including acetylation and tyrosination 

in migrating T-cells. Utilizing High Content Analysis approach, we revealed the importance o f 

MT in T-cell migration. MT targeting agents such as paclitaxael, nocodazole and a new 

compound PBOX-15 (a member o f  novel series o f  pyrrolo-l,5-benzoxazepines) are capable o f 

inhibiting T-cell migration by altering MT dynamics. PBOX-15 dramatically impaired MT 

network via destabilization o f  tubulin and its post-translational modifications resulting in a 

complete loss o f  the motile phenotype o f T-cells. The clinical efficacy o f  anti-M T agents is well 

established, although increasing evidence o f resistance to these agents has prompted the search 

for new agents with a similar mechanism. Thus, the novel MT targeting compound PBOX-15 

may be used therapeutically to down regulate inflammatory reactions, such as those associated 

with autoimmunity and allergy. Therapeutic agents that target cytoskeletal proteins and are 

effective in inhibiting cell migration can open new horizons in the treatment o f  cancer and 

cancer metastatic spreading.

Finally, we elucidated a novel molecular mechanism which regulates tubulin 

reorganization in migrating T-cells. We demonstrate that STAT3, an oncogene and a latent 

transcriptional factor, is activated and translocated to the nucleus during the process o f  active 

motility o f  Hut78 T-lymphoma cells trigerred via LFA-I. LFA-1 cross-linking activates STAT3 

by inducing tyrosine phosphorylation. Blocking STATS signalling by multiple approaches 

inhibited LFA-1-induced T-cell locomotion via destabilization o f  MT and post-translational 

modification o f  tubulin. Activated STAT3 was found to interact with stathmin, a tubulin binding 

protein involved in the control o f  MT assembly and dynamics. STAT3-stathmin interactions in 

migrating T-cells make tubulin heterodimers available for polymerization during active 

cytoskeleton reorganization processes. These observations strongly indicate that STAT3 is 

critically important for T-cell migration and associated signalling events, and greatly enhance 

the understanding o f fundamental intracellular mechanisms involved in T-cell migration.

Taken together, we were able for the first time to obtain insights into components o f 

LFA-1 induced pTyr protein complexes in migrating T-cells. We demonstrate that tubulin 

undergoes post-translational modifications during T-cell migration. We established that a new 

MT targeting compound PBOX-15 inhibits T-cell migration via post-translational modifications 

o f  tubulin. We present a novel mechanism where STAT3 interacts with stathmin to control MT 

dynamics in migrating T-cells.
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CHAPTER 1

GENERAL INTRODUCTION



1.1. T-cells

T-cells belong to a group of white blood cells (leukocytes) known as 

lymphocytes, and play an essential role in cell-mediated immunity. T-cells or T- 

lymphocytes are central elements of the body’s immune system designed to combat 

pathogenic invasion and eliminate cells that have undergone malignant transformation. 

They circulate through vasculature into peripheral lymphoid tissues (von Andrian and 

Mackay, 2000; Jacobelli et a l, 2004). To perform their immune functions, naive T-cells 

exit the bloodstream and enter into distinct target tissues by a highly orchestrated 

process (Figure 1.1).

1.1.1. T-cell development

T-cells originate from haematopoietic stem cells in the bone marrow. These 

haematopoietic progenitors migrate to the thymus via the bloodstream and expand by 

cell division to generate a large population o f immature thymocytes (Schwarz and 

Bhandoola, 2006). The earliest thymocytes express neither CD4 nor CDS, and are 

therefore classed as double-negative (CD4'CD8‘) cells (Germain, 2002). The 

thymocytes undergo a series of developmental changes in the thymus that can be 

delineated by rearrangement of the genes encoding the a /p  or y/5 chains o f the T-cell 

receptor (TCR) to generate a pre-TCR (Robey and Fowlkes, 1994; von Boehmer and 

Fehling, 1997). Importantly, this pre-TCR is generated randomly and without regard to 

antigenic cues and as such creates a vast array of antigen-specific immature T- 

lymphocytes (Aifantis et al., 1999). Each thymocyte, therefore, recognizes only one 

specific antigen. As they progress through their development, signal transduction 

pathways initiated by the pre-TCR promote the expression of CD4 and CDS co

receptors (CD4^CDS^ double-positive) on the thymocytes (Figure 1.2). Double-positive 

thymocytes interact with epithelial and dendritic antigen-presenting cells (APCs) in the 

thymus and are subjected to selection on the basis of the specificity o f their a /p  or y/5 

TCR chains for self - major histocompatibility complex (MHC) molecules and self

ligands (Germain, 2002). That is, if  the TCR on the thymocyte is ligated in the thymus, 

the cell dies by apoptosis (negative selection). This is to ensure that the thymocytes do 

not mature if their antigen is always present in the body. In contrast, if  no such ligation 

of the TCR occurs, the cell may survive and mature to a naive T-lymphocyte (positive 

selection). Thymocytes that are positively selected finally mature into single-positive
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Figure 1.1. R ecirculation routes o f  T-ceils. Naive T-cells hom e continuously from the 
blood to  lymph nodes and other secondary lymphoid tissues. Hom ing to lym ph nodes occurs 
in high endothelial venules (HEV), which express m olecules for the constitutive recruitm ent 
o f  lym phocytes. In inflam ed tissues, dendritic cells are m obilized to  carry antigen to lymph 
nodes, where they stim ulate antigen-specific T-cells. On stim ulation, T-cells proliferate by 
clonal expansion and differentiate into effector cells, which express receptors that enable 
them  to m igrate to  sites o f  inflammation. A lthough m ost effector cells are short-lived, a few 
antigen-experienced cells survive for a long time. These m em ory cells are subdivided into 
tw o populations on the basis o f  their m igratory ability: the so-called effector m emory cells 
m igrate to peripheral tissues, whereas central m em ory cells express a repertoire o f  hom ing 
m olecules sim ilar to  that o f  naive T-cells and m igrate preferentially to lym phoid organs. The 
traffic signals that direct effector and memory cells to peripheral tissues are organ-specific, 
m odulated by inflam m atory m ediators, and are distinct for different subgroups o f  T-cells 
(von A ndrian and M ackay, 2000).
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developing T-cells: 1) T-cell precursors mature in the a/p or y/5 lineage, and 2) those that 
develop in the a/|3 pathway must choose a CD4 or CDS T-cell fate. TCR plays a major 
role in such fate decisions.
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CD4^ or CD8^ T-cells (Figure 1.3), exit the thymus into the bloodstream as naive T- 

lymphocytes and await activation in response to a specific foreign antigen. The CD4^ or 

CD8^ T-cell phenotype corresponds generally, but not exclusively, with the T-helper 

cell or cytotoxic T-cell respectively. T-helper cells regulate the function and activity of 

other immune cells by producing a range of cytokines such as interleukin-2 in response 

to antigenic activation. Cytotoxic T-cells are involved in a wide number o f functions in 

the immune system including the elimination of virally infected cells (von Andrian and 

Mackay, 2000; Rochman et a l ,  2009).

1.1.2. T-cell activation

The classical mechanism of T-cell activation consists of several steps with 

concomitant cytoskeletal-based rearrangements and integrin activation that convert the 

cell from a circular and round shape to a ‘polarized’ morphology. Although the specific 

mechanisms o f activation vary slightly between different types of T-cells, the "two- 

signal model" in CD4'^ T-cells holds true for most. Activation of CD4^ T-cells occurs 

through the engagement of both the TCR and CD28 on the T-cell by the MHC peptide 

and B7 family members on the APC, respectively (Smith-Garvin et a l ,  2009) (Figure 

1.4). Both are required for an effective immune response; in the absence of CD28 co

stimulation, TCR signalling alone results in anergy (Smith-Garvin et a l ,  2009). T-cells 

are activated primarily by their exposure to chemokines that are immobilized on 

endothelial cells in blood vessels (Campbell and Butcher, 2000; Smith-Garvin et a l ,  

2009; Rochman et al., 2009).

In the two-signal model, the first signal is provided by binding o f the TCR to a 

short peptide presented by the MHC on another cell (Figure 1.4). The partner cell is 

usually a professional APC, a dendritic cell in the case of naive responses, although B- 

cells and macrophages can be important APCs. The TCR then scans the surface of the 

APC for its specific peptide to ensure that only a T-cell with a TCR specific to that 

peptide is activated. Initially, naive T-cells (T-cells newly emigrated from the thymus 

that have never encounter antigen) must determine whether antigen is present and 

whether it poses a threat to the body. The ability of the TCR to distinguish “se lf’ from 

“non-self’ by recognition of a specific foreign antigen is one of the cornerstones of 

immunological specificity (Kane et al., 2000). The peptides presented to CD8^ T-cells 

by MHC class I molecules are 8-9 amino acids in length; the peptides presented to
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Figure 1.3. Overall scheme of T-cell development. Committed lympiioid progenitors arise in the 
bone marrow and migrate to the thymus. Early committed T-cells lack expression o f TCR, CD4 and 
CDS, and are termed double-negative (DN) thymocytes. As cells progress through the different 
stages (DNl to DN4), they express the pre-TCR. Successful pre-TCR expression leads to 
substantial cell proliferation during the DN4 to double-positive (DP) transition and replacement o f 
the pre-TCR a-chain with a newly rearranged TCR a-chain, which yields a complete apT C R . The 
aPTCR*CD4^CD8^ (DP) thymocytes then interact with cortical epithelial cells that express a high 
density o f MHC class I and class 11 molecules associated with self-peptides. The fate o f  the DP 
thymocytes depends on signalling that is mediated by interaction o f the TCR with these self- 
peptide-MHC ligands. Too little signalling results in delayed apoptosis (death by neglect). Too 
much signalling can promote acute apoptosis (negative selection); this is most common in the 
medulla on encounter with strongly activating self-ligands on haematopoietic cells, particularly 
dendritic cells. The appropriate, intermediate level o f TCR signalling initiates effective maturation 
{positive selection). Thymocytes expressing TCRs that bind self-peptide-MHC-class-1 complexes 
become CDS" T-cells, whereas those that bind self-peptide-MHC-class-11 ligands become CD4" T- 
cells; these cells are then ready for export from the medulla to peripheral lymphoid sites. SP, single
positive (Germain, 2002).
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T-cell

Figure 1.4. Schematic representation o f T-cell-APC interactions. T-cell activation 
requires stimulation o f the TCR with its appropriate antigen (peptide) presented by MHC 
on the APC. The degree o f T-cell response is regulated by secondary interactions o f B7 
molecules on the APC with CD28, which leads to activation, or with CTLA4, which 
results in inhibition o f response.
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CD4^ cells by MHC class II molecules are longer, as the ends of the binding cleft of the 

MHC class II molecule are open. It is assumed that in most cases very few MHC 

molecules are loaded with antigenic peptide. Because of the low affinity of the TCR for 

antigenic peptides and the limited amounts o f antigen-bound MHC II molecules on the 

APC, the threshold for cellular activation {i.e. the quantity of individual TCRs that need 

to be activated) may not be reached. To increase the threshold required for activation, a 

wide number o f co-stimulatory molecules may help stabilize the interaction between the 

T-cell and APC (Zecchinon et a l ,  2006). For example, the CD4 or CDS co-receptors on 

the T-cell help to stabilize the interaction of the TCR with antigen by binding to the 

non-polymorphic regions on the MHC II molecule (Dustin and Chan, 2000) (Figure

1.4).

A second stimulatory signal is required for T-cell activation, which is delivered 

by interaction between the APC co-stimulatory molecule B7 and T-cell CD28 (Figure

1.4). T-cell response to antigen is also under control of inhibitory signalling through 

cytotoxic T-lymphocyte antigen 4 (CTLA-4). CTLA-4 has higher affinity than CD28 

for B7, resulting in the inhibition of T-cell activation and proliferation. Interactions 

between adhesion receptors on T-cells such as lymphocyte function associated antigen-1 

(LFA-1) and its corresponding ligand on the APC, in particular intercellular adhesion 

molecule-1 (ICAM-1), also serve to stabilize the interaction between the T-cell and 

APC (Evans et a l ,  2009; described below in section 1.2).

T-cell activation results in the formation o f highly ordered complex structures 

containing receptors, lipid rafts, cytoplasmic signalling molecules, and cytoskeletal 

proteins. Activation o f the T-cell initiates a number of biochemical pathways in the cell 

that ultimately lead to the expression o f genes that control specific cellular responses, 

including growth, differentiation and secretion of cytokines (Appelbaum, 2001). Many 

of these biochemical events initiated during T-cell activation have only been uncovered 

in the last decade.

1.1.3. T-cell migration

T-cells perform many functions depending on their maturation and activation 

status. The single most important factor that governs T-cell function is the inherent 

ability o f these cells to migrate along a chemotactic gradient, which enables them to exit
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the bloodstream and reach a range of target tissues (Westermann et al,  2001; Cose et 

al,  2006; Cose, 2007; Woodland and Kohlmeier, 2009). The deployment o f T-cells to 

sites of tissue insult or injury represents an important step in the response o f immune 

system to inflammation and pathogen invasion (Bradley, 2003; Salmi and Jalkanen, 

2005; Mora and von Andrian, 2006; Woodland and Kohlmeier, 2009).

T-cell polarization during crawling is likely to be a mechanism for efficient 

motility as well as a response to chemotactic and adhesive stimuli (Johnston and 

Butcher, 2002; Jacobelli et al,  2004; Debes et al,  2006). Moving T-cells acquire a 

highly polarized morphology with characteristic ‘hand-mirror’ shape consisting of a 

flattened leading edge followed by the nucleus and a ‘handle-like’ tail termed the 

uropod (Figure 1.5). Morphologically, a migrating T-cell can be divided into three 

parts :-

L I.3.1. The leading edge: It is a membrane protrusion at the front of the motile cell 

pointing towards the direction of migration. During migration, a highly active leading 

edge facilitates rapid directional changes that are characteristic of T-cells (Smith et al,  

2003, 2007). Formation of an extended leading edge is critical for recognizing 

chemokine gradients through specialized chemosensory receptors promoting integrin 

mediated adhesion and providing contractile potential, which allow migrating T-cells to 

pull themselves forward. Leading edge is enriched in chemokine receptors including 

CXCR4, CCR2 and CCR5 (Gomez-Mouton et al,  2001), which are used for sensing the 

complex chemoattractant gradients that induce directed migration. In addition, leading 

edge also serves as sub-cellular compartment for the polar distribution of various 

receptors and signalling molecules which not only act as molecular markers to define 

polarity in T-cells, but also give mechanistic insight into T-cell migration (Vicente- 

Manzanares et al,  2003; Smith et al,  2007; Gomez and Billadeau, 2008; Evans et al,  

2009).

1.1.3.2. The main cell body'. It is round-shaped and contains the nucleus. This mid-cell 

zone in T-cells provides them firm adhesion to the substratum and stability during 

migration. Behind the nucleus is a narrowing transition zone termed the “polarizing 

compartment”, which contains the microtubule-organizing centre (MTOC) (Smith et al,  

2007; Evans et al,  2009).
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Figure 1.5. A polarized morphology of migrating T-cell. Migrating T-cells display a 
highly polarized morphology “ hand-mirror” with three distinct zones: I) leading edge, 
2) main cell body, and 3) uropod.
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1.1.3.3. The uropod: The T-cell uropod is a protrusion at the rear o f the cell that is 

prominent when the cell is migrating. A number of functions for the uropod have been 

proposed, including increasing evidence that it can participate in adhesive events (Smith 

et al., 2007; Gomez and Billadeau, 2008). It serves as a membrane exit point for newly 

synthesized proteins and a ‘storage depot’ for molecules not needed for cell adhesion 

(Millan et al,  2002). It provides an attachment point to enable chains o f ‘head to toe’ T- 

cells to cross the vasculature (del Pozo et a l,  1997). The uropod acts as a first means of 

attachment of T-cells to chemokine-bound presenting cells (Friedman et al., 2006). 

From this 'backwards' vantage point, the T-cell is in a prime position to rapidly scan the 

surface of the APC and to either become activated or disengaged if no appropriate 

stimulating peptide is located (Smith et a l,  2007).

1.1.4. Mechanisms o f T-cell migration

The ability o f naive T-cells to enter lymph nodes depends on a particular set of 

adhesion molecules and chemoattractants on the high endothelial venules (HEVs), for 

which they alone bear receptors. Entry into inflamed tissue is similar but uses different 

adhesion molecules and chemoattractants, which attract populations o f activated T-cells. 

This highly regulated process allows tissue-specific homing of several T-cell subsets 

(Hogg et a l,  2003; Engelhardt and Wolburg, 2004). T-cell migration can be viewed as a 

multi-step process (Figure 1.8) incorporating following four sequential stages.

1.1.4.1. Induction o f  cell polarization: Upon receptor engagement, a multitude of 

signalling cascades is initiated causing strong asymmetry within the cell, resulting in the 

polarized phenotype. T-cell polarization involves the creation of a clearly defined 

‘front-back’ asymmetry (Figure 1.5) in which cell surface receptors [including 

chemoattractant receptors, growth-factor receptors and adhesion receptors such as LFA- 

1 integrin (described below in section 1.2)] are accumulated at the front o f the cell 

(Gomez-Mouton et a l,  2001). Lipid rafts are also implicated in the polarization of 

migrating T-cells (Sanchez-Madrid and del Pozo, 1999). Asymmetrical triggering of 

surface receptors produces an intracellular asymmetry of signalling components. A 

functional cytoskeleton and its reorganization are necessary for these processes.

1.1.4.2. Generation o f  membrane protrusions at the leading edge: Once polarity has 

been established, the second phase of migration starts with the protrusion of the plasma
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Figure 1.6. The multistep model of T-cell migration. T-cells migrate from the blood, 
across the vascular endothelium into infected tissue or lymph nodes 
(www.garlandscience.co.uk).
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membrane from the front of the cell. The forward thrust of membrane protrusions 

(filopodia and lamellipodia) is supported by actin polymerization at the leading edge 

followed by stabilization of the new membrane extensions by adhesive contacts 

(Sanchez-Madrid and del Pozo, 1999; Lewis et ai,  2008; Evans et al,  2009).

1.1.4.3. Formation o f  cell-substratum contact sites: After membrane extension has 

been formed, new points of contact are established by the T-cell surface receptors with 

their specific ligands. This involves adhesion molecules of the integrin family (Hogg et 

al,  2003; described below in 1.2). In rapidly migrating T-cells, ligand binding to 

integrins leads to integrin clustering and subsequent recruitment o f cytoskeletal proteins 

to cytoplasmic integrin domains. This prevents retraction of the newly extended 

membrane and provides ‘grip’ for the tractional force that is required to assist 

subsequent stages o f cell movement.

1.1.4.4. Forward movement o f  the cell body and retraction o f the uropod: The two

final stages of T-cell migration involve the flux of intracellular organelles into the 

newly extended area of the cell, and the retraction of the trailing edge. Besides 

extension of new membrane protrusions at the leading edge by actin and tubulin 

polymerization and cross-linking to integrins, a contractile force is needed to move the 

cell body forward (Morin et al,  2008). The net result o f this process is the directional 

movement of the cell body and shifts in any of these parameters can have a dramatic 

effect in T-cell migration.

1.2. T-cel! integrins

The integrins are a large family of membrane glycoproteins composed o f non- 

covalently associated a - and P-subunits that mediate cell-cell and cell-matrix 

interactions. T-lymphocytes express at least 12 of the 24 known integrin heterodimers, 

the expression pattern depending on the subset and maturation state of the cell (von 

Andrian and Mackay, 2000). In T-cells, the integrin aL[32 (LFA-1) is the most abundant 

and widespread in expression (Hogg et al,  2003). It plays prominent roles in T-cell 

signalling events that cooperatively regulate cellular responses (Shimizu, 2003), such as 

migration.

LFA-1, also known as CDl 1 a/CD 18, is expressed on virtually all leukocytes and 

many leukocyte-derived cells (Springer et al ,  1987; Springer, 1990; Cabanas and
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Sanchez-Madrid, 1999) and mediates high-affmity adhesion to the p2-integrin ligands 

(Zecchinon et al, 2006). The adhesion process is critical for a wide range of 

immunological processes, including cytolysis of target cells, cross-interaction and cross

stimulation between lymphocytes, phagocytosis of complement-coated targets, 

neutrophils clearance from inflammation sites, and the regulation of leukocyte traffic 

between the bloodstream and tissues (Zecchinon et al, 2006). In addition, LFA-1 forms 

the peripheral ring of the immunological synapse (Shimizu, 2003). Under normal 

conditions, the T-cell integrins (including LFA-1) are inactive or non-ligand-binding 

conformation when lymphocytes are circulating in the blood. Exposure to cytokines or 

chemokines and engagement of other cell-surface receptors results in rapid integrin 

activation and ligand binding (Hogg et al, 2003; Ebert et al,  2005; Denucci et al, 

2009).

1.2.1. Features of LFA-1 structure

Conceptual advances in the understanding of integrin structure during the last 

few years have generated valuable information about LFA-1. It is a heterodimeric 

glycoprotein comprising non-covalently linked a - and |3-subunits (Amaout et al, 2005). 

LFA-1 structure can be divided into three basic domains (Figure 1.7).

1.2.1.1. The ligand binding domain'. Both the a - and p-subunits of LFA-1 consists of a 

large extracellular ligand binding domain. The extracellular region of the a-subunit 

comprises an N-terminal seven-bladed P-propeller domain followed by three P- 

sandwich domains (termed thigh, calf-1 and calf-2). It also contains a domain of about 

200 amino acids known as an inserted (I) domain, which is inserted in the upper face of 

the P'propeller. The P-subunit has an N-terminal cysteine rich PSI (plexin-semaphorin- 

integrin) domain, a p-sandwich hybrid domain, a P 1-like domain, four integrin EGF- 

like repeats (I-EGF 1 to 4) and a P-tail domain. In LFA-1, the a  I domain is the major 

ligand-binding site (Evans et al,  2009).

1.2.1.2. Transmembrane domain'. The transmembrane segment is approximately 25-29 

amino acids long. Glycosylation studies show that the transmembrane segments are 

likely tilted or coiled inside the membrane (Armulik et al, 1999, Stefansson et al,  

2004). Modulation o f the interhelical transmembrane interface is necessary for inside- 

out activation, however, there is no consensus on the precise nature of this
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T ra n s m e m b ra n e  d o m a in s

C y top lasm ic  d o m a in s

Figure 1.7. Schem atic structure of LFA-1. LFA-1 is a heterodimeric glycoprotein 
comprising non-covalently linked a- and P-subunits. Each subunit consists o f  a large 
extracellular region, a single hydrophobic transmembrane domain and a short 
cytoplasmic tail. The extracellular region o f  the a-subunit comprises an N-terminal 
seven-bladed P-propeller domain followed by three P-sandwich domains (termed thigh, 
calf-1 and calf-2) and an 1 domain, which is inserted in the upper face o f  the P- 
propeller. The P-subunit has an N-terminal cysteine rich PSl (plexin-semaphorin- 
integrin) domain, a p-sandwich hybrid domain, a P 1-like domain, four integrin EGF- 
like repeats (1-EGF 1 to 1-EGF 4) and a P-tail domain. In the tertiary structure, the I 
domain is inserted in the hybrid domain (Adapted from Evans et a l ,  2009).
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intramembranous interface or how the interface is modulated to effect activation (Adair 

and Yeager, 2002; Gottschalk et al., 2002, Partrigde et al., 2005, Luo et a l,  2004).

1.2.1.3. Cytoplasmic domain: The cytoplasmic tails of LFA-1 are smaller in size (<50 

residues) than the extracellular domains and are pivotal in regulating ligand binding and 

signalling functions o f LFA-1 integrin (Woodside et a l,  2001).

1.2.2. Activation of LFA-1 on T-celis

The T-cell integrins are unusual receptors, in that they are maintained in an 

inactive state on the cell surface of circulating leukocytes, which ensures no 

inappropriate binding to their ligands. Expression of the inactive form of LFA-1 in 

circulating peripheral blood T-lymphocytes (PBTLs) is crucial in maintaining 

homeostasis, since constitutively active LFA-1 would cause instantaneous aggregation 

of circulating cells and clogging of the vessels (Lub et a l,  1995). Their activity is 

controlled by signalling through other membrane receptors that are active in an immune 

response (Table 1.1). This results in ‘on-the-spot’ activation of integrins precisely where 

their function is needed. These signals can also be triggered by by phorbol ester p- 

methoxyamphetamine (PMA), or by substances that increase intracellular Ca^^ 

concentration (van Kooyk et a l,  1989; Dustin and Springer, 1989; Lub et a l,  1995; van 

Kooyk and Figdor, 2000). ‘Outside-in’ signalling comes about when the active integrin 

signals back into the leukocyte on which it is expressed.

Integrin activation results from either clustering of integrins on the cell surface, 

or an increase in the affinity for ligand induced by conformational change. Both are 

highly regulated by a complex interplay of cation binding, signalling events and 

association with the cytoskeleton and accessory molecules (Hogg et a l,  2003). Ligation 

o f cell-surface receptors, such as the TCR or chemokine receptors, generates 

intracellular signals that increase LFA-1 mediated cell adhesion. This is termed ‘inside- 

out’ activation. Addition of the divalent cations Mn '̂^/Mg '̂  ̂or activating antibodies that 

bind to the extracellular domain of LFA-1 cause conformational changes that also 

activate LFA-1. This is termed “outside-in” activation. Outside-in activation increases 

the affinity of LFA-1 for its ligands, whereas inside-out activation induces an early 

detectable increase in its lateral mobility and clustering (Kuck et a l,  1996; Stewart et 

al,  1998). Although the cytoplasmic domains of integrins have been demonstrated to be
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T able 1.1. D ifferent w ays to activate LFA-1 integrin

In sid e-ou t activation

TCR ligation Antigen or CD3 ligation activates TCR signalling. Influences integrin 
avidity and cytoskeletal reorganization

Chemokine receptor 
ligation

Phorbol esters

Chemokines activate signalling downstream o f the chemokine receptor 
to increase integrin affinity

DAG analogs that activate PKCs directly and thus bypass TCR ligation. 
Influences integrin avidity and cytoskeletal reorganization.

O utsid e-in  activation

Mg^\ Mn^^ Bind to a  1 domain to allow high affinity ligand binding

Ligand Activates signalling downstream of LFA-1 to influence cytoskeletal
i  reorganization

Activating antibodies | Bind to LFA-1 ectodomain to allow high-affmity ligand binding and
I activate signalling downstream o f LFA-1 to influence cytoskeletal 

reorganization
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important in linkage to the cytoskeleton and recruitment of signalling molecules, they 

are short and devoid of enzymatic features. To perform signal transduction, LFA-1 

associates with adaptor proteins, which mediate its interaction with the cell cytoskeletal 

systems, cytoplasmic kinases and other proteins.

1.2.3. Conformational changes of LFA-1 during activation

A basic model for LFA-1 activation has been developed from the structural data 

together with observations from electron microscopic and crystal lographic studies of 

isolated integrins and from the use of mAbs that recognize epitopes expressed upon 

activation (Shimaoka et al, 2002; Takagi et al., 2002; Luo et al, 2007). These studies 

have identified three predominant LFA-1 conformations (Figure 1.8) that are thought to 

reflect different stages of activation (Luo et al, 2007; Evans et al, 2009). These are the 

1) bent form, 2) the extended form with a closed ligand-binding head that is of 

intermediate affinity for ligand and the 3) extended form in which the hybrid domain 

has swung out (Figure 1.8), enabling the ligand-binding I domain of the a-subunit to 

bind with higher affinity.

Since the determination of these initial structures, an increasing number of 

studies have established that the bent conformation represents the physiological low- 

affinity state, whereas inside-out signalling and ligand binding are associated to large- 

scale global conformational rearrangements in which the integrin extends (Takagi et al, 

2002, 2003; Kim et al, 2003; Xiao et al, 2004; Evans et al, 2009). These P2 

conformations can be distinguished by their interactions with specific antibodies, which 

react with the different epitopes that become exposed (Figure 1.8). Chemokine-receptor 

signalling leads to extension of the bent ‘low affinity’ form of LFA-1, and this happens 

in less than 0.4 seconds (Shamri et al, 2005). The extended form of LFA-1 is proposed 

to be in an intermediate state of affinity, because of the greater accessibility of the 

ligand-binding I dom.ain compared with the bent form (Kinashi, 2006; Luo et al, 2007). 

The interaction of intermediate-affmity LFA-1 with its ligand leads to the high-affmity 

conformation that stabilises adhesion, but there has been no clear indication as to how 

this switch happens. There are now increasing evidences suggesting that mechanical 

forces can drive allosteric alteration of integrin conformation and, for leukocytes, the 

shear of blood flow would be the major supplier of this force (Katsumi et al, 2004; 

Alon and Dustin, 2007; Astrof et al, 2006; Evans et al, 2009).
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A. Bent inactive B. Extended 
intermediate affinity

C. Extended with open 
conformation high affinity

Figure 1.8. The three conformations of LFA-1 integrin. (A) Bent inactive - Integrins are 
bent between I-EGFl and I-EGF2 in the (3-subunit and at a small Ca^^-binding loop, known as 
the ‘genu’ , between the thigh and calf-1 domains in the a-subunit. Thus, the inactive integrin 
is in a V shape with the ligand-binding 1 domain close to the membrane. There is close 
association between the a- and P-subunits in the membrane-proximal region. (B) Extended 
intermediate affinity - Inside-out signalling extends the integrin in a ‘switchblade-like’ 
motion, orientating the 1 domain away from the membrane for optimal ligand binding. This 
epitope for the mAb KIM 127, which is located on 1-EGF2 and obscured in the bent formation, 
becomes exposed. The KIM 127 epitope thus serves as a marker for the extended P2 integrin. 
(C) Extended with open conformation high affinity - Local conformational changes within the 
a and P 1 domains, potentially generated by shear force, result in the hybrid domain swinging 
out and the subunit separating at the genu. This remodelling o f the 1 domain ligand-binding 
site forms the epitope for mAb 24 and causes increased affinity for ligand (Evans et al., 2009).
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1.2.4. Distribution o f LFA-1 in migrating T-ceils

The distribution of LFA-1 in migrating T-cells is somewhat surprising. Once the 

T-cell begins to migrate, the distribution of the membrane LFA-1 is altered. It has been 

demonstrated by confocal microscopic examinations that the LFA-1 expression varies 

from a low level at the cell’s leading edge to a high level in the non-attached uropod at 

the rear (Smith et a l,  2005). This distribution of LFA-1 has been correlated with the 

changes in morphology made by migrating T-cells (Evans et al,  2009).

Using probes for the two active conformations o f LFA-1, it was observed that 

LFA-1 is organized into at least three different regions o f activity in the migrating T- 

cell: 1) the projecting lamellae at the leading edge where intermediate affinity LFA-1 

functions, 2) the midcell zone containing high-affmity LFA-1, and 3) the uropod at the 

trailing edge with its high levels of LFA-1 of unknown activity status (Evans et al., 

2009) (Figure 1.9).

1.2.4.1. LFA-1 at the leading edge: The rapidly protruding and retracting leading edge 

of the T-cell express low level o f LFA-1 o f intermediate affinity that is recognized by 

monoclonal antibody (mAb) KIM 127 (Stanly et a l ,  2008; Evans et a l,  2009). This 

conformation of LFA-1 allows the leading edge to participate in faster ‘make-break’ 

ligand-binding than would high-affmity LFA-1. A speculation is that in a cell that is 

moving rapidly with fluctuating membrane protrusion and retraction, the weaker 

contacts made by intermediate affinity LFA-1 with its ligand are more susceptible to 

membrane remodelling than high-affmity LFA-1 contacts would allow. For the T-cell to 

achieve forward momentum, the LFA-1 at the leading edge must be in communication 

with the cytoskeleton, either by direct linkage or by signalling its reorganization.

1.2.4.2. LFA-1 at the mid-cell focal zone'. There are other LFA-1-directed events that 

operate away from the leading edge of the migrating T-cell. A distinctive zone of 

adhesion in the mid-cell region of migrating T-cells provides firm attachment to the 

ligand. The LFA-1 in the ‘focal zone’ binds to its ligand with high affinity, as identified 

by mAb 24+ (Smith et al., 2005). If the high-affmity conformation o f LFA-1 is ‘locked’ 

in place by this antibody, turnover in the focal zone is prevented, but the leading edge 

remains motile (Smith et al., 2005), indicating that the generation of force at the leading 

edge is sufficient to move the T-cell forward. This feature has the potential to allow T-
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Intermediate 
affinity LFA-1

Lamelllpodium/
lamella

High
affinity LFA-1Focal zone

Uropod

Unknown 
affinity LFA-1

Figure 1.9. A model showing the distribution o f LFA-1 conformation zones in a 
migrating T-cell. The leading edge o f the T-cell expresses low levels o f  intermediate 
affinity LFA-1. The focal zone expresses higher levels o f LFA-1 that is in high-affinity 
conformation. The uropod at the rear expresses the highest level o f LFA-1, but little is 
known o f  its binding activity (Adapted from Evans et ai, 2009).
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cells to migrate at maximal rate within lymph nodes and inflamed tissue. However, once 

a T-cell encounters an APC bearing appropriate antigen, then additional ‘stop’ signals 

are activated by the TCR, resulting in cessation of migration (Smith et al., 2007).

1.2.4.3. LFA-1 at the trailing uropod: The involvement of uropod has been somewhat 

neglected in previous early models of T-cell function. It is of interest that the uropod 

expresses the highest level of LFA-1 in the migrating T-cell, being eightfold higher than 

the leading edge and fivefold higher than the focal zone (Smith et al, 2005). This high 

level of LFA-1 is in keeping with the idea of the uropod acting as a reservoir or storage 

depot that recycles LFA-1 to the leading edge for migration to proceed (Evans et al, 

2009). The details of this process are poorly understood but might involve either 

intracellular trafficking or transport over the plasma membrane. There is some 

information that uropod resident LFA-1 has the potential to link into the cytoskeleton 

(Evans et al, 2009).

1.2.5. LFA-1 ligands in T-cells

Cellular ligands for the leukocyte integrins are ICAMs. They are members of the 

immunoglobulin superfamily, which contain characteristic Ig-domains composed of two 

P-sheets connected by conserved cysteines. ICAMs are type I transmembrane 

glycoproteins and have a large extracellular domain which is composed of the Ig-like 

domains and a relatively short cytoplasmic tail (Gahmberg et al, 1997; Cavallaro and 

Christo fori, 2004). Five ICAMs molecules (ICAM-1 to ICAM-5) have been described 

(Gahmberg et al, 1999). ICAM-1 and ICAM-3 contain five Ig-domains, whereas 

ICAM-2 and ICAM-4 contain only two; ICAM-5 is unusually complex with its nine Ig- 

domains (Figure 1.10). Although all the ICAMs have structural similarities and they all 

bind to integrins, they still have distinct functions, cell signalling capacities and patterns 

of expression (Springer, 1990; Tessier-Lavigne et al, 1996; Hayflick et al, 1998).

ICAM-1 also known as CD54 is the major ligand for integrins in most organs. It 

is an endothelial- and leukocyte-associated protein long known for its importance in 

stabilizing cell-cell interactions and facilitating leukocyte endothelial transmigration. 

ICAM-1 is a transmembrane protein possessing an N-terminus extracellular domain, a 

single transmembrane domain, and a C-terminus cytoplasmic domain (Gahmberg et al, 

1999). It is continuously present in low concentrations in the membranes of leukocytes
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Figure 1.10. Schematic structure of ICAMs. Potential N-glycosylation 
sites are indicated (Gahmberg et a i ,  1999).
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and endothelial cells (Gahmberg et a l, 1999). Upon cytokine stimulation, the 

concentrations greatly increase. ICAM-1 can be induced by cytokines such as tumor 

necrosis factor-a (TNF-a) and interferons such as interleukin-1. When activated, 

leukocytes bind to endothelial cells via ICAM-l/LFA-1 that facilitate transmigration of 

leukocytes across vascular endothelia in processes such as extravasation and the 

inflammatory response. As a result of these binding characteristics, ICAM-1 has 

classically been assigned the function of intercellular adhesion. The functionally 

important integrin-binding site in ICAM-1 lies in the N-terminal domain with some 

contribution by the second domain (Staunton et al., 1990; Berendt et al., 1992; 

Ockenhouse et al., 1992; Shimaoka et al., 2003). Additionally, it has been shown that 

ICAM-1 ligation produces pro-inflammatory effects such as inflammatory leukocyte 

recruitment by signalling though cascades involving a number of kinases.

ICAM-2 (CD 102) is also present on leukocytes and endothelial cells (Gahmberg et 

al., 1999). It shows a more stable expression and is not easily induced. It can, however, 

be induced as seen in lymphomas (Renkonen et a l,  1992). A major function o f ICAM-2 

may actually be its stimulatory action on leukocytes. ICAM-3 (CD50) is strongly 

expressed on leukocytes. However, it is not most important as an adhesion molecule, 

but more as a signalling component. Interestingly, it binds well to LFA-1 (Gahmberg et 

al., 1999). ICAM-4, known for a long time as the Landsteiner-Wiener (LW) blood 

group antigen, has also been shown to be able to bind to leukocyte integrins (Gahmberg 

et al., 1999); however, its physiological function(s) is still not known. ICAM-5 is brain- 

specific and is able to bind leukocytes through the P2-integrins, but whether it solely 

acts as a leukocyte-binding protein in brain is not known.

Additionally, LFA-1 may bind to few other proteins like E-selectin (Kotovuori 

et al., 1993), type I collagen (Gamotel et al., 1995) and junctional adhesion molecule 1 

(JAM-1) (Ostermann et al., 2002).

1.2.6. Signalling through LFA-1 integrin in T-celis

As adhesion molecules, integrins are unique in that their adhesiveness can be 

dynamically regulated through inside-out signalling. Thus, stimuli received by cell 

surface receptors for chemokines, cytokines, and foreign antigens initiate intracellular 

signals that impinge on integrin cytoplasmic domains and alter adhesiveness for
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extracellular ligands. In addition, ligand binding mediates signals from the extracellular 

domain to the cytoplasm in outside-in signalling. These dynamic properties o f integrins 

are central to their proper function in the immune system.

Binding of extracellular ligands by integrins, results in signal transduction across 

the plasma membrane, resulting in reorganization and polarization o f the cytoskeleton 

and ultimately stable focal adhesions or cellular migration (Cantor et a l, 2008). The 

binding of ligands to the extracellular domain of LFA-1 also leads to its conformational 

changes by changing interactions between the a- and P-chain cytoplasmic domains 

(Emsley et a l,  2000) and to integrin clustering. This combination of cytoskeletal 

reorganization, occupancy and clustering activates several intracellular signalling 

pathways in cells that alter gene expression, and thus influence cell survival, 

differentiation, migration, morphology, etc. (Giancotti and Ruoslahti, 1999). Although 

integrins themselves do not have any catalytic activity, signals are transmitted through 

direct and indirect interactions with many partners of integrins.

Signalling events that follow direct LFA-1 engagement include phosphorylation 

of several proteins (Kanner et al., 1993) and activation of the tyrosine kinases such as 

zeta-chain-associated protein kinase 70 (ZAP-70) (Soede et a l,  1999), Pyk-2 and focal 

adhesion kinase (FAK) (Rodriguez-Femandez et a l,  1999), serine-threonine kinases 

such as protein kinase C (PKC), mitogen-activated protein kinase (MAPK) etc. A list of 

components of integrin-mediated signalling pathways is summarized in Table 1.2.

1.3. Phosphotyrosine (pTyr)-mediated signalling

The induction of physiological responses by extracellular signals requires the 

spatial and temporal co-ordination of distinct signalling pathways. One important 

mechanism by which the accurate intracellular transduction of signal is achieved is via 

the ligand-induced phosphorylation of tyrosine residues of the intracellular domains of 

cell surface receptors (Figure 1.11). Tyrosine phosphorylation plays a critical role in 

signal transduction that affects all aspects of cell life.

1.3.1. Mechanisms of pTyr-mediated signalling

Many cell surface receptors are endowed with intrinsic protein tyrosine kinase 

activity that is induced upon ligand binding and is responsible for the cross-
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Table 1.2. Components of integrin-mediated signalling pathways.

Si»nallin» com ponents Characteristics

Tyrosine kinases

ZAP70 N orm ally  exp ressed  in T -cells and  N K -cells, has a  critical ro le in T -cell signa ling  
and activation .

Lck Im portan t in the  in itia tion  o f  T-cell s igna ling , b in d s to  th e  in tracellu lar portions o f  
the  C D 3 com plex  (called  ITA M s).

FAK L ocalized  to  focal adhesions th rough  a  C O O H -term inal dom ain ; ac tiva ted  by pi, 
p2, and  P3 in tegrin  cross-link ing ; asso c ia ted  w ith Src, C sk , G rb2 , P13K, paxilin , 
and  Pi in tegrin  pep tide.

Src C onta in in g  SH 2 and  SH 3 dom ains; associa ted  w ith  in tegrin  d ependen t cy toskeletal 
com plexes, FA K  and  pax ilin .

Fgr Src fam ily  ty ro sin e  k inase  con ta in in g  SH 2 and  SH 3 dom ains; ac tiva ted  by tum or 
necrosis facto r in a  P 2  in teg rin -dependen t m anner.

Csk T yrosine  k inase con ta in ing  SH2 and  SH3 dom ains; su ppresses Src fam ily  k inase 
activ ity ; associa tes w ith  FA K  and pax illin .

Serine-threonine kinases
PKC L ocalizes to focal adhesions; ac tiva ted  by pho sp h o lip id  m etabo lites and  calcium .

MAP kinase A ctivated  by m itogens o r  in tegrin  c ross-link ing ; phosph o ry la ted  on  ty rosine  and 
threonine.

SH 2-SH 3 signaling
Crk S H 2-SH 3-S F I3-con tain ing  ad ap te r pro tein  tha t associa tes w ith  pax illin  (th rough  its 

SH 2 dom ain ) and  C 3G  (th rough  its C O O H -term inal SH 3 dom ain).

Grb2 S H 2-SH 3-S H 2 -co n ta in in g  ad ap te r pro tein  tha t links recep tors to Ras activation ; 
associa tes w ith  FA K  (th rough  its N H 2 -term inal SH 2 dom ain ) an d  m S O S l 
(th rough  its SH 3 dom ain).

PI3K L ipid  k inase  specific  for phospha tidy l inositol on  the  D3 position ; integrin- 
dependen t associa tion  w ith  ty rosine  k inases (FA K  and  Src) and the cy toskele ton  
(a -ac tin in ); ac tiva ted  in v itro  by Rho.

PLC P hospho lipase  th a t hydro lyzes inosito l phosp h o lip id s such as PIP2 into 
d iacy lg lycero l and  1P3; y isoform  con ta in s tw o SH 2 and an SH 3 dom ain  an d  is 
ty ro sine-phosphory la ted  afte r engag em en t o f  in tegrin  and  g row th  facto r recep tors.

Sm all m olecular w eight G TPases

Ras Sm all m o lecu la r w eigh t G T P ase  tha t hydro lyzes G T P  in to  G D P; ac tiva ted  upon 
in tegrin  engag em en t in T  cells.

Rho Sm all m o lecu lar w eigh t G T Pase  th a t h ydro lyzes G T P  into G D P; essen tial for 
se rum -induced  fo rm ation  o f  focal adhesions and  stress fibers.

m SO Sl G u an in e  nucleo tide  exch an g e  fac to r that is the  m am m alian  hom olog  o f  the 
D rosoph ila  son o f  seven less (S O S ) gene; converts inactive  R as.G D P  to  ac tive  R as 
G T P; b inds to the  SH 3 d om ains o f  G rb2.

C3G G uan ine  n u cleo tide  exch an g e  facto r th a t b inds to  the  C rk-SH 3.

RasGAP G T P ase-ac tiv a tin g  pro tein  (G A P ) for Ras that co n ta in s tw o  SH 2 and an SH 3 
dom ain  in its N H 2 -te rm in a l; b inds to pi 90. a  pu ta tive  R hoG A P.

Phospholipid m ediators

PIP-5K L ip id  kina.se specific  to P l(4 )phospha te , y ie ld ing  P I(4 ,5 )b isphosphate ; ac tiva ted  in 
v itro  by Rho.

cPLA2 C ata lyzes the h y dro lysis o f  g lycerop h o sp h o lip id  at the  sn-2  position , y ield ing  
a rach id o n ic  ac id  and lysophospho lip id ; p hosphory la ted  and  ac tiva ted  by M A P 
k inase in a  ca lc iu m -d ep en d en t m anner.

Arachidonic acid P recu rso r for e icosano ids th a t is re leased  from  adheren t cells; essen tia l fo r the  
sp read ing  o f  H eL a cells on  co llagen .

5-Lipoxygenase O xyg en a tes a rach idon ic  ac id  into leukotrienes; essen tia l for th e  sp read ing  o f  H eL a 
ce lls on co llagen.
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Receptor tyrosine kinase
m j

Tyrosine phosphorylation

Ligand

Interacting

Kmase Phosphatase

DephosphorylationPhosphorylation

^  \  Ir^teractfngSubstrates/
Adaptors fofeins'

L iL iU

Downstream signaling pathways, 
including kinases and phosphatases

Cellular responses such as migration

Figure 1.11. Simplified scheme showing phosphorylation-related events in a receptor 
tyrosine kinase signalling network- Upon ligand binding, autophosphorylation o f the 
receptor is followed by tyrosine phosphorylation o f several receptor substrates. These 
substrates interact with other proteins to activate several downstream pathways. Each pathway 
is comprised o f many proteins, including additional kinases and phosphatases, which can 
themselves phosphorylate and dephosphorylate the receptor tyrosine kinase and its substrates 
leading to a complex picture o f phosphorylation and dephosphorylation events. The activation 
o f a signaling pathway w ill result in various phenotypic effects, including changes in 
migration, apoptosis and proliferation. P, phosphate at serine, threonine or tyrosine residue.
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phosphorylation of the cytoplasmic tails o f these receptors (Simon, 2000; Schmelzle 

and White, 2006). The intracellular domains o f cell surface receptor that lack intrinsic 

tyrosine kinase activity are tyrosine phosphorylated by protein tyrosine kinase 

associated to them (Ogata et a i ,  1998). Regardless of how they become phosphorylated, 

these pTyr residues act as docking sites that subsequently recruit adaptor proteins 

containing Src-homology 2 (SH2) or phosphoyrosine-binding (PTB) domains (Figure 

1.12). Both types of domains are known to specifically bind to pTyr residues. These 

receptor-bound adaptor or scaffold proteins are responsible for linking the activated 

receptor to downstream signalling pathways (Pawson and Scott, 1997). Importantly, the 

ability of individual SH2 or PTB domains to recognize distinct pTyr motifs enables the 

assembly o f signalling complexes that promote signalling via specific pathways 

(Pawson and Nash, 2000) (Figure 1.13). Different SH2 domains recognize specific 

motifs containing a pTyr residues followed by three to five specific C-terminal residues. 

For example, while the consensus binding motif for the SH2 domain of She is YXXL 

(w'here Y is phosphorylated), the two SH2 domains of p85 bind to proteins containing 

YXXM motifs (Songyang et a i ,  1993). In this way, different SH2-binding motifs in a 

given receptor can recruit different SH2 domain-containing proteins that allow the 

assembly of specific signalling complexes. In an analogous way, PTB domains also 

bind to specific motifs containing pTyr residues; however, their specificity is conferred 

by residues one to three positions N-terminal from the pTyr. For example, the PTB 

domain of She recognizes NXXY motifs (van der Geer et a i ,  1996). Different to SH2 

domains that extensively bind to pTyr motifs, a small subset of PTB domains, are able 

to bind to non-phosphorylated binding motifs (Borg et a i ,  1996).

In some cases, signalling proteins not only contain more than one PTB domain, 

but are also themselves tyrosine-phosphorylated leading to a network o f pTyr-mediated 

protein-protein interaction. For example. She binds to pTyr residues in other proteins 

via its SH2 and PTB domains and is itself tyrosine-phosphorylated to allow the 

recruitment of other pTyr-binding proteins. Therefore, it is proposed to function as a 

multi-functional adaptor or scaffold protein for the assembly of multi-protein signalling 

complexes.
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Figure 1.12. An overview of tyrosine phosphorylation. SH2/PTB domains (A, B) recognize 
proteins that have been phosphorylated on tyrosine residues in a sequence-specific fashion. 
These domains help interpret extracellular signals by targeting their host proteins to the 
appropriate subcellular location, by directing the assembly o f multiprotein complexes, or by 
modulating the enzymatic activity o f their host proteins (C). Ligand binding thus causes 
activation o f kinase domain o f cell surface receptors that subsequently recruit downstream 
signaling molecules (Adapted from Pawson and Nash, 2000).
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Cellular functions such as migration

Figure 1.13. Phosphotyrosine-dependent signalling pathway. Ligand binding causes 
phosphorylation o f tyrosine residues on the cytoplasmic tails o f cell surface receptors 
that act as docking sites for adaptor or scaffold proteins containing SH2 or PTB domain. 
These proteins subsequently recruit specific signalling pathways that transduce and 
amplify the signal to finally lead to the activation o f specific sets o f genes that control 
specific cellular functions. In some situations, integration o f more than one signaling 
pathways is needed in order to achieve a cellular function.
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1.3.2. T-cell integrins and tyrosine phosphorylation

It is now established that integrins can transduce biochemical signals from the 

extracellular environment to the cell interior leading to profound changes in T-cell 

behaviour (Abram and Lowell, 2009; Amaout et al,  2005). Most o f the signalling 

pathways activated by integrins have been identified through the analysis of 

biochemical events that are triggered by integrin engagement, and by the identification 

of proteins that associate with focal adhesion complexes. Information on the functions 

of such proteins has aided our understanding of their role in integrin-mediated 

signalling in T-cells.

It is generally agreed that one of the earliest biochemical events initiated 

following binding of adhesive ligands to integrins is increased tyrosine phosphorylation 

o f proteins. Studies in platelets provided the first evidence that integrin receptors can 

regulate agonist-induced tyrosine phosphorylation (Clark et al,  1994). Subsequently, 

tyrosine phosphorylation has been shown to be a common and perhaps ubiquitous 

response to integrin engagement in many cell types including fibroblasts, carcinoma 

cells, and leukocytes. The ability of tyrosine kinase inhibitors to inhibit the formation of 

focal adhesions suggests a role for tyrosine phosphorylation in the signalling pathways 

linked to integrin receptors (Clark and Brugget, 1995).

Changes in tyrosine phosphorylation following integrin-stimulation in T-cells 

are likely caused by the activation of tyrosine kinases. Several protein tyrosine kinases 

have been implicated in integrin-mediated signalling events (Guan et al,  1991; 

Klinghoffer et al,  1999) by virtue o f their integrin-dependent activation or their 

localization to focal contacts (Table 1.2). How does integrin engagement regulate 

tyrosine kinase activity? Many tyrosine kinases are activated by receptor clustering. 

Therefore, ligand-induced integrin clustering activates tyrosine kinases that are coupled 

to integrin receptors, either directly or indirectly. Indirectly, many tyrosine kinases 

associate with integrins through interactions with cytoskeletal complexes induced by the 

cross-linking o f integrins. This hypothesis was supported by the fact that inhibitors of 

cytoskeletal assembly inhibit the activation o f a number o f tyrosine kinases (Clark and 

Brugget, 1995).
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1.4. Cytoskeletal remodelling in migrating T-cells

The induction of physiological responses by extracellular signals such as cellular 

mobility o f T-cells requires complex interactions of receptors as well as of adhesion 

molecules with their ligands. Such interactions activate signalling pathways in T-cells 

that trigger dynamic cytoskeletal rearrangements, which facilitate their motility (Small 

and Kaverina, 2003; Miletic et a l, 2003). In other words, T-cell migration is driven by a 

regulated and polarised turnover of the cytoskeleton.

The importance o f cytoskeletal structure in cell migration was first recognized 

about 40 years ago (Vasiliev et a l ,  1970). Further experimental advances revealed a 

direct mechanistic link between the lymphocyte-specific components of signal 

transduction pathways triggered by antigen receptors and the downstream machinery 

that affect cytoskeletal reorganization (Samstag et al., 2003; Moissoglu and Schwartz, 

2006). It is now evident that dynamic rearrangements in the cytoskeleton play a central 

role for T-cell functions, in particular T-cell activation and migration. Although, a 

considerable degree of information has been collected regarding the molecular 

components that dynamically rearrange T-cell cytoskeleton in migratory processes, we 

are still far away from a complete understanding of the complex interplay of all the 

functional elements involved. Cumulative evidence suggests a regulatory role for the 

cytoskeletal proteins in the early receptor-mediated intracellular signalling events.

The cytoskeleton is intimately involved in the dynamic regulation o f the 

adhesive state o f T-cell integrins, in particular LFA-1 (van Kooyk and Figdor, 2000; 

Small and Kaverina, 2003). It provides the matrix that enables recruitment and efficient 

formation o f molecular signalling complexes (Samstag et al., 2003). Several signalling 

pathways activated by LFA-1 require an intact cytoskeleton (Samstag et al., 2003; 

Pribila and Shimizu, 2002; Hogg et al., 2003, 2004; Clark and Brugge, 2005; 

Schoenwaelder and Burridge, 1999; Small and Kaverina, 2003; Gundersen and Cook, 

1999). Integrins link to the cytoskeleton through several proteins and have been shown 

to fundamentally influence cytoskeleton reorganization implicating the importance of 

cytoskeletal reorganization in T-cell migration.

Direction sensing o f T-cells relies on a localized activation o f polarization 

signals. T-cells can sample their environment via membrane receptors. The

32



cytoskeleton, by allowing random cell membrane or margin fluctuations, is involved in 

this sampling mechanism (Schoenwaelder and Burridge, 1999; Moissoglu and 

Schwartz, 2006). Thus, cytoskeletal dynamics are crucially involved in the decision 

between induction of lymphocyte effector functions versus lymphocyte anergy.

1.4.1. The lymphocyte cytoskeleton: actin filaments and microtubules (MT)

Actin filaments are a cytoskeletal component of all eukaryotic cells providing 

structural support and generating movements involved in cytoplasmic streaming, cell 

migration, cytokinesis, endocytosis and secretion. The importance of cytoskeleton 

remodelling during lymphocyte activation was initially recognized based on the 

observation that the formation of a receptor cap and a uropod were blocked by 

cytochalasins (Etienne-Manneville, 2004), inhibitors of actin polymerization and 

elongation. Subsequent studies established importance of actin involvement and 

underlying molecular mechanisms in T-cell migration (Small and Kaverina, 2003). At 

the leading edge of the polarized and migrating T-cell, actin is organized in parallel 

bundles which form filopodia and in a dense meshwork that forms lamellipodia 

(Samstag et a i,  2003). In the cell body and at the cell trailing edge, filamentous actin 

forms contractile stress fibres responsible for the contraction of the cell body and 

retraction of the trailing edge. Actin provides the driving force in T-cells during 

migration (Samstag et a i,  2003).

The dynamic MT structure is mainly composed of a - and P-tubulin heterodimers 

(Figure 1.14). They are responsible for cell shape and processes such as motility, 

division, intracellular transport, organization and positioning of organelles, and provide 

anchoring and guiding for several protein complexes. Polymerized MT exist in 

equilibrium with free tubulin. They assemble around MTOC and show polarity; they 

require GTP to grow at the plus end. MT undergo massive reorganization in 

lymphocytes following antigen receptor activation, often accompanied by the movement 

of organelles important for protein secretion such as golgi apparatus as well as 

signalling molecules (Wantabe et a i,  2005). In migrating T-cells, MT have been shown 

to directly interact with the LFA-1 integrin (Volkov et al., 2001; Moissoglu and 

Schwartz, 2006). Moreover, cell migration is altered by disruption of the MT 

cytoskeleton (Gundersen and Cook, 1999; Verma et a i,  2008). Thus, the dynamic MT 

are necessary for T-cell migration.
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Figure 1.14. Microtubule structure. Microtubules are composed o f a -  and 
P-tubulin heterodimers. These straight, hollow cylinders form part o f the 
cytoskeleton that gives structure and shape to a cell, serve as conveyor belts 
moving other organelles through the cytoplasm and perform a number of 
functions.
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1.4.2. Microtubules and actin cooperate to polarize T-cells

T-cell migration relies on the generation of a polarized cell response. This is the 

result o f two distinct phenomena; first, an ‘intrinsic’ cell polarization enabling the cell 

to organize its cytoskeletal elements in a polarized manner; second, a direction-sensing 

mechanism, which allows a cell to orient its intrinsic polarity axis in response to 

extracellular cues. During T-cell migration, direction sensing orients the cell towards a 

chemoattractant gradient; whereas intrinsic polarization leads to concomitant protrusive 

and contractile activities at opposite cellular locations.

As discussed above, both actin and MT are required for T-cell migration. There 

is a close relationship between actin and MT organization (Etienne-Manneville, 2004). 

Actin and MT influence each other’s dynamics directly or through regulation of 

signalling molecules (Gundersen and Cook, 1999; Sandrine, 2004). MT plus-end 

associated proteins are likely to be key players in these signalling events and may be 

responsible for the generation of a polarized MT network and consecutive polarized 

organization of the actin cytoskeleton. The asymmetry in shape of migrating T-cells is 

determined by cooperation between the actin and MT cytoskeleton. This entails an 

interaction of dynamic, growing MT with actin filament arrays associated with the cell 

(Figure 1.15).

Membrane fluctuations promoted by actin and/or MT dynamics favour sensing 

of the cellular environment. The organization of the MT network in a migrating cell 

presents similarities with that o f the actin cytoskeleton. Like actin, MT organization is 

polarized during cell migration, with different dynamics at the leading edge and 

retracting edges. Correlation between actin and MT organization suggests that the two 

polymers are linked either directly or indirectly through intermediate proteins or 

signalling molecules. MT may also modulate actin stress fibre formation (Gundersen 

and Cook, 1999), thus regulate actin dynamics (Sandrine, 2004).

1.4.3. Microtubules and T-cell polarity

The contribution of MT to T-cell polarization and migration is well established 

(Small et a i ,  2002, Small, 2003). In most migrating cells, MT nucleate in the cell centre 

and adopt a general orientation in parallel to an axis given by the direction of cell 

movement. This process requires interpretation of intracellular positional information
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Figure 1.15. Microtubules, actin and integrin in T-cell migration. MTs are guided 
along actin filaments in migrating T-cells. Several molecules are involved in this 
guidance, including cross-linker proteins (which possess both actin and MT binding 
domains), and other interacting molecules.



by the MT, which must be able to distinguish their target regions at the cell front and 

rear from the rest o f the cell. The molecular mechanism underlying this behaviour is not 

fully understood.

Various lines of evidence (Small et al,  2003; Watanabe et al ,  2006) indicate 

that MT exert their influence on cell polarity by affecting anchorage and protrusion 

through a modulation in the activities of Rho-family GTPases (Palazzo et al,  2001). 

The effect of MT on cell polarity was also attributed to their ability to selectively 

regulate the turnover of specific sets of substrate adhesions in a cell, to allow protrusion 

at the front, and promote retraction at the rear. The turnover of focal adhesions at the 

front is necessary to remodel the cytoskeleton and to recycle components required for 

protrusion (Watanabe et al,  2006; Small and Kaverina, 2003).

Polarized MT are generally aligned along the long axis o f the cell. Polarized 

organization, dynamics and functions of the MT cytoskeleton are regulated by other 

proteins that interact with tubulin and MT, for example, MT-associated proteins 

(MAPs), motors and other molecules (in particular, o f MT plus-end binding proteins) 

(Akhmanova et al,  2001; Schuyler and Pellman, 2001; Watanabe et al,  2005; Frederic 

et al,  2002; Small and Kaverina, 2003). MT plus-end binding proteins are involved in 

both the polarization o f the MT system and the polarization of the actin cytoskeleton. 

These suggest that MT play an essential role in the establishment o f intrinsic T-cell 

polarity.

1,5. T-cell migration in health and diseases

Directed T-cell migration accompanies us from conception to death. The 

orchestration of systemic immune responses is critically dependent on coordinated 

lymphocyte migration and recirculation. The recruitment o f T-cells from the 

bloodstream into tissues is a necessary component o f the inflammatory response to 

tissue injury caused by infection or wounding. Failure of T-cells to migrate, or an 

inappropriate T-cell migration can result in life threatening consequences (so-called 

immuno-pathology) such as chronic inflammatory diseases, metastasis etc.

Following clearance of infection or resolution of injury, T-cell infiltration 

subsides and inflammation resolves without overt tissue damage. However, 

inappropriate inflammatory responses frequently associated with persistent T-cell
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infiltration may lead to autoimmune disease conditions such as rheumatoid arthritis, 

asthma, multiple sclerosis and cardiovascular disease (atherosclerosis), and is intimately 

involved in the associated tissue damage (van den Boom et al., 2006; Mellor and Munn, 

2006; Christen and von Herrath, 2005; Zehn and Bevan, 2006). Autoimmunity means 

that the immune system is reacting against normally-occurring antigens in the body, as 

if these antigens were foreign. The ability to regulate lymphocyte migration into tissues 

could therefore provide selective regimes of immunosuppressive therapy for chronic 

inflammatory diseases and for other inflammatory conditions such as autoimmune 

diseases, hypersensitivity reactions and graft rejection.

Asthma, a chronic inflammation of the airways, results from an ongoing immune 

response to foreign materials (allergens) inhaled from the environment. The constant 

presence and activation of T-cells in the airways of asthmatics causes tissue damage, 

leading to hyper-reactivity of the airways to otherwise innocuous stimuli such as 

exercise, stress and cold air (Campbell et a l,  2001). In rheumatoid arthritis, the constant 

destruction of joint tissue by inflammatory cells migrating into these compartments 

results in compromised limb function and crippling pain. Psoriasis, an inflammatory 

disease of the skin, is characterized by lymphocyte infiltration, keratinocyte 

proliferation, and the production of numerous pro-inflammatory cytokines and 

chemokines. The central role of T-cell migration in the pathogenesis of this disease is 

well documented (Gottlieb et a l,  2000, 2002; Gottlieb, 2005; Lebwohl et a l,  2003; 

Menter et al., 2005). New drugs that inhibit organ-specific homing cascades of 

populations of pathogenic T-lymphocytes would permit the use of tissue-selective anti

inflammatory interventions.

A growing body of clinical and experimental research has established functional 

involvement of immune cells in potentiating primary cancer development and/or 

mediating solid tumour metastasis (DeNardo et a l,  2008, 2009, 2010; Johansson et a l,  

2008). A role of both innate and adaptive immune cells was clearly demonstrated in 

breast cancer development (DeNardo and Coussens, 2007). There are several proposed 

mechanisms by which polarized immune responses may promote cancer development 

and progression. Cancer cells migrate as single cells or in small groups to spread from 

the initial site of tumour growth. They acquire an invasive phenotype characterized by 

both the loss of cell-cell interactions and increased cell motility. These cells are able to 

enter the blood or lymph vessels (intravasation) and cross the vessel wall to exit the
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vasculature (extravasation) in distal organs where they can continue to proliferate 

forming a second tumour mass. One of the main causes o f failure in the treatment of 

patients with solid malignancies is the difficulty in controlling or preventing the spread 

of metastases.

The process of tumor cell invasion and metastasis is conventionally understood 

as the migration of individual cells that detach from the primary tumor, enter lymphatic 

vessels or the bloodstream, and seed in distant organs. In case o f malignant 

transformation, however, the fact that lymphocytes are “licensed to move” forms a 

serious threat to the organism, because it permits rapid tumor dissemination irrespective 

of conventional anatomic boundaries limiting early spread in most types o f cancer. The 

role o f the immune system in modulating carcinogenesis is complex; some aspects of 

the immune response are protective by eradicating malignant cells, while others are pro- 

tumorigenic. Multifunctional interactions between neoplastic cells and pro-tumour pro- 

inflammatory microenvironments facilitate malignant conversion and favour selection 

for malignant cells with metastatic potential by engendering development of an 

aggressive malignant phenotype characterized by sustained angiogenesis, local invasion 

and vascular intravasation by neoplastic cells. Upon entry into the neoplastic 

microenvironment, inflammatory infiltrates promote metastatic dissemination by 

enhancing migratory/invasive potential o f neoplastic cells through production of 

proteases, chemokines, cytokines, growth factors, bioactive mediators, reactive oxygen 

species, and histamine, all o f which augment tumour remodelling and angiogenesis 

(Balkwill et al,  2005; DeNardo et al,  2007, 2008, 2009, 2010; Johansson et al ,  2008). 

These inflammatory factors derived from primary tumours change the pre-metastatic 

microenvironment and support colonization o f malignant cells in metastatic sites by 

enhancing neoplastic cell homing to target metastatic organs, extravasations out of 

vasculature, mobilization of bone marrow-derived progenitor cells, activation and 

sustained angiogenesis at secondary site, and enhanced neoplastic cell proliferation and 

survival in the ectopic site (DeNardo et al,  2010).

Since T-cell migration are promising targets for new anti-inflammatory 

therapies, the development of antagonists for integrin receptors, adhesion molecules and 

cytoskeletal dynamics is among the most actively pursued areas in pharmaceutical 

research. The paucity of studies that effectively link microtubule cytoskeleton and cell
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migration highlights the need o f further experiments to decipher the exact role o f MT 

dynamics in T-cell migration.

1.6. Hypothesis

Based on the above-mentioned facts, the present study was designed with the 

following hypotheses:-

H l: LFA-1 integrin stimulation in T-cells activates phosphorylation-dependent 

signalling cascades leading to its migration.

H2: T-cell migration is largely dependent on dynamic microtubule cytoskeleton.

H3: Precisely coordinated signal transduction processes regulate microtubule 

dynamics in migrating T-cells.

1.7. AIMS OF THE STUDY

Research into the molecular basis o f T-cell migration has progressed rapidly 

over the past few years. Key regulatory molecules have been identified and the 

mechanisms o f component processes elucidated, providing potential targets for 

therapeutic intervention. However, the role o f LFA-1 integrin signalling, involvement of 

MT in T-cell migration and the mechanisms by which MT contribute to T-cell 

migration are not fully understood. It will be important to identify components o f  LFA- 

1 signalling and the molecular mechanisms involved in tubulin cytoskeletal 

reorganization in migrating T-cells. Therefore, the aims o f the present study were:-

1. To identify and characterize signalling proteins undergoing tyrosine 

phosphorylation following LFA-1 stimulation in migrating T-cells.

2. To examine the role(s) of microtubuie cytoskeleton in T-cell migration.

3. To investigate molecular signalling mechanisms regulating microtubuie 

dynamics in migrating T-cells.
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CHAPTER 2 

MATERIALS AND METHODS
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2.1. Reagents and antibodies

Lists o f  reagents and antibodies used with their sources are given in tabular form 

in Appendix 1.

2.2. T-cell culture

Human cutaneous T lymphoma cell line Hut78 [American Type Culture 

Collection (ATCC), Manassas, VA, USA] was cultured in RPMI-1640 containing 10 % 

(v/v) heat-inactivated foetal bovine serum (FBS), 100 U/ml penicillin, 100 |ig/m l 

streptomycin and 2 mM L-glutamine (complete medium, Appendix-2) in a humidified 

chamber at 37°C containing 5 % CO2 . The cells were seeded into pre-warmed complete 

medium (10 x 10"̂  cells/m l) and maintained at cell density o f  2 - 10 x 10  ̂ cells/m l by the 

addition o f  fresh pre-warmed media. The cell number was monitored using a 

haemocytometer.

Peripheral blood T-lymphocytes (PBTLs) were isolated from healthy volunteers 

using the Lymphoprep^*^ method. Briefly, blood was collected into tubes containing 

anticoagulant such as EDTA or heparin. The blood (10 ml) was diluted with an equal 

volume o f  sterilised saline solution (0.9 % w /v solution o f  NaCl in distilled water). The 

diluted blood was carefully layered onto 20 ml o f  Lymphoprep™ solution. The two 

phases were not allowed to mix. The samples were centrifuged at 800xg for 20 min at 

room temperature. After centrifugation, the mononuclear cells, which form a distinct 

white band near the sample/medium interface, were removed using a Pasteur pipette 

without removing the upper layer. The harvested fraction was diluted with an equal 

volume o f  saline solution and centrifuged at 250xg^ for 10 min at room temperature. The 

supernatant was removed and the pellet was washed five times with an excess volume 

o f  saline solution to remove any contaminating platelets (a portion o f  the solution was 

analyzed m icroscopically using a haemocytometer to check contaminating platelets, if  

any). T-cells were expanded by culturing in RPMI 1640 medium containing 10% (v/v) 

heat inactivated FBS in the presence o f  1 |ag/ml phytohaemagglutin (PHA) for 3 days. 

The reason for this was (a) to remove any monocytes and macrophages, which adhere to 

the bottom o f  the flask and can be removed whilst the lymphocyte population remain in 

suspension and can be easily isolated and (b) to allow  the cells to rest and undergo 

quiescence, since it was observed in preliminary experiments that the purification
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protocol resulted in activation o f the cells. These cells were then maintained in culture 

medium supplemented with 20 ng/ml IL-2. After 10 days, PBTLs population were 

>95% positive for CDS as detected by flow-cytometry.

In some experiments where indicated, cells were deprived o f serum by culturing 

them in complete medium without added FBS for up to 8 h. The reason for this was to 

bring the basal phosphorylation level o f the cells to a minimum. For studies requiring 

serum starvation, Hut78 cells were used because o f their better response after serum 

starvation than the primary PBTL cells. Moreover, basal protein-phosphorylation level 

was higher in serum starved PBTLs than Hut78 cells, may be because o f continuous 

presence o f IL-2 in the PBTL culture medium and/or necessary pre-activation steps o f  

PBTLs before LFA-1 stimulation.

2.3. Induction o f T-cell motility

T-cells were induced to migrate following LFA-1 integrin activation using our 

well characterized assay as described (Volkov et a l ,  1998, 2001). Briefly, 6- or 96-well 

tissue culture plates, depending on the particular assay type were coated with 1/100 

dilution o f goat anti-mouse IgG or mouse anti-human Fc in sterile phosphate buffered 

saline (PBS) overnight at 4°C. Unbound antibodies were carefully removed and the 

wells were gently washed with sterile PBS. Motility inducing monoclonal anti-LFA-1 

antibody (clone SPVL-7; 1/300 dilution) or human rICAM-1 (1/100 dilution) was added 

to the well and incubated at 37°C for 1 h. Unbound anti-LFA-1 or rICAM-1 were 

discarded and plates were gently washed in sterile PBS. Cells were loaded into the pre

coated wells (60 X 10"̂  cells/well in 6-well plate or 10 x 10̂  cells/well in 96-well plate 

for Hut78 cells; 30 x 10  ̂ cells/well in 96-well plate for PBTLs) and incubated at 37°C 

with 5% CO2 for indicated times.

For rICAM-1 cross-linking o f PBTLs, cells were pre-activated for LFA-1 using 

a previously described procedure (Volkov et a l ,  2001) with minor modifications. 

Briefly, 10-day old cultures were washed twice in wash buffer (Appendix 2). Cells were 

then resuspended in activation buffer (Appendix 2) prior to being loaded into the 

rICAM-1 coated tissue culture plates. In some experiments wherever indicated, cells 

were incubated on poly L-lysine (PLL)-coated plates for control resting cells. Cells 

adhered to this surface without activation. The polarized migrating T-cells display a
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characteristic migratory phenotype as shown in Figure 2.1. The observed locomotory 

phenotype in vitro closely mimics its in vivo equivalent.

2.4. Deformation Index (DI)

In order to quantify migratory phenotype o f  T-cells, DI was calculated as 

described previously (Fanning et a l,  2005). Briefly, images from randomly selected 

fields o f view were recorded and semi-automatic analysis performed using the Scion 

Image software (Scion Corporation, Fredrick, MC, USA) to score DI using the 

following formula.

Elongation Index
Deformation Index = — - — ;— ^ ;—

Circularity Index

Major ellipse diam eter 
Where, Elongation Index = Mino7ellipse d iam eter

4n X Area
Circularity Index = ------------------ r

(Perimeter)^

DI provides a stronger measure o f  the degree o f cell polarization in comparison 

to elongation index and circularity alone and therefore more accurately reflects the 

phenotype o f polarized locomotory cells. Typically, values o f 1-3 are assigned to cells 

that were non-migratory, i.e. cell shape nearing circular. Those cells that display a 

polarized phenotype (cell body and trailing uropod) and therefore a higher degree of 

deformation had higher DI values >3 (Figure 2.1). On an average, more than 40 

randomly chosen cells were scored for each set o f conditions.

2.5. Preparation of cellular lysates of T-eells

2.5 .7 . Cell lysis: The cells were lysed using procedure as described previously (Verma 

et a l ,  2008; Verma and Dey, 2006). Briefly, cells were washed with ice-cold PBS and 

lysed in lysis buffer (Appendix 2). Lysis was carried out at 4°C for 30 min. Cell lysates 

were centrifuged at 16,000xg for 15 min at 4“C and clear supernatants were collected.

2.5.2. Determination o f  protein concentration: The protein content in cell lysates was 

determined using Bradford method based Bio-Rad protein assay according to 

manufacturer's instructions (Bio-Rad Laboratories GmbH, Germany). Briefly, 5 )a,l o f 

cell lysate were mixed with 1 ml o f Bio-Rad staining solution (diluted 1:5) and
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Figure 2.1. A genera! model of T-cell migration. Upon receptor activation by 
immobilized anti-LFA-1 or ICAM-1, T-cells acquire migrating phenotype.
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incubated for 5 min at room temperature before its OD595 (optical density at 595 nm) 

was measured. Protein content was calculated against a standard curve prepared using 

bovine serum albumin (BSA).

2.5.3. Phosphoprotein enrichment: Phosphoprotein enrichment of cell lysates was 

performed using the Phosphoprotein Enrichment Kit as per manufacturer’s instructions 

(Clontech) and outlined in Figure 2.2. The kit provides a simple, affinity-based method 

for purification o f phosphorylated proteins from mammalian cells. Proteins that carry a 

phosphate group on any amino acid - including serine, threonine, or tyrosine - are 

selectively bound by the Phosphate Metal Affinity Chromatography (PMAC) resin. 

Non-phosphorylated proteins simply pass through the resin, along with other 

contaminants. The bound phosphorylated proteins can be eluted from the PMAC 

column. Cells were lysed in Buffer A (extraction/loading buffer, provided by the 

manufacturer) at 4°C for 30 min and the insoluble cellular debris was removed by 

centrifugation at 14,000xg. The clarified cell lysate samples were loaded on separate 

PMAC columns (provided by the manufacturer), that allowed un- phosphorylated 

proteins and contaminants to pass through and to be washed away. The phosphorylated 

proteins were eluted from the column with Buffer B (provided by the manufacturer). All 

the steps were performed at 4°C.

2.5.4. Sample preparation: Cell lysates were normalized for equal protein content as 

indicated for particular immuno-blotting or affinity precipitation experiment and final 

volumes were adjusted with lysis buffer. Protein samples were then boiled at 100°C for 

5 min with Laemmli sample buffer (Appendix 2) and centrifuged briefly (1 min) to 

remove any insoluble solids.

2.6. Immuno-precipitation (IP)

All the steps for IP o f the protein samples from cell lysates were performed at 

4°C as described previously (Verma et a l, 2004). Briefly, protein A agarose conjugate 

(30 |j,l) was aliquoted in microcentrifuge tubes and diluted by adding 30 |il cell lysis 

buffer. To the each tube, 10 |al o f primary antibody was added and incubated for 1 h 

with gently mixing the sample on a suitable shaker. This mixture was centrifuged at 

3 ,0 0 0 xg for 2 min and supernatant was discarded. The protein A agarose pallets were 

washed twice with 1 ml of cell lysis buffer by centrifuging at 3,000xg for 2 min. To
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Figure 2.2. An overview of the PMAC phosphoprotein enrichment 
procedure. Extraction/Loading buffer (Buffer A) contains a mild, non-ionic 
detergent for efficient, non-denaturing extraction o f cellular protein.
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each tube, 500 |j,l of cell lysate was added and further incubated overnight at 4 °C with 

gently mixing the sample on a suitable shaker. The immuno-precipitated complexes 

were collected by centrifugation at 3,000xg for 2 min at 4 °C. Supernatant was 

discarded and the pellet was washed 5 times with 1 ml cell lysis buffer by centrifuging 

at 3,000xg for 2 min. Each pellet was resuspended in 25-100 p.1 Laemmli sample buffer 

(Appendix 2) to a final concentration o f IX sample buffer and boiled at 95°C for 5 min. 

These samples were centrifuged for 1 min at 12,000xg at room temperature and 

supernatant (IP sample) was collected. These IP samples were stored at -70°C for 

further use.

2.7. Sodium dodecyl sulphate poly-acrylamide gel electrophoresis (SDS-PAGE)

Protein samples were resolved by electrophoresis on SDS-PAGE gels to 

separate the proteins according to their size and molecular weight. The gel apparatus 

(ATTO Corporation, Japan) was assembled according to the manufacturer’s 

instructions. Resolving acrylamide gels were prepared to the required percentage by 

adding the components in the order indicated in Table A2.1 (Appendix 2). The gel was 

quickly poured in between the two glass plates until the acrylamide solution reached 1 

cm below the plastic combs. The gel was overlaid with isobutanol to prevent oxidation 

o f the gel, since oxidation can inhibit polymerisation. The gel was allowed to set for 

approximately 40 min at room temperature. Isobutanol was washed off using distilled 

water. The stacking gel was made by adding the components in the order indicated in 

Table A2.2 (Appendix 2). The stacking gel solution was poured on top of the resolving 

gel. The plastic combs were inserted into the stacking gel to make protein sample 

loading wells and the gel was allowed to set for approximately 40 min at room 

temperature. The combs were removed from the gel and any gel lanes that were not 

straight were straightened using a gel-loading tip. The gels were placed into the 

electrophoresis box that was filled with IX SDS-PAGE running buffer (Appendix 

2). Equal amounts o f protein samples and the protein molecular weight ladder were 

loaded into the wells. Electrophoresis was carried out at 100 V / 20 mAmp per gel for 

approximately 1.5 h until the dye front had reached just above the gel base, at which 

stage electrophoresis was discontinued.

48



2.8. Two dimensional (2-D) gel electrophoresis

2.8.1. Protein sample preparation: Cells lysis for 2-D gel electrophoresis were 

performed in RIPA buffer (Appendix 2). Lysis was carried out at 4°C for 30 min. Cell 

lysates were sonicated at 20% power, 5 cycles o f sonication (10 sec each) with 

intermittent incubation on ice for 30 sec. Cell lysates were precipitated by adding 80% 

acetone (4 times volume of cell lysate) and incubating overnight at -20°C. Precipitated 

samples were collected by centrifugation at 16,000xg for 20 min at 4°C followed by air 

drying. Dry pellets were resuspended in 250 |il of rehydration buffer (Appendix 2). 

Samples were centrifuged at 16,000xg for 20 min at room temperature to remove cell 

debris.

2.8.2. Rehydration o f  immobilized pH  gradient (IPG) strip: A 13 cm tray was filled 

with 250 |al sample. With the help of forceps, plastic covering sheet o f the IPG strip (13 

cm) was removed. IPG strip was carefully put on the top o f the sample in such a way 

that gel should face downward and supporting plastic sheet upward, avoiding trapping 

of any air bubble. This was overlayed with mineral oil and covered with the lid.

2.8.3. Isoelectrofocusing: The focussing tray with the IPG strip was mounted on 

Ettan^*^ IPGPhor"^ isoelectrofocusing system (GE Healthcare) with the following 

conditions:-

Step I: 60 V for 15 h

Step II: 500 V for 1 h

Step III: 1,000 V for 1 h

Step IV: 8,000 V for 2 h

2.8.4. Equilibration: After isoelectrofocusing, the IPG strips were transferred to 

equilibration tube containing 15 ml equilibration buffer I (Appendix 2) and kept on a 

rocker for 15 min. Equilibration buffer I was drained off and further equilibrated with 

15 ml equilibration buffer II (Appendix 2) for 15 min.

2.8.5. Second dimension SDS-PAGE: IPG strips were removed from equilibration 

buffer II, and washed briefly in SDS-PAGE running buffer (Appendix 2). The IPG strip
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was placed onto the pre-casted resolving poly-acrylamide gel (as described in 2.7 

above) and overlayed with melted agarose solution (0.8%). SDS-PAGE was performed 

as described above.

2.9. Coomassie blue staining

The SDS-PAGE gel was removed from the glass plates and immersed in fixation 

solvent (Appendix 2) overnight at room temperature with continuous agitation. The gel 

was washed three times in distilled water. The gel was then immersed in incubation 

solvent (Appendix 2) for 1 hour at room temperature with constant agitation. Coomassie 

blue staining solution (Appendix 2) was added to the gel and incubated for 2-3 days at 

room temperature with constant agitation (the container was sealed to prevent 

evaporation). The gel was then washed in distilled water, followed by two washes in 

25% methanol (in distilled water) and the procedure was completed by washing in 

distilled water. The gel was then placed in a clean clear plastic bag, photographed and 

stored at 4°C prior to analysis of the desired bands by mass spectrometry.

2.10. Mass spectrometry analysis

The mass spectrometry analysis and identification of the peptides was performed 

by the collaborating research group at the BMS Mass Spectrometry and Proteomics 

Facility, Centre for Biomolecular Sciences, University of St Andrews, Scotland, UK.

2.10.1. In-gel digestion o f  proteins: The Coomassie stained gel was placed on the 

bench and the desired band was excised with a clean scalpel. The gel pieces were placed 

into the tube and stored at 4°C for further processing. The proteins in each slice were 

digested in-gel with trypsin (Promega) after reduction and alkylation, using a 

Investigator Progest digestion robot (Genomic Solutions Ltd., UK) using standard 

protocols (Shevchenko et a i,  1996). Samples were desalted and concentrated using a 

micro C l8 column (0.2 |al ZipTip, Millipore) according to the manufacturer 

instructions. The peptides were eluted directly from the tip onto the target in 1.5 |̂ 1 

alpha-cyano-4-hydroxycinnamic acid (saturated stock prepared in 50:50 

acetonitrile:0.2% TFA, diluted 1/5 in 60:40 acetonitrile:0.2% TFA).

2.10.2. nLC-ESI-MS/MS: The resultant peptides were separated on an UltiMate 

nanoLC (LC Packings, Amsterdam) equipped with a PepMap C 18 trap & column, with
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a 60 min gradient o f  increasing acetonitrile concentration, containing 0.1 % formic acid. 

The eluent was sprayed into a Q-Star XL tandem mass spectrometer (Applied 

Biosystems, CA) and analysed in Information Dependent Acquisition (IDA) mode, (1 

sec o f MS followed by 2 x 3 sec MS/MS o f the 2 most intense peaks seen by MS. These 

masses are then excluded from analysis for the next 60 sec.

2.10.3. Database searches: MS/MS data for doubly and triply charged precursor ions 

was converted to centroid data, without smoothing, using the Analyst Q S I.l mascot.dll 

data import filter with default settings. The MS/MS data file generated was analysed 

using the Mascot 2.1 search engine (Matrix Science, London, UK) against MSDB May 

2006. The data was searched with tolerances o f  0.2 Da for the precursor and fragment 

ions, trypsin as the cleavage enzyme, one missed cleavage. Three or more matching 

peptides and a significant probability score (p < 0.05 = MOWSE score > 50) were 

required for a secure identity assignment. All MASCOT search results were inspected 

manually to ensure correct matches.

2.11. Bioinformatic analysis

2.11.1. Ingenuity Pathway Analysis (IPA): The IPA software (Ingenuity Systems, 

www.ingenuity.com) is a bioinformatics tool that helps to better understand 

experimental data in relation to published research by identifying relationships, 

mechanisms, functions, and pathways o f relevance through easy dynamic pathway 

modeling. It utilizes the Ingenuity® Knowledge Base, which is an updated repository o f 

biological interactions and functional annotations created from millions o f individually 

modeled relationships between proteins, genes, complexes, cells, tissues, drugs, and 

diseases. The Ingenuity® Knowledge Base is the largest knowledge-base o f  its kind and 

includes;-

A. Ingenuity® Expert Findings: Experimentally demonstrated findings from a wide 

range o f  published biomedical literatures, text books, reviews, internally curated 

by a team of Ph.D. scientists who follow a strict content extraction protocol to 

ensure inclusion o f contextual details.

B. Ingenuity® ExpertAssist Findings: Manually reviewed, automatically extracted 

findings from the abstracts o f broad range o f  biomedical journals (~ 3600 journals, 

updated weekly).
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C. Ingenuity® Expert Knowledge: Ingenuity-modelled knowledge such as signalling 

and metabolic pathways, drug/target/disease relationships, toxicity lists, and more.

D. Ingenuity® Supported Third Party Information: Findings and annotations from 

major NCBI databases (EntrezGene, RefSeq, OMIM disease associations), targets 

and pharmacological relevance of FDA approved and clinical trial drugs 

(Drugs@FDA, Mosby’s Drug Consult), clinical biomarkers, Gene Ontology, NCI- 

60 Cell Line Expression Atlas, microRNA-mRNA target databases, GWAS 

databases, KEGG metabolic pathway information, LIGAND enzyme/substrate 

reactions. Human Metabolome Database (HMDB), GNF Tissue Expression Body 

Atlas, BIND, DIP, MINT, MIPS, BIOGRID, INTACT, COGNIA, 

Clinicaltrials.gov etc..

To generate biological networks, phosphoproteomics dataset was uploaded into 

the IPA software as a tab-delimited text file of Gene IDs. IPA protein networks were 

created and scored based on a Fisher’s exact test. The score for each network gives an 

indication of the likelihood of these genes associating into the network by random 

chance. Each network is displayed as nodes representing genes and edges which 

represent the interactions between genes. The 'IPA Path Designer’ mode was used to 

generate final network images.

2.11.2. NetPhos 2.0: NetPhos 2.0 (www.cbs.dk/services/NetPhos) is a publicly 

available on-line bioinformatic tool for predicting potential phosphorylation sites at 

serine, threonine or tyrosine residues in an eukaryotic protein sequence (Blom et al, 

1999). Protein sequence was uploaded into the NetPhos 2.0 software, which generated 

predicted tyrosine phosphorylation sites with quantitative NetPhos2.0 scores.

2.11.3. PhosphoSitePlus™: PhosphoSitePlus^”̂ is a freely accessible on-line 

proteomics resource devoted to protein phosphorylation plus other commonly studied 

post-translational modifications, with the goal of providing complete coverage of all 

published phosphorylation sites. It provides valuable and unique tools for investigating 

single proteins as well as bulk analyses. Protein sequence was uploaded into the 

PhosphoSitePlus'^''^, which indicated presence potential of tyrosine phosphorylation.

2.11.4. Protein ANalysis THrough Evolutionary Relationships (PANTHER): The

PANTHER Classification System (Pathway version 2.5; www.pantherdb.org) is a
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unique on-line resource that classifies genes by their functions, using published 

scientific experimental evidence and evolutionary relationships to predict function even 

in the absence of direct experimental evidence (Thomas et a i ,  2003). Proteins are 

classified by expert biologists into families and subfamilies o f shared function, which 

are then categorized by molecular function and biological process ontology terms.

2.11.5. Scansite: Scansite version 2.0 (http://scansite.mit.edu) is an on-line user-defined 

tool that identifies short protein sequence motifs that are recognized by modular 

signalling domains, phosphorylated by protein serine/threonine- or tyrosine-kinases or 

mediate specific interactions with protein or phospholipid ligands. Each sequence motif 

is represented as a position-specific scoring matrix (PSSM) based on results from 

oriented peptide library and phage display experiments. Predicted domain-motif 

interactions from Scansite can be sequentially combined, allowing segments of 

biological pathways to be constructed in silico (Obenauer et a i,  2003).

2.11.6. DSSP program: The DSSP database (http://swift.cmbi.ru.nl/gv/dssp) is a 

database of secondary structure assignments (and much more) for all of the entries in 

the Protein Data Bank (PDB) (Kabsch and Sander, 1983). The DSSP program was used 

to determine the values of surface accessibility for individual tyrosine residues in 14-3- 

3(1̂ protein.

2.12. W estern blotting

Western blotting was carried out for the transfer of electrophoresed proteins to 

polyvinylidene fluoride (PVDF) membrane using the semi-dry transfer technique 

according to the manufacturer’s instructions (ATTO Corporation, Japan). The PVDF 

membrane (0.45 |j.m) was activated by soaking it in methanol for 1 min. The membrane 

was then immersed in transfer buffer (Appendix 2) for 10 min at room temperature. A 

gel sandwich was made by placing 4 sheets of Whatmann 3 mm filter paper (pre-soaked 

in transfer buffer) on the anode of the Western blotting apparatus. The PVDF 

membrane was then placed on top of the filter papers and kept moist by flooding it with 

transfer buffer. The gel was then placed on top o f the PVDF membrane and any air 

bubbles between the gel and membrane were carefully removed. Another 4 sheets of 

Whatmann 3 mm filter (pre-soaked in transfer buffer) were placed on top o f the gel. The 

cathode was lowered carefully onto the gel sandwich and any excess transfer buffer
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remaining on the anode was removed with paper towels to prevent the apparatus from 

short-circuiting. Western blotting was performed for 1 h at 100 mAmp / 200 V per gel 

at room temperature.

2.13. Immuno-detection and development of blots

Following Western blotting, non-protein bound sites on the PVDF membrane 

were blocked by incubating the membrane in freshly prepared 5% non-fat milk in PBST 

(Blocking solution. Appendix 2) for 1 hour at room temperature with constant gentle 

agitation. Blots were then washed three times with PBST and incubated with 

appropriate primary antibodies (diluted according to the manufacturers instructions in 

blocking buffer) overnight at 4°C with constant agitation. Following incubation with 

primary antibody, blots were washed five times with 0.1% PBST to remove any 

unbound antibody. Blots were then incubated with the relevant horseradish peroxidase 

(HRP)- or alkaline phosphtase-conjugated secondary antibody (diluted according to the 

manufacturers instructions in blocking buffer) for 1 h at room temperature with constant 

agitation. Unbound secondary antibody was then removed by washing the membrane 

five times with PBST for 10 minutes.

The immuno-blots were visualized using the Enhanced Chemiluminescence 

(ECL) method according to manufacturer’s instruction (Amersham, Arlington Heights, 

IL, USA). ECL reagents were placed on the membrane and incubated for 1 min. 

Membranes were then exposed to Kodak X-OMAT S film for the appropriate time 

period (range 15 sec to 10 min). Exposed films were developed using an automatic 

developer (CURIX 60, AGFA, Type 9462/100/140, Agfa-Gevaert AG, Munich, 

Germany).

2.14. Stripping of Western blot membranes

In some experiments where indicated, PVDF membrane that was exposed to 

film was stripped o f its primary and secondary antibodies and re-probed with different 

antibodies. This procedure was carried out by incubating the PVDF membrane in 

Western blotting stripping solution (Appendix 2) at 50°C for 30 min. The membrane 

was removed from the stripping solution and washed 5 times in PBST. Blocking o f the 

membrane, incubation with primary and secondary antibodies followed by detection o f 

antigens were performed as described above.
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2.15. Densitometric analysis

Densitometric analyses o f the western blots were performed by using GeneTools 

software (Syngene, Cambridge, UK). The relative values of the samples were 

determined by giving an arbitrary value of 1.0 to the respective control samples of each 

experiment.

2.16. Ex vivo polymerized tubulin assay

The evaluation of tubulin polymerization in live cells {ex vivo assay) was 

performed as previously described (Minotti et a l ,  1991). Briefly, untreated or PBOX-15 

treated resting and migrating Hut78 cells (as explained above) were harvested into MT- 

preserving buffer [Pipes 0.1 M (pH 6.9), glycerol 2 M, MgCb 5 mM, EGTA 2 mM, 

0.5% Triton X-100, and protease inhibitors) supplemented with 4 |iM taxol to maintain 

stability of assembled MT during isolation. The supernatant containing unpolymerized 

tubulin was clarified by centrifugation (20,000xg for 45 min) and separated from the 

pellet containing sedimented polymerized tubulin. The pellet was washed once in MT- 

preserving buffer before being denatured in Laemmli sample buffer (Appendix 2).

2.17. Immuno-fluorescent staining and microscopy

Cells were allowed to adhere on the PLL or anti-LFA-1 coated Lab-Tek multi

chamber Permanox® slides (Nalge Nunc International, Rochester; NY, USA). At the 

end o f the assays (migration), slides with cells were fixed by incubating with 3% 

paraformaldehyde (PFA) in PBS for 30 min. Cells were washed twice in PBS for 10 

min and were permeabilized in 0.5% Triton X-100 before staining. The slides were 

blocked by the addition of normal goat serum (3 % v/v serum in PBS). A cover slip was 

placed on top o f the slide and incubated for 30 min at room temperature. Unbound goat 

serum was removed by carefully washing the slide three times in PBS. The primary 

antibody solution diluted as indicated in figure legends of particular experiments was 

added to the slide. A coverslip was placed on top o f the slide and the slide was 

incubated with the antibody for 2 h at room temperature. The coverslip was removed by 

a quick wash in PBS and unbound primary antibody was removed by another three 

quick washes in this solution. The appropriate secondary antibodies and/or nuclear stain 

diluted as indicated in figure legends o f particular experiments were added to the slide 

and incubated for 1 h at room temperature in the dark. The slides were finally washed
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three times in PBS. Two drops of DAKO fluorescent mounting medium (Dako A/S, 

Denmark) was placed on top of the slide and coverslip was placed. Slides were then 

immediately analysed or alternatively stored at 4°C in the dark and analysed at a later 

date.

Conventional phase contrast microscopy was performed on a Nikon TE3000 

inverted microscope (Nikon, Tokyo, Japan) equipped with Leica DC 100 digital 

camera. Fluorescence microscopy was performed by Zeiss confocal workstation 

attached to Zeiss LSM 510 laser module (Carl Zeiss, Thomwood, NY) or Perkin Elmer 

LCI confocal workstation with a Kr/Ar laser attached to a Nikon TE2000-U inverted 

microscope (Nikon, Tokyo, Japan). Images were acquired and processed using Zeiss 

LSM 510 (release 4.0) software (Carl Zeiss) or Ultraview (Perkin Elmer) image 

acquisition software. They were analyzed using the Zeiss LSM Image Examiner (Carl 

Zeiss) or Ultraview (Perkin Elmer) software. At least 20 different microscopic fields 

were observed for each sample.

2.18. siRNA transfection to T-cells by electroporation

Hut78 cells in logarithmic growth (2 x 10  ̂ cells in 200 |̂ 1) were mixed with 

siRNA against mRNA of interest (Dharmacon) or control siRNA with no significant 

sequence similarity to human genes (siCONTROL Non-Targeting pool siRNA, 

Dharmacon) and added to a 2 mm gap cuvette. The electroporation was performed at 

150 V for 2 ms using BTX ECM830 electroporator (BTX Molecular Delivery Systems, 

Holliston, MA). After 10 min, cells were transferred to a 12-well tissue culture plate 

with 2 ml pre-warmed culture medium and incubated for indicated time periods 

depending on particular experiments. Using siGLO labeled control siRNA with no 

significant sequence similarity to human genes (Dharmacon), transfection efficiency 

under a variety o f electroporation conditions was estimated to be greater than 80% (data 

not shovvTi).

2.19. High Content Analysis (HCA) of T-cell migration

In addition to our published work (Verma et a l ,  2008, 2009), a flow-chart of the 

HCA procedure is outlined in Figure 2.3. Thermo Scientific Matrix WellMate 

automated microplate dispenser (Thermo Fisher Scientific Inc. Hudson, NH, USA) was 

used for the initial coating o f the 96-well tissue-culture plate with goat anti-mouse IgG
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Figure 2.3. Flow-chart for High Content Analysis (HCA) of T-cell migration.
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or mouse anti-human Fc. Plates were incubated overnight at 4°C and then washed three 

times with PBS using the WellMate. Motility inducing monoclonal anti-LFA-1 or 

rICAM-1 was added to the plates using the WellMate and incubated for Ih at room 

temperature. PLL coating to the 96 well plates (for control resting cells) were performed 

using the WellMate. Plates were washed three times with PBS using the WellMate and 

stored at 4°C containing 100 |j.l PBS in each well for further use. Cells were treated with 

indicated concentration of the drug using automated Deerac Liquid Handling Systems 

(Labcyte) or Thermo Scientific Matrix Hydra II microdispenser and incubated for 

indicated time. Untreated or treated cells were dispensed to the pre-coated plates using 

the Hydra II microdispenser and they were incubated for 4 h at 37°C in a cell incubator. 

Cells were fixed by adding 3% PFA, permeabilized in 0.5% Triton-XlOO and stained 

for tubulin, actin and nuclei using the WellMate. Plates were scanned using automated 

microscope (IN Cell Analyzer 1000 HCA platform, GE Healthcare, Buckinghamshire, 

England). Images were analyzed using IN Cell Investigator software (GE Healthcare) 

that automatically quantified cell 1/form factor. Heat maps were generated using the 

Spotfire's DecisionSite analytics software.

2.20. Synthesis of PBOX-15

Pyrrolobenzoxazepine 4-acetoxy-5-(l-naphtyl)naphtho[2,3-^]pyrrolo[l,2-</][l,4] 

-oxazepine (PBOX-15) (Figure 2.4) was developed and provided by Prof Campiani’s 

research group at the European Research Centre for Drug Discovery and Development 

and Dipartimento Farmaco Chimico Tecnologico, Universita' di Siena, Via Aldo Moro 

2, 53100 Siena, Italy (Campiani et al,  1996).

2.21. Peptide synthesis

Inhibitory peptide against signal transducers and activators of transcription 

(STAT) - 3 (pY-pept) was prepared by the collaborating research group lead by Prof 

Christine Garbay at the Institut National de la Sante et de la Recherche Medicale 

(INSERM), France (Dourlat et al, 2007, 2009). It is a 12-mer phosphopeptide (AYRN 

RpYRRQYRY), identified through combinatorial chemistry (Wiederkehr-Adam et al, 

2003), binds with high affinity and specificity to STAT3 in a BiaCore competition 

assay. This peptide was conjugated, with a spacer 6-aminohexanoic, to a cell-permeable 

peptide sequence called penetratine or Antennapedia (RQIKIWFQNRRMKWKK), a
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PBOX-15

Figure 2.4. Structure of pyrrolo-l,5-benzoxazepine-15 (PBOX-15) compound.
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vector that has been shown to be highly efficient for delivering bioactive molecules 

(Derossi et a l ,  1994; Dunican and Doherty, 2001). Antennapedia peptide (Antp) alone 

was used as a control peptide.

Peptides were synthesized on an Applied Biosystems (Model 433A) peptide 

synthesizer (Foster City, CA) following standard 9-fluorenylmethoxycarbonyl (Fmoc) 

amino acid chemistry (Fields and Noble, 1990), using HBTU/HOBt/DIEA as coupling 

reagents. All Fmoc protected amino acids and coupling reagents were purchased from 

Novabiochem (Darmstadt, Germany), except Fmoc-protected phosphotyrosine 

derivative, which was from Bachem (Bachem Distribution Services GmbH, Weil am 

Rhein, Germany), with phosphate diprotected by (methyldiphenylsilyl)ethyl moiety 

(Chao et al., 1994). Peptides were cleaved from the polymer support and freed from 

side chain protections in trifluoroacetic acid/triisopropylsilane/water (95/2.5/2.5 in 

volume) for 4 h. After removing the resin polymer, the peptides were precipitated in 

cold ether and purified by semi-preparative reversed-phase high-performance liquid 

chromatography (HPLC) on a C l8 column (Vydac, 5 (im, 10*250 mm). The molecular 

weights o f peptides were confirmed by mass spectrometry (ESI m/z M+H" ;̂ 2246.4 for 

Antp and 4186.2 for pY-pept).

2.22. STAT activation assay using High Content Analysis

Serum starved Hut78 cells (10,000 cells per well in 100 |il medium) were seeded 

in to 96 well tissue culture plates pre-coated with anti-LFA-1, ICAM-1 or PLL. Cells 

were incubated for different time periods depending on particular experiments, fixed 

and stained with Cellomics® HCS reagent kit for STAT activation as per 

manufacturer’s instructions (Thermo Fisher Scientific Inc.). Plates were scanned (three 

randomly selected fields per well containing at least 300 cells) using IN Cell Analyzer 

1000 automated microscope (GE Healthcare). Images were acquired using 20X 

objective. STAT activation was measured and analyzed by IN Cell Investigator 

software using nuclear trafficking analysis module (GE Healthcare) that quantifies 

nuclear to cytoplasmic fiuoresccnce intensity.
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2.23. Apoptosis detection assays

To analyze cell-death by apoptosis, one or more of the following assays were 

performed:-

2.23.1. Nuclear morphology analysis: To characterize nuclear morphology, nuclei were 

stained with Hoechst. Florescent images were acquired and analyzed using IN Cell 

Analyzer 1000 automated microscope and IN Cell Image Investigator software (GE 

Healthcare, Buckinghamshire, England).

2.23.2. TUNEL assay: Terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) assay was performed according to manufacturer’s instructions (ApoAlert® 

DNA Fragmentation Assay Kit, Clontech Laboratories, Inc., Mountain View, CA) and 

described (Verma and Dey, 2004). Florescent images were acquired by Zeiss confocal 

workstation attached to Zeiss LSM 510 laser module using 63X oil immersion lens and 

Zeiss LSM 510 (release 4.0) software (Carl Zeiss, Thomwood, NY). TUNEL positive 

cells stained green.

2.23.3. Flow cytometry analysis: Cells undergoing apoptosis were analysed by flow 

cytometry. At least 10,000 events were recorded following fluorescein isothiocyanate 

(FITC)-annexin V / propidium iodide staining using BD Pharmingen FITC Annexin V 

apoptosis detection kit II (BD Biosciences, California, USA). The cells were harvested 

by centrifugation and were washed in ice-cold PBS and finally resuspended in ice-cold 

IX binding buffer (supplied with the kit) at a concentration of 1 x 10  ̂cells per ml. Cells 

(1 X 10  ̂ cells in 100 |xl) were transferred to a 5 ml culture tube and 5 |j.l o f FITC 

Annexin V (supplied with the kit) and 5 |xl PI (supplied with the kit) solution were 

added. Cells were gently vortexed, incubated for 15 min at room temperature in the dark 

and 400 |al binding buffer was added to each tube. The samples were then immediately 

analysed by flow cytometry (BD FACSCalibur^'^^ system, Franklin Lakes, NJ).

2.24. Cell viability assay

Cell viability was measured by CellTiter 96 AQ One Solution Cell Proliferation 

Assay according to the manufacturer’s instructions (Promega, Madison, Wisconsin). 

Briefly, cells were distributed in 96-well microplates (10"̂  cells/well) in 100 [J.L of 

medium in triplicate. 20 jiL o f 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxy-
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phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt was added to each well and 

incubated for 4 h. The relative cell viability was calculated by determining the 

absorbance at 490 nm using a microplate reader (Tecan, Switzerland).

2.25. Cell adhesion assay

Cell adhesion assay was performed as described previously (Aoudjit and Vuori, 

2000) with minor modifications. Briefly, Untreated or pre-treated Hut78 cells (1.5 x 10“̂ 

cells in 100 1̂ o f medium) were added to the wells of anti-LFA-1 coated 96-well 

microtiter plate (as described above). The cells were then incubated for 1 h at 37°C. 

Non-adherent cells were removed by gentle washing three times with PBS and fixed 

with 1% glutaraldehyde, 0.5% sucrose in PBS for 15 min at room temperature. After 

two washes with PBS, the cells were stained with 0.5% crystal violet in 20% 

methanol/PBS for 30 min at room temperature. The cells were then washed five times 

with PBS and the cell-bound stain was re-solubilized in methanol. Cell adhesion was 

quantified by measuring the absorbance at 590 nm using a microplate reader (Tecan, 

Switzerland).

2.26. Statistical analysis

For comparison of two groups, p-values were calculated by two-tailed unpaired 

student’s t-test. In all cases p  < 0.05 was considered to be statistically significant.
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CHAPTER 3

RESULTS

Tyrosine phosphoproteome analysis in 
LFA-1 triggered migrating T-cells
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3.1 Introduction

T-lymphocytes are remarkably dynamic cells, continually seeking contacts and 

connections with their environment. Circulating, activated T-cells migrate towards sites o f 

inflammation, wriggling between tightly opposed vascular endothelial cells to gain access 

to the tissue. As discussed in the ‘General introduction’ section, activated T-cells 

implement a series o f  cell responses upon LFA-1 stimulation like adherence to matrixes, 

shape change, spreading etc. leading to migration (Smith et a l,  2007; Volkov et a l,  2001). 

This presumes the precise coordination o f different signalling pathways (Moissoglu and 

Schwartz, 2006). These signalling pathways mostly comprise the reversible 

phosphorylation/dephosphorylation o f multiple proteins on various serine, threonine and 

tyrosine residues. Over the past two decades, it has become clear that one o f the earliest 

biochemical events initiated following binding o f adhesive ligands to integrins in migrating 

T-lymphocytes is the increased tyrosine phosphorylation o f proteins. These changes in 

tyrosine phosphorylation are predoninantly caused by the activation o f integrin-stimulated 

tyrosine kinases.

In the typical vertebrate cell, pTyr represents only a tiny fraction (--O.OSyo) of total 

protein phosphorylation (Machida et a l,  2003). Despite its relatively infrequent occurrence, 

tyrosine phosphorylation is especially important because it plays a key role in a variety o f 

important cell signalling pathways (Machida et a l ,  2003). Changes in tyrosine 

phosphorylation have significant effects on cell growth, differentiation, and motility. 

Because deregulation o f these events may directly lead to human diseases such as cancer 

and metabolic disorders by inducing abnormal signals, they are now a major focus of 

biomedical research. Therefore, the first step toward elucidation o f the critical signalling 

pathways involved in T-cell migration is the identification o f the components o f the 

signalling network and proteins undergoing tyrosine phosphorylation in response to 

integrin receptor stimulation. Improved knowledge about the identity of tyrosine 

phosphorylated proteins, their interacting proteins, and their involvement in LFA-1 induced 

signalling will promote the understanding of biological pathways and critical cellular 

processes involved in T-cell migration.
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Phosphoproteomic approach has an enormous potential in the analysis o f changes in 

the abundance o f proteins and their post-translational modifications. In view o f the 

complexity in the phosphoprotein network, the recent progress made in the development of 

techniques to identify proteins by mass spectrometry is o f increasing importance. In recent 

years, the availability o f selective antibodies targeted at tyrosine phosphorylated proteins 

facilitated the purification o f these proteins and their binding partners, allowing 

identification by very sensitive LC-MS-based analysis (Machida et a l ,  2003). Such 

phosphoproteomic approaches have been used in a number o f studies addressing temporal 

responses to receptor stimulation (Rush et al., 2004; Wang et al., 2006; Thelemann et al., 

2005; Korbel et al., 2005; Hinsby et al., 2004; Steen et a l ,  2002; Blagoev et al., 2004).

3.2 Objectives

Based on the above mentioned facts, the aim o f this part o f the study was to identify 

and characterize proteins undergoing tyrosine phosphorylation following LFA-1 

stimulation in migrating T-cells. We applied a targeted proteomic approach combined with 

phosphoprotein enrichment, followed by the mass spectrometry and bioinformatic analysis 

of the immunoaffinity purified pTyr containing proteins as outlined in Figure 3.1. We 

further validated a subsection o f these proteins by Western blotting o f lysates of 

locomotory lymphocytes triggered via LFA-1. Therefore, to achieve this aim, our specific 

objectives were:-

3.2.1. To examine the status o f proteins undergoing tyrosine phosphorylation following 

LFA-1 cross-linking.

3.2.2. To efficiently isolate tyrosine phosphorylated proteins.

3.2.3. To identify tyrosine phosphorylated proteins by the mass spectrometry analysis.

3.2.4. To validate some the identified pTyr proteins in LFA-1 induced T-cell migration.

3.2.5. To characterize the identified pTyr proteins by bioinformatic analysis.
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Hut78 Cells LFA-1 induced
Serum starved migrating Hut78 cells

Cell lysis Immunoblotting
Anti-pTyr

Phospho-protein enrichment

Affinity purification 
Anti-pTyr

SDS-PAGE

nLC-ESI
MS/MS

Protein identification 
MASCOT

Figure 3.1. Experimental schema used for enrichment of phosphotyrosine proteins and 
their identification. Resting or migrating Hut78 T-cells were lysed, enriched for 
phosphoproteins followed by immunoaffinity purification o f tyrosine phosphorylated proteins 
and resolved by SDS-PAGE. Proteins bands showing increased intensity were excised and 
subjected to mass-spectrometric analysis for identification.
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3.3. Results

3.3.1. Locomotory phenotypes in migrating T-cells

Cross-linking o f  T-cell surface LFA-1 integrin receptor by mAb mimicking to a 

certain extent multivalent interactions with natural ligands has been successfully used as a 

model to study intracellular signalling processes (Volkov et a l ,  2001, Homasany et a l,  

2005; Verma et al., 2009). Antibody-induced effects in this case are judged by 

m orphological changes in the cells displaying migratory phenotypes and cytoskeletal 

rearrangement (Volkov et a l,  2001, Verma et al., 2009). In the present study, we used the 

migration triggering model system utilizing T-cell lymphoma line Hut78 that displays an 

activated T-cell phenotype (Volkov et al., 2001; M urphy et al., 2000). When these cells are 

exposed to a triggering signal via LFA-1 by immobilized monoclonal antibody specific for 

its aL -chain , a tem porally well defined migrating programme is initiated (Volkov et al., 

2001). Cells exhibit striking morphological changes from the beginning o f  incubation 

losing their circularity and over the course o f  4 h eventually displaying characteristic 

migratory phenotype with polarized morphology and long cytoplasmic projections (Figure 

3.2). Such morphological changes in T-cells accom pany cytoskeletal rearrangement as 

demonstrated by staining for cytoskeletal proteins tubulin and actin (Figure 3.3).

3.3.2 Proteome of Hut78 cells during migration

To investigate the dynamics o f  protein expression occurring during LFA-1 induced 

migration process in T-cells, we analyzed the total cell lysates o f  m igrating Hut78 cells 

harvested at different time points. The protein samples were separated by SDS-PAGE and 

stained with CBB (Figure 3.4). However, no detectable change in the expression o f  protein 

was observed during these time points by this method. Resolving the cell lysates o f resting 

and migrating Hut78 cells by 2-D gel electrophoresis did not show m ajor changes in the 

protein expression profile (Figure 3.5). These observations suggested that signalling events 

involved are based, to a large extent, on post-translational m odifications o f pre-existing 

proteins w ithout the need for significant de novo protein synthesis.
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Figure 3.2. Time-dependent changes in T-cell morphology in response to a 
locomotory signalling via LFA-1. Hut78 cells were incubated on poly L-lysine (0 
min) or anti-LFA-1 coated 96-well plates (10"' cells/well) for 5, 10, 15, 30 or 240 
min and photographed using Nikon phase contrast microscope (lOOX oil). At least 
20 microscopic fields under each conditions were photographed and representative 
figures are shown. Results shown are representative o f three independent 
experiments.
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Resting Hut78 cells LFA-1 stimulated migrating Hut78 cells

Figure 3.3. Cytoskeletal systems in resting and migrating T-cells. Hut78 cells 
were incubated on poly L-lysine (resting) or anti-LFA-1 (migrating) coated chamber 
slides for 4 h. Cells were immunostained for a-tubulin (green), actin (red) and nuclei 
(blue) and visualized by a Zeiss LSM 510 fluorescence confocal microscope (63X 
oil). At least 20 microscopic fields under each conditions were photographed and 
representative figures are shown. Results shown are representative o f three 
independent experiments.
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Figure 3.4. Hut78 cell protein expression profile in response to LFA-1 cross- 
linking. Serum starved Hut78 cells (0 min. Resting) were incubated on anti-LFA-
1 coated plates {Migrating) for 5, 10, 15, 30 or 240 min and lysed. Total cell 
lysates (10 |ig each) were resolved by 10% SDS-PAGE and the gel was visualized 
by CBB staining.

70



3

Resting

10
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Figure 3.5. 2-D proteome profile of resting and migrating Hut78 cells. Serum 
starved Hut78 cells (Resting) were incubated on anti-LFA-1 coated plates 
{Migrating) for 4 h and lysed. Total cell lysates (100 (xg each) were subjected to 
2-D proteome profiling by electrofocusing on 17 cm IPG strips of pH range 3-10 
and resolving by 10% SDS-PAGE. Gels were visualized by CBB staining. 
Arrows indicate prominent visual changes in protein expression.

71



3.3.3. Tyrosine phosphorylation o f proteins in T-cell during LFA-1 induced  

migration

Integrin signalling relies on the reversible tyrosine phosphorylation o f  downstream 

effector proteins (Clark and Brugge, 1995). Therefore, we set out to identify proteins that 

are tyrosine phosphorylated after LFA-I stimulation. Total cell lysates o f  Hut78 cells 

migrating in response to LFA-1 stimulation harvested at multiple time points were Western 

blotted for pTyr. Interestingly, the pTyr profile showed a time-dependent increase in the 

number o f  tyrosine phosphorylated proteins during migration with the highest and sustained 

level at 30 min (Figure 3.6). Similar results were observed when these cells were 

immunostained with anti-pTyr and subjected to immunofluorescence microscopy (Figure 

3.7). Additionally, High Content Analysis (HCA) using IN Cell Analyzer 1000 indicated 

that inhibiting protein tyrosine kinase activity by Genistein significantly inhibited LFA-1 

induced T-cell migration (Figure 3.8). These suggest that tyrosine phosphorylation o f  

proteins is an early and important event in T-cell migration. Thus, a 30 min time point was 

used for the subsequent experiments.

3.3.4. Isolation o f tyrosine phosphorylated proteins

The most prevalent method for the isolation o f  tyrosine phosphorylated proteins is 

by immunoprecipitation with anti-pTyr antibody (Machida et al ,  2003), that allows 

unambiguous identification o f  proteins by mass-spectrometric analysis. It should be noted, 

that not all detected proteins are phosphorylated when immunoprecipitation or pull-down 

methods are used for enrichment, because unmodified proteins can bind to and co

precipitate with phosphoproteins.

The immunoprecipitation o f  tyrosine-phosphorylated proteins had to be optimized. 

Initial approach to immunoprecipitate 500 fig cell lysates with anti-pTyr antibody failed 

because protein-bands were hardly visible in colloidal CBB stained SDS-polyacrylamide 

gel (data not shown). The low abundance (0.05%) o f  tyrosine phosphorylated proteins 

(Machida et al ,  2003) highlighted the need to improve the efficiency o f  

immunoprecipitation. Therefore, to efficiently isolate a comprehensive collection o f  pTyr 

proteins, an approach to enrich the phosphoprotein from the whole cell lysates was applied
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Figure 3.6. Phosphotyrosine protein profile o f migrating T-cells. Serum 
starved Hut78 cells (0 min) were incubated on anti-LFA-1 coated plates for 5, 
10, 15, 30 or 240 min and lysed. Cell lysates (10 |ig each) were separated by 
SDS-PAGE (10% gel) and after western blotting probed with anti-pTyr 
antibody (1:1000); a-Tubulin (1:2000) was used as a loading control. Results 
shown are representative o f  three independent experiments.
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pTyr a-Tubulin Nuclei Merge Phase
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Figure 3.7. Phosphotyrosine im m unostaning o f Hut78 cells during LFA-1 induced 
m igration. Serum starved Hut78 cells were incubated on poly-L lysine (0 min) or anti-LFA-1 
coated plates for 5, 10, 15, 30, 240 min and fixed. After permeablization with 0.5% Triton X- 
100, cells were immunostained for phosphotyrosine (1:200; red) and a-tubulin (1:500; green). 
Nuclei were stained with Hoechst (blue). Cells were visualized by Nikon florescence 
microscope with 40X objective lens. At least 20 microscopic fields from three independent 
experim ents were photographed and representative images are shown.
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Genistein
Anti-LFA-1

Figure 3.8. Effect of tyrosine kinase inhibition on T-cell migration.
Untreated or Genistein treated Hut78 cells were incubated on anti-LFA 
coated 96-well plate for 4 h. T-cell migratory phenotypes were analyzed 
using HCA by quantifying cell 1/form factor (form factor = 4n area/ 
perimeter' is the measure o f roundness). Data is mean ± SEM of three 
independent experiments performed in triplicates. *p<0.05.
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as schematized in the ‘Materials and Methods’ section (Figure 2.2). Phospho-enriched 

proteins from 4 mg cell lysates were immunoprecipitated with anti-pTyr, resolved by SDS- 

PAGE and stained with colloidal CBB for visualization o f  proteins. As expected, overall 

tyrosine phosphorylation was enhanced by LFA-i stimulation (Figure 3.9).

3.3.5. Identification of phosphotyrosine containing proteins by nanoLC-MS/MS

The differentially tyrosine-phosphorylated gel bands that were clearly present in the 

LFA-1 stimulated lane exhibiting strong band intensity (15 bands) were excised from the 

gel (Figure 3.9). These were subjected to mass spectrometry analysis as described in the 

‘Materials and Methods’ section. A total o f  72 proteins were identified by the evaluation o f  

the nanoLC-MS/MS data (Table 3.1). MS spectra o f  some proteins are given in Figure 

3.10.

To further support these results, we searched the NetPhos 2.0 server 

(www.cbs.dk/services/NetPhos) which predicts tyrosine phosphorylation sites in eukaryotic 

protein. The identified proteins were annotated at PhosphoSitePlus'*''^ database 

(www.phosphosite.org), a comprehensive resource o f  human in vivo phosphorylation sites. 

The results (not shown) suggested that most (91.04%) o f  the identified proteins contained 

at least one tyrosine phosphorylation site. In addition, each gene was researched by manual 

examination o f  published literature using PubMed.

3.3.6. Categorization of the identified proteins

We used PANTHER (Protein ANalysis Through Evolutionary Relationships, 

www.pantherdb.org) Gene Ontology™ (GO) to categorize all the identified proteins based 

on their molecular functions (Figure 3 .1 1). They were categorized into 6 groups as proteins 

involved in signal transduction, cytoskeletal reorganization, transcriptional regulation, 

protein biosynthesis, metabolic enzymes and others (Figure 3 .11). The identities o f  some o f  

these proteins such as tubulins, actin and talini was expected to appear in the analysis, as 

they were previously reported to be involved in cell migration processes.
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Figure 3.9. SDS-PAGE o f differentially tyrosine-phosphprylated proteins in 
migrating T-cells. Serum starved Hut78 cells were stimulated by incubating on 
anti-LFA-1 coated plates for 30 min. Cells were then lysed and cleared cell lysates 
(4 mg each) were enriched for phosphoproteins followed by immunoprecipitation 
using anti-pTyr. The immune complexes were resolved by SDS-PAGE (10% gel) 
and visualized by colloidal CBB staining. Bands o f  interest, as indicated, were 
excised and processed for subsequent mass spectrometric analysis.
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Table 3.1. A list o f proteins identified by nLC-ESl-MS/MS shown in Figure 3.9.

Band
No.

Protein Name Accession No. MASCOT
score

No. Unique 
peptides

Sequence 
coverage (%)

1 FASN variant protein Q4LE83_HUMAN 842 30 13

CAD Q53SY7_HUMAN 410 20 11

Talin 1 Q5TCU6_HUMAN 290 13 8

Prp8 AAH64370 143 7 3

elF-5B 1F2P_HUMAN 95 5 5

2 ATP-dependent RNA helicase A DHX9 HUMAN 109 4 2

Chromatin-specific transcription elongation factor FACT Q9Y5B9HUM AN 82 4 7

3 GTF2I Q75M85_HUMAN 662 23 24

MCM2 BAA12177 210 8 15

Flypothetical protein FLJ43793 Q6ZUD8_HUMAN 186 7 7

Valine-tRNA ligase PN0474 99 3 3

4 PARP-1 PA RPIH U M A N 743 24 32

ATP citrate lyase AAH06195 489 15 16

Nucleolin NUCL-HUMAN 305 10 15

ATP-binding cassette sub-family F Q5STZ7_HUMAN 170 7 10

FLJ00293 protein Q6ZNK5_HUMAN 123 5 6

Splicing factor SF3a S60735 88 4 6



5 DNA topoisomerasel ISHUTl 503 27 27

Tumor rejection antigen (Gp96) 1 Q5CAQ5 70 3 6

Splicing factor proline/giutamine rich Q6PIX2HUM AN 52 3 6

6 Hsp90 p Q5T9W7_HUMAN 1007 26 34

Hsp90 a HHHU86 841 10 31

DNA replication licensing factor MCM5 BAA12176 370 13 24

Leucocyte adhesion protein (3 chain IJHULM 335 11 16

Dead box protein 15 AAF90182 227 8 10

Structure-specific recognition protein SSRPI Q5BJG8_HUMAN 238 7 12

RNA-binding protein EWS A49358 133 3 8

Importin (3 subunit IQGRA 132 7 8

Transferrin receptor JXHU 119 4 6

7 Moesin MOES_HUMAN 94 4 8

8 L-plastin Q9NTI9HUM AN 106 6 10



9 H+-transporting two-sector ATPase, a-chain PWHUA 304 13 23

H+-transporting two-sector ATPase, P-chain A33370 244 8 24

Tubulin p i Q5JP53_HUMAN 265 9 23

Tubulin a UBRTA 68 13 7

Nuclear RNA helicase AAB50231 119 4 10

RuvB-like 2 RUVB2_HUMAN 100 3 10

eE F -l,a -l chain EFHUl 137 5 11

hnRNP H HNRH1_HUMAN 51 3 6

10 Actin Y I ATHUG 667 17 40

Translation elongation factor Tu CAA59169 338 10 25

Adenosylhomocysteinase SA H H H U M A N 413 10 22

Translation initiation factor eIF-4A I F1MS4A 124 3 13

Testin 1 Q53GU1_HUMAN 67 3 6

Ubiquinol-cytochrome c reductase core protein II AAH00484 61 3 7

Multifunctional protein ADE2 PUR6_HUMAN 57 3 9

Isocitrate dehydrogenase Q5GL5_HUMAN 54 3 9

ErbB3 binding protein EBPl Q 9U M 59JIU M A N 78 3 8

11 Protein arginine methyltransferase 4 Q 5U 8W 9H U M A N 153 5 24

hnRNP C l/C 2 HNRPC_HUMAN 133 5 14

hnRNP El CAA55016 121 4 21

Guanine nucleotide-binding protein GNAI2_HUMAN 102 3 11



12 Glyceraldehyde-3-phosphate dehydrogenase 
(phosphorylating)

DEHUG3 476 13 40

TAX-responsive enhancer element binding protein 107 RL6_HUMAN 266 10 26

Elongation factor 16 E F ID H U M A N 173 5 21

L-lactate dehydrogenase DEHULH 140 6 18

Fibrillarin Q96BS4_HUMAN 138 6 24

LASPI protein Q96IGO_HUMAN 111 4 12

13 Histone H I -4 HSHUIB 306 7 31

Histone H I -5 H 15H U M A N 275 7 31

Ribosomal protein S6 R3HU6 154 3 10

40S ribosomal protein S3a R S 3A H U M A N 151 7 24

14 Ribosomal protein L7 R5HU7 265 9 31

Ribosomal protein S8 R3RT8 155 6 34

Prohibitin Q6FHP5_HUMAN 150 4 16

Histone H I -3 H13_HUMAN 138 5 20

14-3-3^ IQJAA 76 3 22

ANT 2 ADT2_HUMAN 62 4 13

15 Ribosomal protein S9 Q4QRK7_HUMAN 188 8 40

GTP-binding protein Rac2 B34386 68 3 15

Ribosomal protein L I 7 R5HU22 78 5 29

60S ribosomal protein L29 Q 6IP11H U M A N 99 3 13
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Figure 3.10. MS map o f anti-pTyr immunoprecipitatcd peptides. Shown is the nanoLC-M S/M S 
spectra o f tryptic peptides derived from some anti-pTyr immunoprecipated proteins identified in this 
study. The fragmentation pattern o f  the peptide is indicated. The peptide sequence for each mass and 
the peptide coverage are shown in red.
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Figure 3.11. Summary of tyrosine pliosphoproteomics data. Proteins identified from 
anti-pTyr affin ity purification and mass spectrometric analysis were categorized based on 
their molecular functions and listed. The numbers and percentages o f proteins for each slice 
are shown in parentheses.
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3.3.7. Validation o f tyrosine phosphorylated proteins by W estern im m unoblotting

Next, we sought to validate some o f  the identified candidate proteins. Five target 

proteins (a-tubulin, talin l, moesin, L-plastin, and 14-3-3Q were selected for further 

biochemical validation. For this purpose, serum starved Hut78 cells were stimulated via 

immobilized anti-LFA-1 or lCAM-1 for 30 min. Cell lysates were then immunoprecipitated 

separately with anti-pTyr or anti-lgG (isotype control) and probed with antibodies to the 

selected six proteins. Western blot analysis was consistent with the results from mass 

spectrometry for all o f  the proteins tested (Figure 3.12A-E).

3.3.8. In-silico protein network analysis of identified tyrosine phosphoproteome

Ingenuity Pathways Analysis (IPA) was used to interrogate biological networks 

associated with identified tyrosine phosphoproteome data obtained from migrating T-cells. 

Gene IDs o f  all the 72 identified proteins were uploaded to Ingenuity software, o f  which 68 

could be mapped using Ingenuity’s knowledge database. IPA o f  these 68 genes resulted in 

the generation o f  four networks o f  protein and/or gene associations. The top three scoring 

networks are shown (Figure 3.13). These networks are related to a number o f  functions 

including immune response, cell movement, cell morphology, cell cycle and gene 

expression. Conditions associated with the networks include cancer, gastrointestinal disease 

and immunological diseases.

The mapped genes were significantly associated with a number o f  canonical 

pathways that are pre-defined in IPA. Three o f  the top pathways are involved in cell 

migration and include integrin signalling (p=3.51E-06), leukocyte extravasation signalling 

(p=3.33E-05) and cytoskeleton rearrangement (p=7.36E-05). As we are principally 

interested in LFA-I integrin signalling, a network was generated by growing out the 

canonical pathway using the build function in IPA. The nodes added were restricted to 

proteins within our list and those which are directly interacting with each other. Some 

additional nodes such as cofilini, STAT3 and stathmin previously demonstrated to be 

involved in LFA-I signalling (Verma et a i ,  2009; Burkhardt et a l ,  2008) were 

subsequently added to further enrich the network (Figure 3.14). This network demonstrates 

how proteins within our list interact with key components o f  LFA-I integrin signalling. O f
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■ô a .

i  <c u.
O - I
o  i

c m

i: <
o

Figure 3.12. Validation of MS/MS data for selected proteins by western blot analysis. Serum 
starved Hut78 cells were incubated on anti-LFA-1 or ICAM-1 coated plates for 30 min. Cells were then 
lysed and cleared cell lysates (500 ng each) were immunoprecipitated with anti-pTyr (IP: pTyr) or IgG 
(isotype control; IP: IgG). Immunoprecipitates and whole cell lysates (used as a control 20 |ag each; 
WCL) were western blotted {WB) and probed with anti-a-tubulin (A), anti-talini (B), anti-moesin (C), 
anti-L-plastin (D) or anti-14-3-3^ (E). Relative densitometric analysis o f the individual bands is 
presented. Data are mean ± SEM o f three independent experiments. *p<0.05 with respect to 
corresponding controls.
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the genes in the network, 14-3-3^ represents the most connected node having a total o f  11 

edges, suggesting crucial importance o f  this protein in regulating lymphocyte migration.

3.3.9. Bioinform atic analysis o f a novel protein 14-3-3^

The above results indicated that a novel protein ] 4-3-31^ undergoes tyrosine 

phosphorylation following LFA-I stimulation in migrating T-cells and suggested the 

existence o f  novel mechanisms o f  action for this protein. Therefore, detailed bioinformatics 

analyses were performed to support the possibility and in order to identify potential 

tyrosine phosphorylation sites in \A-3-3C^ and the phosphotyrosine binding proteins these 

sites have the potential to recruit. An examination was carried out for the presence of 

individual tyrosine residues capable o f  phosphorylation and hence candidates to bind 

proteins containing SH2/PTB domains in 14-3-3^ protein. Analysis using NetPhos 2.0 

protein phosphorylation sites server provided high scores (>0.700) for Tyrl9 , T y r l lS ,  

T yrl79  and T y r2 l l  suggesting a high probability for these residues to undergo 

phosphorylation (Figure 3.15). The motif-based profile scanning tool, Scansite 

(www.scansite.mit.edu) indicated four putative SH2 binding sites in 14-3-3i!^, two 

corresponding to p85 ( ’^YDDM^^ and "^Y LK M ’^'), one to Src ( ‘^^YYEl'*') and one to She
1 y n  I 0 2

( YEIL ) (Figure 3.15). Next, the values o f  surface accessibility were determined for 

each individual residues using DSSP programme (Kabsch and Sander, 1983). In the context 

o f  the solved crystal structure o f  14-3-3^, Tyrl9 , T yrl79  and Y 2 1 1 were found to be highly 

exposed (Figure 3.15). The amino acid sequences o f  different 14-3-3 isoforms o f  various 

species (human, mouse and D. melanogster) were also analyzed (Figure 3.16). From the 

sequence alignment data, it is clear that tyrosine residues at 19, 48, 82, 125, 128, 149, 178, 

179, and 211 are highly conserved in the different isoforms and across different species.

Considering all the above mentioned parameters, T yrl9  and T yrl79  could be 

considered as potential phosphorylation sites with high NetPhos2.0 scores, SH2 binding 

sites and high surface accessibility. However, closer examination o f  the crystal structure of 

14-3-31^ indicated that while T yrl9  had a high surface accessibility, it was located deep 

within the phosphoserine/threonine binding grooves (Figure 3.17). Therefore, T yrl79  o f
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Figure 3.15. Bioinformatic analysis of 14-3-3^ tyrosine phosphorylation. The human 
14-3-3^ protein sequence was examined for potential phosphorylation sites using NetPhos 
2.0 and putative binding sites using Scansite. The relative surface accessibility o f each 
tyrosine residue was calculated using DSSP and expressed as a percentage o f exposed 
surface over total surface for a given residue. NetPhos 2.0 values range from 0 to 1.
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Figure 3.16. Sequence alignment analysis of 14-3-3!  ̂ from different species. Tyrosine (Y) 
residues are aligned and highlighted with orange shade, h, human, m, mouse; d. Drosophila 
Melanogaster.
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Figure 3.17. Crystal structure o f human 14-3-3^. Locations o f  tyrosine (Y) 
residues are indicated. N, N-terminus; C, C-terminus.
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14-3-3i!^ could be a potential phosphorylation site that may interact with the SH2 dom ain o f  

She.

3.3.10. Effect o f 14-3-3^ knockdown on LFA-1 induced T-cell migration

To further investigate functional involvem ent o f  l4-3-3(!^ in T-cell migration, we 

attempted to knockdow n its expression by siRN A approach. Electroporation o f  Hut78 cells 

with specific s iRN A  against \4-3-3C, resulted in significant reduction o f  \4-3-3l^  expression 

in a dose-dependent m anner with m axim um  effect at 500 nM concentration o f  siRNA 

(Figure 3.18). However, we could not detect significant change in LFA-1 induced 

migration o f  Hut78 cells after 14-3-3i!; knockdow n, as m easured by High Content Analysis 

(Figure 3.19).

3.4. Discussion

Integrin receptor engagem ent in T-cells activates several proteins by tyrosine 

phosphorylation that initiates s ignalling cascades and contributes to the assembly o f  a 

‘s ignalosom e’, a multiprotein com plex  including various enzym es, their substrates and 

scaffold/adapter proteins. The identification o f  proteins undergoing tyrosine 

phosphorylation in migrating T-cells response to LFA-1 integrin stimulation is essential for 

understanding m olecular m echanism s o f  the relevant signalling pathways. Rapid progress 

in m ass spectrometric technology in the past few years has allowed analysis and 

identification o f  proteins undergoing such post-translational m odifications with 

unprecedented levels o f  sensitivity. Technologies for selective enrichm ent o f  

phosphoproteins and availability o f  protein sequence data have further improved the 

phosphoproteom ic studies, particularly the identification o f  tyrosine phosphorylated 

proteins.

In the present study, by selective im munoprecipitation o f  phosphotyrosine 

containing proteins coupled with m ass-spectrom etric analysis, w e identified several 

proteins and their associated com plexes involved in LFA-1 induced T-cell migration. A 

total o f  72 proteins were identified as involved in LFA-1-triggred T-cell migration, and we 

propose these as signalling com ponents  o f  the LFA-1 signalling pathway. We identified
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Figure 3.18. siRNA mediated inhibition of 14-3-3^ expression in T-cells. Hut78 cells (N/T) 
were electroporated with 500 nM non-specific siRNA (N/S siRNA), 100 nM, 300 nM or 500 
nM siRNA targeted against 14-3-3(!  ̂ (14-3-3i^ siRNA) and lysed after 48 h. (A) Whole cell 
lysates (20 ^g each) were Western immunoblotted with anti-14-3-3(!^ (1:1000; 14-3-3Q, anti- 
a-tubulin (1;2000; a-Tuhulin), or anti-GAPDH (1:1000; GAPDH) antibodies. (B) Relative 
densitometric analysis of the individual 14-3-3i^ bands was performed and presented. Data are 
mean ± SEM of three independent experiments. *P<0.01 as compared to control.
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Figure 3.19. Effect o f 14-3-3^ knockdown by siRNA on T-cell migration. Hut78 cells {N/T) 
were electroporated with 500 nM non-specific siRNA {N/S siRNA) or siRNA targeted against 
14-3-3^ {I4-3-3d^ siRNA) and after 48 h incubated on anti-LFA-l coated 96-well plate. 
Positive control cells were pre-treated with 4 fiM paclitaxel for 30 min (A) Representative 
phase contrast images o f  cells incubated on anti-LFA-l coated plates for 4 h. (B) T-cell 
migratory phenotypes were analyzed using HCA by quantifying cell 1/form factor as 
described in the ‘M aterials and m ethods’. Data are mean ± SEM o f three independent 
experiments performed in triplicates. P<0.05.



several proteins novel to LFA-1 signalling such as 14-3-3<^. Using the bioinformatics 

software ‘PA N TH ER’, the identified proteins were categorized into six broad groups based 

on their molecular functions. Here, we discuss the relevance o f  some o f  the identified 

proteins.

3.4.1. Cell signalling proteins. We identified a range o f  cell signalling proteins including 

GTP binding protein Rac2, PARP-1, Prohibitin, testing, guanine nucleotide binding protein, 

nucleolin, Hsp90, and 14-3-3(!  ̂ (Figure 3.11). Rac GTPases are believed to contribute to 

leukocyte migration by integrating signals from ceil surface receptors to the cytoskeleton, 

in particular Rac2 has recently been identified a key molecule regulating LFA-1/ICAM-1 

interactions in B lymphocytes (Arana et a l,  2009). Rac GTPases interact with several 

downstream effectors to trigger cytoskeletal reorganization. One o f  the many effectors o f  

Rac comprises o f  an evolutionary conserved family o f  serine/threonine protein kinases, 

PAK or p21-activated kinase (Hofman et al., 2004). PAK kinases are strongly implicated in 

the regulation o f  cytoskeletal architecture (Hofman et a l,  2004), focal adhesion contacts, 

cell motility and lymphocyte chemotaxis (Weiss-Haljiti et a l,  2004; Volinsky et a l,  2006). 

PAK I has been shown to interact with a number o f  migration-related proteins including 

Prot'ilin, Cofilin, Importin, 14-3-3, Paxilin, Tubulins, Actin, Dynactin, Dynanin, Grb2, 

PAK-interacting exchange factor PIX etc. (Hofmann et al., 2004; Mayhew et a l,  2006) 

providing a possible bridging point with the LFA-1 interactome. Nucleolin, a ubiquitous 

nucleolar phosphoprotein, has recently reported to be a signal transducing P-selectin 

binding protein (Reyes-Reyes and Akiyama, 2008). Functional blockage or down- 

regulation o f  nucleolin expression significantly inhibited endothelial cell migration and 

prevented tubule formation (Huang et al., 2006). Nucleolin has been shown to undergo 

tyrosine phosphorylation and formation o f  signalling complexes with P13-K and p38, 

indicating its potential involvement in signal transduction pathways that regulate cell 

adhesion and spreading (Reyes-Reyes and Akiyama, 2008). The involvement o f  nucleolin 

at multiple steps suggests that it could play a key role in this highly integrated process o f  T- 

cell migration. Hsp90, identified in this study, has been demonstrated to be important for 

tumor cell motility and invasion (Tsutsumi et a l,  2008). Hsp90 have recently been shown 

to be essential for Jak-STAT signalling (Schoof et a l ,  2009) and which is important for T-
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cell migration (Verma et al,  2009). The 14-3-3(^ protein identified in this study has been 

demonstrated to interact and regulate phosphatidylinositol 3-kinase (Bonnefoy-Berard et 

al,  1995), Tau (Chun et al,  2004; Yuan et al,  2004; Li and Paudel, 2007), 3BP2/SH3BP2 

adaptor protein (Foucault et al,  2003) and PKC(P) (Robinson et al,  1994; Kim et al,  

2005; Aitken, 2006; Meller et al,  1996), an enzyme crucial for cytoskeletal rearrangements 

in lymphocyte migration (Volkov et al,  1998, 2001). On the basis o f  these functions and 

our previous reports (Volkov et al,  1998, 2001; Fanning et al,  2005; Verma et aL, 2008), 

we surmised that 14-3-3i^ might also be involved in T-cell migration and selected this 

protein for further validation. Further, bioinformatic analysis indicated that T yrl79  o f  14-3- 

3(  ̂could be a potential phosphorylation site that may interact with the SH2 domain o f  She.

3.4.2. Cytoskeletal proteins. The major changes that occur during T-cell migration 

following LFA-1 stimulation is the rearrangement o f  cytoskeleton and associated proteins 

(Volkov et al,  1998, 2001; Verma et al,  2008; Miletic et al,  2003). In this study several 

cytoskeletal proteins including tubulins, actin, talinl, moesin, L-plastin, and LASPI were 

found to be tyrosine phosphorylated in migrating T-cells (Figure 3.11). Some o f  these 

proteins were known to be tyrosine phosphorylated in response to a range o f  stimulus (Ley 

et al,  1994; Gunderson and Cook, 1999; Meyer et al,  1998; Schreiber et al,  1998). 

Tyrosine phosphorylation o f  ERM (Ezrin/Radixin/Moesin) family o f  proteins has 

previously been reported (Tsukita et al,  1997). Moesin has been shown to undergo tyrosine 

phosphorylation in human platelets by Arachidonic acid stimulation (Meyer et al,  1998). 

Another article by describes about. Recently, tyrosine phosphorylation o f  Ezrin at Y145 

and Y353 has been reported in cell adhesion-based signalling and T-cell activation 

(Srivastava et al,  2005; Shaffer et al,  2009). These pTyr sites are conserved in both Ezrin 

and Moesin (Shaffer et al  2009). Tyrosine phosphorylation o f  tubulin observed in this 

study was similar to that previously reported, though induced by different stimulus (Ley et 

al,  1994). L-Plastin, a Ca "̂  ̂ regulated actin-binding cytoskeletal protein, identified in this 

study has recently been reported by our research group and others to be involved in LFA-1 

signal transduction (Foran et al,  2006; Jones et al,  1998). Talinl is essential for the 

stability and formation o f  the LFA-1 zone in migrating T-lymphocytes (Smith et al,  2005; 

Bertagnolli et al,  1993; Martel et al,  2001).
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3.4.3. Transcription regulator. Proteins involved in transcription regulation were also 

identified. These include DNA topoisomerase I, FACT, GTF21, SSRPI, ErbB3 binding 

protein 1, mini-chromosome maintenance proteins 2 and 5 (Figure 3.11). DNA 

topoisomerase 1 is known to undergo tyrosine phosphorylation by cAbI tyrosine kinase (Yu 

et al., 2004).

3.4.4. RNA m aturation, protein biosynthesis. We observed tyrosine phosphorylation of 

several proteins involved in RNA maturation and protein synthesis including ribosomal 

proteins, RNA helicases, hnRNP H etc. (Figure 3.11). This indicates early induction of 

protein biosynthesis programme in migrating T-cells.

3.4.5. M etabolic enzymes. A large number o f  proteins involved in energy metabolism 

including mitochondrial enzymes undergoing tyrosine phosphorylation were identified in 

migrating T-cells (Figure 3.11). Although this study did not directly analyze activity o f  the 

observed enzyme, we speculated that phosphorylation o f  these enzymes may mediate 

alteration o f  intermediary metabolisms induced by LFA-1 in migrating T-cells. Adenine 

nucleotide translocator 2 (ANT2) plays a crucial role in cell bioenergetics by catalyzing 

ADP and ATP exchange across the mitochondrial inner membranes (Chevroilier et al., 

2005). ANT2 has recently been proposed for ATP uptake in cancer cells, in conjugation 

with hexokinase 11 and P subunit o f  mitochondrial ATP synthase, in the mitochondrial inner 

membrane potential maintenance and in the aggressiveness o f  cancer cells (Chevroilier et 

al., 2005).

3.4.6. M olecular chaperones. Few other proteins including molecular chaperones such as 

histones also co-precipitated with anti-pTyr in migrating T-cells (Figure 3.11). A role the 

nuclear protein Histone HI on signalling pathways in CD4+ T-cells has also been reported 

(Hsu et a l ,  2008).

In conclusion, utilizing the contemporary phosphoproteome analysis approach, we 

were able for the first time to obtain insights into components o f  LFA-1 induced 

phosphotyrosine protein complexes in migrating T-cells. We propose that these proteins, 

including several known and new molecules, expand the previously incomplete list o f  the 

signalling components o f  the LFA-1 signalling pathway. Nevertheless, many tyrosine
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phosphorylated proteins are still missing; w e present a com prehensive  dataset o f  known 

and novel players in the LFA-1 triggered signalling pathways in m igrating T-cells. The 

information about the proteins that are subject to tyrosine phosphorylation can be extremely 

useful in the study o f  their specific roles within LFA-I associated signalling pathways. 

These findings will broaden our view on tyrosine phosphorylation and protein-protein 

interaction, the tw o m ajor m echanism s for receptor m ediated signal transduction. The 

detailed re lationship between LFA-I signalling and tyrosine phosphorylation  o f  identified 

proteins will require further investigation. In addition to several well know n proteins, some 

o f  newly identified proteins in LFA -I stimulated signal transduction m ay provide new 

insights into understanding the LFA-I signalling networks and aid in the search for 

potential new therapeutic  targets.
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CHAPTER 4

RESULTS

Microtubule cytoskeleton in T-cell
migration
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4.1. Introduction

The content o f  this chapter largely reflects the study presented and published in the 

Journal o f  Molecular Medicine, 2008 (Appendix 3).

In migrating T-cells, LFA-1 integrin connects the extracellular matrix with the cell 

interior both physically, being linked to cortical cytoskeleton, and functionally serving as 

bi-directional signal transducers (Volkov et al., 2001). By engagement with ICAMs, LFA-1 

provides a strong adhesive force to promote T-cell and APC conjugate formation and 

generally stabilize this interaction, in addition, LFA-1 has the ability to transduce a variety 

o f  transmembrane signals including PKC activation (Volkov et al., 2001) and cytoskeletal 

rearrangement (Kupfer and Singer, 1989). However, the exact sequence o f  integrin- 

mediated signalling events resulting in cytoskeletal rearrangements and cell locomotion is 

not fully understood.

Although the importance o f  cytoskeletal structures in lymphocyte activation was 

first recognized over 30 years ago (Vasiliev et at., 1970), only recently have experimental 

advances revealed direct mechanistic links between the lymphocyte-specific components o f  

signal-transduction pathways triggered by antigen receptors and the downstream machinery 

that affects cytoskeletal reorganization. Microtubules (MT) are essential components o f  the 

cytoskeleton and are important for many aspects o f  mammalian cell responses including 

cell division, growth, migration and signalling (Gundersen and Bulinski, 1986; Watanabe et 

a l,  2005). They play a key role in T-cell locomotion. MT retraction into the cellular uropod 

is an important step in T-cell motility (Volkov et a l ,  1998).

MT are dynamic polymers o f  a /p  tubulin heterodimers, arranged head to tail to 

form hollow tubes o f  25 nm diameter up to several )um long (Figure 1.14). In eukaryotic 

cells, MT form a well-organized network in which the minus ends are generally anchored at 

the centrosome or MTOC, whereas the free plus ends probe the cytoplasm, in a search and 

capture process, to reach specific targets. MT dynamics are tightly regulated both spatially 

and temporally. This regulation involves nucleotides, MT-associated proteins, kinases and 

phosphatases as well as coordinated interactions with other cytoskeletal components, such
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as actin filaments, and integrin-containing adhesion sites (Gundersen and Cook, 1999; 

Sandrine, 2004; Etienne-Manneville, 2004).

Tubulins, the building block o f  MT, are subject to specific post-translational 

modifications including acetylation, detyrosination and tyrosination (Belmadani et al,  

2004; Gundersen et al,  1984; Bulinski et al,  1987; Webster and Borisy, 1989; 

Westermann and Weber, 2003). These post-translational modifications o f  tubulins are 

thought to modulate the functions and localization o f  MT within the cell. This intrinsic 

dynamic behaviour and its regulation are crucial for MT-specific functions such as ceil 

shape maintenance, cell division, cell signalling, intracellular vesicules and organelle 

transport, cell polarity and locomotion (Dumontet and Sikiec, 1999; Gundersen and Cook, 

1999). Disturbance o f  MT dynamics regulation thus has critical consequences for cell fate 

and represents a potent therapeutic target, especially in T-cell migration.

Therapeutic agents that target cytoskeletal proteins inhibit T-cell migration (Park et 

al,  2003; Verma et al,  2008)). This inhibition o f  T-cell migration could be exploited 

therapeutically in autoimmune T-cell infiltrative diseases, leukemias and metastasis. MT 

targeting agents like taxol and nocodazole are being used clinically both as anti

inflammatory and anti-cancer drugs (Mirzapoiazova et al,  2007). It has also been 

established through various and clinical studies that drugs possessing anti-cancer activity 

also exhibit anti-inflammatory properties.
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4.2. Objectives

Based on the above m entioned facts, the aim o f  this part o f  the study w as to 

investigate role(s) o f  m icrotubule cytoskele ton in m igrating T-cells. In this study, w e 

applied cutting edge High Content A nalysis  and confocal m icroscopy in com bination with 

b iochem ical m ethods. To achieve this aim , the specific objectives were;-

4.2.1. To investigate post-translational modifications o f  tubulin and M T polymerization 

dynam ics  in migrating T-cells.

4.2.2. To perform High C ontent A nalysis o f  the effect o f  the M T targeting agents  on T- 

cell migration.

4.2.3. To analyze effect(s) o f  M T targeting agents  on reorganization, post-translational 

m odifications o f  tubulin and M T polym erization dynam ics  in migrating T-cells.
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4.3. Results

4.3.1. Post-translational m odifications o f tubulin in m igrating T-cells

Phosphoproteomic and bioinformatics analyses reported in the previous chapter of 

this thesis indicated that tubulin undergoes tyrosine phosphorylation in migrating T-cells. 

Tyrosinated tubulin represents the major form o f  active MT in cells (Gundersen et a l,  

1984). To further investigate the MT cytoskeletal changes occurring in migrating T-cells in 

vivo, tubulin post-translational modifications were analyzed in LFA-I-stimulated peripheral 

blood T-lymphocytes (PBTLs). Normal human PBTLs isolated from healthy volunteers 

were exposed to anti-LFA-1 or ICAM-1 ligands. Western blot analysis was performed 

using specific antibodies directed against tyrosinated or acetylated forms o f  tubulin (Figure 

4.1 A). Results showed an increased tubulin tyrosination up to 47% or 45% in migrating 

PBTLs incubated on anti-LFA-1 or lCAM-1 respectively as compared to the resting cells 

(Figure 4 . IB). Acetylated a-tubulin level was reduced by 57% or 53% in migrating PBTLs 

incubated on anti-LFA-1 or lCAM-1 respectively as compared with resting cells (Figure 

4.1C). There was no significant difference in the total expression levels o f  a-tubulin among 

these samples (Figure 4 .1D).

4.3.2. M icrotubule polymerization dynam ics in migrating T-cells

Post-translational modifications o f  tubulin such as acetylation and tyrosination are 

related to MT stability and dynamics (Westermann and Weber, 2003; Webster and Borisy, 

1989). To examine the dynamics o f  MT formation ex vivo in migrating T-cells, isolated 

PBTLs were stimulated by incubating on anti-LFA-1 or lCAM-1 coated plates for 4 h or 

left unstimulated and lysed. As MT could be partially destroyed during the preparation o f  

crude cell lysates, we lysed the cells in MT-preserving buffer (Appendix 2) and performed 

differential sedimentation o f  polymerized tubulin (pellet fraction) from unpolymerized free 

tubulin (supernatant fraction) pool. Western blot analysis (Figure 4.2) showed reduced level 

o f  unpolymerized tubulin by 64% (Figure 4.2; lane 2 v̂ ' 1) or 61% (Figure 4.2; lane 3 1)

in migrating PBTLs on anti-LFA-1 or ICAM-1 ligands, with a concomitant increase of 

polymerized tubulin from 40% to 110% (Figure 4.2; lane 5 4) or 103% (Figure 4.2; lane

6 v.s' 4) respectively.
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Figure 4.1. Post-translational modifications of tubulin in migrating T-cells. Isolated 
PBTLs were allowed to migrate by incubating on anti-LFA-1 or ICAM-1 coated plates for 4 h 
and lysed. Equal amounts o f cell lysates (20 ^g each) were separated by SDS-PAGE, and after 
Western blotting probed with anti-acetylated tubulin (1:2000; Ac-tuhulin), anti-tyrosinated 
tubulin (1:2000; Tyr-tubulin), anti-a-tubulin (1:2000), or GAPDH (1:1000; as a loading 
control) antibody (A). Relative densitometric analysis o f the individual band was performed 
and presented (B, C, D). Data are mean ± SEM of three independent experiments. *p < 0.05 
with respect to respective controls.
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Figure 4.2. E x vivo tubulin polymerization dynam ics in migrating T-cells. (A)
Isolated PBTLs were allowed to migrate by incubating on anti-LFA-1 or ICAM-1 
coated plates for 4 h and lysed. Unpolymerized and polymerized protein fractions 
were separated by centrifugation and collected as supernatant and pellet 
respectively. Samples were separated by SDS-PAGE, and after Western blotting 
probed with anti-a-tubulin (1:2000) or GAPDH (1:1000; as a loading control) 
antibody. (B) Relative densitometric analysis o f  the individual band was 
performed and presented. Data are mean ± SEM o f three independent 
experiments. * p  < 0.05.
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4.3.3. High Content Analysis (HCA) of the MT targeting agents on T-cell migration

Activated T-lymphocytes triggered via LFA-1 receptor/ligand interaction rapidly 

polarize and acquire active motile behaviour (Volkov et a l, 1998). They start spreading and 

subsequently undergo dramatic cytoskeletal changes resulting in a polarized phenotype 

with long cytoplasmic projections (Volkov et a l, 2001). To test the effect of MT targeting 

drugs on T-cell polarization and migration, HCA was performed using IN Cell-1000 

Analyzer as described in the “Materials and Methods”. Hut78 cells were pretreated with 

different concentrations of a panel of compounds including known and novel MT targeting 

agents like paclitaxel, nocodazole and PBOX-15. Heat-maps o f  the observed HCA data 

clearly indicated dose- and time-dependent inhibition o f  T-cell migration by these MT 

targeting agents (Figure 4.3). Numbers of cells analyzed under different treatments are 

shown in Figure 4.4, which is indicative of cell adhesion after drug treatments. Treatment 

of cells with the above mentioned MT targeting agents had no significant effect in cell 

adhesion to the anti-LFA-1 coated surfaces (Figure 4.4).

4.3.4. A new MT targeting compound PBOX-15 inhibits T-cell migration

Pyrrolo-l,5-benzoxazepines (PBOX), synthesized by the collaborating group led by 

Prof Campiani (Campiani et al., 1996), are a family of novel compounds, which have 

previously been shown to induce cell cycle arrest and subsequent apoptosis in a number of 

cancer cell lines (Zisterer et a l, 2000; Mulligan et a l, 2003) and inhibit tumor growth in an 

in vivo breast carcinoma model (Greene et a l, 2005). One of the active members o f  the 

family, pyrrolo-l,5-benzoxazepine-15 (PBOX-15, Figure 2.4), has been demonstrated by 

them to cause MT depolymerization and tubulin disassembly in vitro (Mulligan et a l, 

2006). Therefore, we used this compound for further analysis for its effect on T-cell 

migration using several methods. Pre-treatment o f  Hut78 cells with different concentrations 

of PBOX-15 ranging from 0.2 to 1 |iM resulted in the inhibition of LFA-1 induced 

migration in a dose-dependent manner (Figure 4.5). At 1 |aM concentration o f  PBOX-15, 

complete loss of the locomotion-associated phenotype was observed (Figure 4.5). 

Quantitation of the observed inhibitory effect of PBOX-15 using D1 as a quantitative 

descriptor of cell morphology also indicated that the development o f  motile phenotype was 

inhibited by PBOX-15 in a dose-dependent manner (Figure 4.5).
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Figure 4.3. HCA of a panel o f compounds on T-cell migration. Hut78 cells were treated 
with indicated compounds for a range o f time points (I h, 4 h, 8 h, or 16 h; Time course) or 
doses {Dose course). Untreated {Control) or pre-treated cells were incubated on poly-L-lysine 
{PLL) or anti-LFA-l coated 96-well plate for 4 h. Cells were fixed, permeabilized and then 
stained for a-tubulin , actin and nuclei. HCA o f T-cell migratory phenotypes was performed by 
IN Cell Analyzer and automatically quantified by IN Cell Investigator software on the basis of 
cell I/form factor (form factor = 4ti area/perim eter' is the measure o f  roundness). Heatmaps 
shown are based on mean values o f the HCA data from three independent experiments 
performed in triplicates and three randomly selected fields were scanned for each well.
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Figure 4.4. HCA of a panel of compounds for their effect on T-cell adhesion to anti- 
LFA-1 coated surface. Hut78 cells were treated with MT targeting compounds paclitaxel 
(4 |xM), nocodazole (10 |jM), PBOX-15 (1 nM) or other indicated synthetic compounds (50 
|xM) for I h. Untreated {Control) or pre-treated cells were incubated on anti-LFA-1 coated 
96-well plate for 4 h. Cells were fixed, permeabilized and then stained for a-tubulin, actin 
and nuclei. HCA was performed by IN Cell Analyzer and numbers o f cells adhering to anti- 
LFA-1 coated wells were automatically counted by IN Cell Investigator software. Results 
shown are mean ± SEM of three independent experiments performed in triplicates and three 
randomly selected fields were scanned for each well.
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PBOX-15 ((iM)

Figure 4.5. Effect of PBOX-15 on LFA-1 induced locomotory phenotype of Hut78 cells.
Cells were pre-treated with either vehicle [0.1% (v/v) ethanol; control] (A), PBOX-15 0.2 
)iM (B), 0.4 (C), 0.6 nM (D) or 1.0 |aM (E) for 30 min and incubated on anti-LFA-1
coated 96-well plate for 4 h. Experiments were performed in triplicate and repeated three 
times. At least 20 microscopic fields were photographed and a representative figure is 
shown. Dose response o f migration inhibition by PBOX-15 in Hut78 cells stimulated via 
immobilized anti-LFA-1 was determined by measurement o f  D1 (F). Data are mean ± SEM 
o f three independent experiments. * p <  0.05 with respect to control.
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To test the ex vivo efficacy o f PBOX-15, we examined whether the inhibitory effect 

was present in LFA-I stimulated PBTLs migration. Normal human PBTLs isolated from a 

healthy donor showed active locomotory behaviour when exposed to anti-LFA-1 ligands. 

(Figure 4.6). Pre-treatment o f PBTLs with different concentrations o f PBOX-15 resulted in 

the inhibition o f migration in a dose-dependent manner (Figure 4.6) with complete loss of 

migration at 1 (Figure 4.6) as observed with Hut78 cells. Similar inhibitory effect of 

PBOX-15 was observed with LFA-1 activated human PBTLs when exposed to 

immobilized rICAM-1 ligands (data not shown).

To test the potential effect o f PBOX-15 on T-celi viability, PBTLs and Hut78 cells 

were treated with 1 |iM concentration o f PBOX-15 for different time points ranging from 

30 min to 24 h. No cell death was observed after 30 min o f the treatment (Figure 4.7). 

However, treatment o f the cells for 24 h caused over 40% cell death (Figure 4.7). PBOX-15 

treatment to Hut78 cells induced apoptosis up to 37%, as detected by flow-cytometry after 

Annexin V and propidium iodide labeling (Figure 4.8). Therefore for further 

experimentation, short pretreatment of the cells with 1 îM concentration o f PBOX-15 for 

30 min was employed.

Further, to determine if the failure o f T-cells to develop a migratory phenotype was 

also accompanied by the loss o f active locomotion, HCA experiments utilizing time-lapse 

video imaging by IN Cell-1000 Analyzer were performed. A slow and apparently random 

mode o f locomotion was observed in control Hut78 cells triggered via cross-linking of 

LFA-1. Measuring live cell migration over a period o f 20 min gave clear evidence that 

PBOX-15 treatment significantly decreased LFA-1 stimulated Hut78 cells migration 

(Figure 4.9 A vs B). Average speed o f Hut78 cell migration was recorded to be 1.055 

|im/minute which was decreased by 65.4 % when were pre-treated with PBOX-15 (0.365 

|im/minute) (Figure 4.9C). Average distance traveled by control cells was 21.1 |im (ranging 

from 8.3 to 69.5 |^m), which was decreased to 7.3 |im (ranging from 0.1 to 42.1 |im) when 

cells were pre-treated with PBOX-15 (Figure 4.9D).
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Figure 4.6. Effect of PBOX-15 on LFA-1 induced locomotory phenotype of PBTLs.
PBTLs isolated from healthy donor were pre-treated with either vehicle [0.1% (v/v) ethanol; 
control] (A), PBOX-15 0.2 (B), 0.4 nM (C), 0.6 ^M  (D) or 1.0 ^iM (E) for 30 min and
incubated on anti-LFA-1 coated 96-well plate for 1 h. Experiments were performed in 
triplicate and repeated three times. At least 20 microscopic fields were photographed and a 
representative figure is shown. Dose response o f  migration inhibition by PBOX-15 in Hut78 
cells stimulated via immobilized anti-LFA-1 was determined by measurement o f DI (F). Data 
are mean ± SEM o f three independent experiments. * p  < 0.05 with respect to control.
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PB0X-15(1 mM)

Figure 4.7. Effect o f PBOX-15 on T-cell viability. PBTLs and Hut78 cells were 
treated with either vehicle [0.01% (v/v) DMSO; Control) or 1 |j.M PBOX-15 for 30 min, 
4 h, 12 h or 24 h. Cell viability was measured by CellTiter 96 AQ® One Solution cell 
proliferation assay kit and % survival was calculated from the values obtained from the 
absorbance at 490 nm. Data are mean ± SEM o f three independent experim ents in 
triplicate. * p <  0.05 with respect to corresponding controls.
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Figure 4.8. M easurem ent o f T-cell apoptosis due to PBOX-15 treatment. Hut78 cells were 
pretreated with either vehicle [0.1% (v/v) ethanol] (control) (A, D), 1.0 PBOX-15 (B, E) or 
4.0 fiM paclitaxel (as a positive control) (C, F) for 30 min (A, B, C) or 24 h (D, E, F). Annexin 
V binding assay in combination with propidium iodide was performed to assess the apoptosis by 
flow-cytometry. Lower right corner represents apoptotic cells.
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C ontrol PBOX-15

Figure 4.9. Effect o f PBO X-15 on LFA-1 induced migration o f Hut78 cells. Cells were 
pre-treated with either vehcle [0.1% ethanol; control] (A) or I |xM PBOX-15 (B) for 30 min. 
Nuclei o f the cells were stained with Hoechst. Cells were incubated on anti-LFA-l coated 96 
well plate and tim e-lapse images at every 2 min intervals were recorded for 20 min using IN 
Cell 1000 Analyzer (GE Healthcare). Data were quantified using Image-Pro Plus analysis 
software.
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4.3.5. PBOX-15 interferes T-cell MT network

Recent studies from the collaborating laboratory provided evidences that PBOX-15 

induces apoptosis by affecting tubulin polymerization (Mulligan et a i ,  2006). To determine 

whether PBOX-15 exerts similar effects on T-cells microtubules causing inhibition o f  its 

migration, intracellular distribution and functional involvement o f  the microtubule were 

analyzed. Control untreated resting Hut78 cells showed radial arrays o f  organized tubulin 

distribution at the centrosome (Figure 4.10A). When the Hut78 cells were stimulated with 

LFA-I, the characteristic array o f  MT was displayed, in that MTOC was located at the side 

o f  the nucleus opposing the direction o f  cell migration and long MT extended to the 

uropods from here, reflecting the state o f  cell polarization (Figure 4.1 OB). In contrast, 

exposure o f  Hut78 cells to PBOX-15 dramatically impaired the tubulin network resulting in 

complete loss o f  the typical motile phenotype upon LFA-1 ligation. PBOX-15 treated T- 

cells displayed disorganized tubulin with thin discontinuous filaments and disrupted 

staining; MT were no longer radiating from the centrosome to the plasma membrane 

(Figure 4 . IOC, D). Similar effects were observed when Hut78 cells were pretreated with 

MT depolymerizing agent nocodazole (Figure 4.10E, F). In contrast, stable MT in bundles 

were observed when cells were pretreated with paclitaxel, a MT stabilizing drug (Figure 

4.10G, H). PBOX-15 did not significantly affect actin cytoskeletal network (Figure 4.11).

4.3.6. Effects of PBOX-15 on post-translational modifications of tubulin in T-ceils

To further explore the effect o f  PBOX-15 on post-translational modification o f  

tubulin in T-cells during LFA-1 induced migration, PBOX-15 treated or untreated resting 

and LFA-1 stimulated Hut78 cells were immunostained with antibody directed against 

acetylated a-tubulin (Figure 4.12). Untreated control resting cells showed uniform 

distribution o f  acetylated tubulin radiating from the centrosome (Figure 4.12A); however, 

this subset o f  MT was dramatically reduced when Hut78 cells were allowed to migrate 

upon LFA-1 cross linking (Figure 4 .12B). Its localization was limited to the area near the 

MTOC with a characteristic spindle-like appearance (Figure 4.12B). When these cells were 

treated with PBOX-15, the detectable levels o f  acetylated tubulin were reduced and it was 

localized as a compact spot near the MTOC in the resting cells (Figure 4 . 12C). Moreover, 

when PBOX-15 treated cells were cross linked with LFA-1, tubulin acetylation was further
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Figure 4.10. Effect o f  PBOX-15 on the organisation o f  cellular IMT network in resting and LFA-1 stim ulated  
T-cells. Hut78 cells were pretreated with either vehicle [0.1%  (v/v) ethanol] (A, B), 1.0 ^iM PBOX-15 (C, D), 
10.0 nM  nocodazole (E, F) or 4.0 paclitaxel (G, H) for 30 min and incubated on poly-L lysine (A, C, E, G) or 
anti-LFA-1 (B, D, F, H) coated Perm anox®  cham ber slides for 4 h and fixed in 3% PFA. After perm eablization 
with 0.5%  Triton X-100, cells were im m unostained with anti-a-tubulin (1:500; green). Nuclei were stained with 
Hoechst (blue). The organisation o f  MT network was visualized by confocal m icroscopy using a lOOX oil 
immersion lens. Results shown are representative o f  three independent experiments.
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Figure 4.11. Effect o f PBOX-15 on the organisation o f cytoskeletal MT and actin 
network in resting and LFA-1 stimulated T-cells. Hut78 cells were pretreated with either 
vehicle [0.1% (v/v) ethanol] (A, B) or 1.0 |iM  PBOX-15 (C, D) for 30 min and incubated on 
poly-L lysine (A, C) or anti-LFA-1 (B, D) coated Permanox® cham ber slides for 4 h and 
fixed in 3% PFA. After permeablization with 0.5% Triton X-100, cells were immunostained 
with anti-a-tubulin (1:500; green) and Alexa546 conjugated phalloidin (red) for actin. 
Nuclei were stained with Hoechst (blue). The organisation o f cytoskeletal MT and actin was 
visualized by confocal microscopy using a lOOX oil immersion lens. Results shown are 
representative o f three independent experiments.
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Figure 4.12. Effect o f PBOX-15 on the acetylation o f tubulin in resting and LFA-1 
stim ulated T-cells. Hut78 cells were pretreated with either vehicle [0.1% (v/v) ethanol] (A, B), 
1.0 |iM  PBOX-15 (C, D), 10.0 jiM nocodazole (E, F) or 4.0 ^iM paclitaxel (G, H) for 30 min 
and incubated on poly-L lysine (A, C, E, G) or anti-LFA-1 (B, D, F, H) coated Permanox® 
cham ber slides for 4 h and fixed in 3% PFA. After permeablization with 0.5% Triton X-100, 
cells were incubated with anti-acetylated tubulin (1:500; green). Nuclei were stained with 
Hoechst (blue). Acetylated tubulin (Ac-tubulin) was visualized by confocal microscopy using a 
lOOX oil immersion lens. Results shown are representative o f  three independent experiments.
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reduced and was only hardly visible around the M T O C  (Figure 4.12D). A s post- 

translational acetyl modification correlates with increased M T stability (W ebster and 

Borisy, 1989), these results indicate that the PBO X-15 destabilized long life MT. Similar 

effects were observed when Hut78 cells were pretreated with nocodazole (Figure 4.12E, F). 

Paclitaxel treatment stabilized acetylated tubulin and w as observed in M T bundles in 

resting as well as LFA-1 cross linked cells (Figure 4 .12G, H).

Next, w e used an antibody directed against tyrosinated form o f  tubulin to observe 

changes in this subset o f  M T in Hut78 cells. Untreated resting as well as LFA-1 stimulated 

Hut78 cells showed intense labeling for tyrosinated tubulin , which was distributed 

throughout the cell body radiating from the M TO C  (Figure 4 . 13A, B). Strikingly, 

tyrosinated tubulin network o f  Hut78 cells after PBO X -15 treatment appeared collapsed 

with disorganized and punctate staining (Figure 4 .13C, D), apparently  due to the 

depolym erization o f  both dynam ic and stable MT. S imilar effects w ere  observed when 

Hut78 cells were pretreated with nocodazole (Figure 4 . 13E, F). However, stable MT 

bundles formed due to paclitaxel treatment stained for localized tyrosinated tubulin (Figure 

4.13G, H).

The detyrosinated (Glu) tubulin is abundant in stable M T o f  various cell types. 

Although detyrosination itself does not stabilize MT, it can be used as a marker for how 

long a M T has been assembled (W esterm ann and Weber, 2003). Untreated resting cells 

showed intense staining for Glu-tubulin towards leading edge o f  cells (F igure 4.14A). Glu- 

tubulin was abundant in LFA-1 stimulated untreated cells tow ards the leading edge and 

M TO C  (Figure 4 . 14B). Detyrosinated subset o f  tubulin in Hut78 cells  after PBOX-15 

treatment appeared collapsed and disorganized (Figure 4.14C, D). S im ilar effects were 

observed when Hut78 cells were pretreated with nocodazole (Figure 4 . 14E, F). Paclitaxel 

treatment stabilized the tubulin making Glu-tubulin appear as bundles (Figure 4.14G, FI).

To further confirm these results biochemically, we exam ined the total expression o f  

a-tubulin , acetylated a-tubulin  and tyrosinated tubulin by Western blotting (Figure 4.15). 

Initially, w e exam ined the total expression o f  a-tubulin  in resting and LFA-1 stimulated 

Hut78 cells treated with or w ithout PBO X-15 (Figure 4 . 15A). Densitom etric quantitation o f  

a-tubulin  bands, normalized for glyceraldehydes-3-phosphate dehydrogenase  (G A PD H )
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Figure 4.13. Effect o f  PBOX-15 on the tyrosination o f tubulin in resting and LFA-1 
stim ulated T-cells. Hut78 ceils were pretreated with either vehicle [0.1% (v/v) ethanol] (A, 
B), 1.0 nM PBOX-15 (C, D), 10.0 ^iM nocodazoie (E, F) or 4.0 paclitaxel (G, H) for 30 
min and incubated on poly-L lysine (A, C, E, G) or anti-LFA-1 (B, D, F, FI) coated 
Permanox® cham ber slides for 4 h and fixed in 3% PFA. After permeablization with 0.5% 
Triton X-100, cells were immunostained with anti-tyrosinated tubulin (1;500; green). Nuclei 
o f  the cells were stained with Hoechst (blue). Tyrosinated tubulin (Tyr-tubulin) was visualized 
by confocal m icroscopy using a lOOX oil immersion lens. Results shown are representative o f
t h r p p  i n r i e n p n H p n t  PY nerim pnt< ;

120



Figure 4.14. Effect o f PBOX-15 on the detyrosination o f tubulin in resting and LFA-1 
stim ulated T-cells. Hut78 cells were pretreated with either vehicle [0.1% (v/v) ethanol] (A, 
B), 1.0 |iM PBOX-15 (C, D), 10.0 |aM nocodazole (E, F) or 4.0 |iM paclitaxel (G, H) for 30 
min and incubated on poly-L lysine (A, C, E, G) or anti-LFA-l (B, D, F, H) coated 
Permanox® chamber slides for 4 h and fixed in 3% PFA. After permeablization with 0.5% 
Triton X-lOO, cells were immunostained with anti-detyrosinated tubulin (1:100; green). 
Nuclei o f  the cells were stained with Hoechst (blue). Detyrosinated tubulin (Glu-tubulin) 
was visualized by confocal microscopy using a lOOX oil immersion lens. Results shown are 
representative o f  three independent experiments.

121



PBOX-15

a-Tubulin —► 

Ac-Tubulin ^  

Tyr-Tubulin — »■ 

GAPDH —

R
+
3

+
4

□  Ac-tubulin 
B  Tyr-tubulin

PBOX-15

Figure 4.15. Effect o f  PBO X-15 on post-translational m odifications o f tubulin  
in resting and LFA-1 stimulated T-cells. Hut78 cells were pretreated with either 
vehicle [0.1% (v/v) ethanol] (control) or 1.0 |jM  PBOX-15 for 30 min, stimulated 
with (S) or without (R) anti-LFA-1 for 4 h and lysed. Equal am ounts o f  cell lysates 
(20 |xg each) were separated by SDS-PAGE, and after Western blotting probed with 
anti-a-tubulin (1:2000), anti-acetylated tubulin (1:2000; Ac-tubulin), anti- 
tyrosinated tubulin (1:2000; Tyr-tubulin) or GAPDH (1:1000; as a loading control) 
antibody (A). Relative densitometric analysis o f  the individual band was performed 
and presented (B). Data are mean ± SEM o f  three independent experiments. *p < 
0.05 with respect to corresponding controls.
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expression, indicated that there was no significant difference between these samples (not 

depicted). Acetylated a-tubulin level in LFA-1 stimulated Hut78 cells was 57% lower as 

compared with resting cells (Figure 4 .15B; open bars, lanes 2 vs I). When these cells were 

pretreated with PBOX-15, acetylated tubulin was reduced to 47% in resting Hut78 cells 

(Figure 4 . 15B; open bars, lanes 3 1), which was further reduced to 25% after LFA-1

cross linking as compared to control untreated resting cells (Figure 4 .158; open bars, lanes 

4 V5 I). Tyrosinated tubulin level in migrating Hut78 cells was increased up to 47% 

compared to the resting cells (Figure 4.158; closed bars, lanes 2 vs 1). Treatment o f  these 

cells with P 8 0 X -1 5  reduced the level o f  tyrosinated tubulin by 49% in resting (Figure 

4.158; closed bars, lanes 3 V5 1) and by 46% upon LFA-1 cross linking as compared to 

control (untreated) cells (Figure 4 .158; closed bars, lanes 4 V5 1).

4.3.7. PBOX-15 induced alterations in tubulin polymerization dynamics

Since P 8 0 X -1 5  markedly disrupted the cellular MT network, we investigated 

whether it could affect tubulin polymerization in live cells. The effect o f  PBOX-15 on the 

live cell tubulin dynamics has not yet been reported. Hence, to study the dynamics o f  MT 

formation ex vivo, Hut78 cells pretreated with or without PBOX-15 were stimulated by 

incubating on anti-LFA-1 coated plate for 4 h or left unstimulated and lysed. Differential 

sedimentation o f  polymerized tubulin (pellet fraction) and unpolymerized free tubulin pool 

(supernatant fraction) was performed. Western blot analysis (Figure 4.16) showed that 

when untreated Hut78 cells were stimulated with LFA-1, the level o f  unpolymerized 

tubulin was reduced down to 64% (Figure 4.168; lanes 1 3), with a concomitant increase

o f  polymerized tubulin from 40% to 110% (Figure 4 .168; lanes 5 vs 7). In resting Hut78 

cells, treatment with PBOX-15 increased the amount o f  unpolymerized tubulin up to 44% 

(Figure 4 .168; lanes 1 vs 2); with simultaneous decrease o f  polymerized tubulin level from 

40% to 6% (Figure 4.16B; lanes 5 vs 6). In a similar manner, when PBOX-15 treated Hut78 

cells were stimulated with LFA-1, the level o f  unpolymerized tubulin was increased from 

64% to 139% (Figure 4 .168; lanes 3 4); with simultaneous decrease o f  polymerized

tubulin level from 110% to 11% (Figure 4.16B; lanes 7 8).

Taken together, these results demonstrate that MT targeting agents inhibits T-cell 

migration. A new compound PBOX-15 inhibits T-cell migration by depolymerizing MT.
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Figure 4.16. Ex vivo determination of tubulin polymerization due to PBOX-15 treatment 
in resting and LFA-1 stimulated T-cells. Hut78 cells were pretreated with either vehicle 
[0.1% (v/v) ethanol] (control) or i.O PBOX-15 for 30 min, stimulated with (S) or without 
(R) anti-LFA-1 for 4 h and lysed. Unpolymerized and polymerized protein fractions were 
separated by centrifugation and collected as supernatant and pellet respectively. Samples 
were separated by SDS-PAGE, and after Western blotting probed with anti-a-tubulin 
(1:2000) or GAPDH (1;1000; as a loading control) antibody (A). Relative densitometric 
analysis o f the individual band was performed and presented (B). Data are mean ± SEM o f 
three independent experiments. *p <  0.05.
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PBOX-15 disrupts the MT network, interferes with post-translational modifications o f  

tubulin and suppresses MT dynamics, thus affecting the function o f  this cytoskeletal 

system.

4.4. Discussion

This study demonstrates that dynamic MT and post-translational modifications o f  

tubulin are functionally important for T-cell migration. In addition to being expressed as 

multiple gene-encoded isoforms, tubulins undergo a wealth o f  covalent post-translational 

modifications that are thought to modulate the functions and localization o f  MT within the 

cell (Geuens et al., 1986). a-Tubulin undergoes a reversible process by which the C- 

terminal tyrosine residue is removed and re-added. This cycle o f  detyrosination and 

tyrosination is evolutionarily conserved (Luduena, 1998). Whereas the reversible 

detyrosination/tyrosination cycle o f  a-tubulin has been studied extensively (Westermann 

and Weber, 2003) and implicated in regulating various aspects o f  cell biology, the precise 

biological function o f  this highly specific post-translational modification has remained 

poorly characterized. The presence o f  tyrosinated a-tubulin is reported to be a marker for 

newly formed MT. Cells use dynamic MT to explore their environment (Gundersen, 2002). 

Heterogeneity o f  detyrosinated and tyrosinated forms o f  a-tubulin in the MT may be 

required for coordination and differential interaction o f  MT with MT-associated proteins 

and motor proteins such as kinesin and dynein (Stewart et a l, 1996; Kreitzer et a l,  1999).

Acetylation o f  a-tubulin is mostly associated with stable microtubular structures, 

e.g. axonemes and it occurs after MT assembly (Westermann and Weber, 2003). Although 

the enzyme that is responsible for a-tubulin acetylation ‘tubulin acetyltransferase’ is not 

fully characterized, two enzymes that catalyze the opposing reaction i.e. deacetylation 

(histone deacetylase-6 and histone deacetylase S1RT2) have been recently described 

(Westermann and Weber, 2003). A role o f  tubulin acetylation in cell-motility has been 

proposed on the basis o f  that histone deacetylase-6 overexpression increases the 

chemotactic movement o f  NIH-3T3 cells, whereas inhibition o f  histone deacetylase-6 

inhibited cell migration (Westermann and Weber, 2003). Whether this reflects a direct 

effect o f  acetylation on MT stability and dynamics remains unsolved (Westermann and
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Weber, 2003). Tubulin acetylation also regulates recruitment o f  complexes comprised o f  

CLIP-170 and CLASPs (Akhmanova et al., 2001) and/or components o f  forming adhesions 

(Palazzo et al,  2004).

Unlike histones, in which acetylation decreases the net basic charge o f  a sequence 

within the target proteins, tubulin has a net negative charge in the region surrounding the 

acetylated lysine (Tran et al,  2007). Nonetheless, because acetylation occurs exclusively 

on the MT polymer, alteration o f  hydrogen bonds may affect subunit conformation or 

subunit-subunit interactions sufficiently to decrease gain and loss o f  subunits. In addition, 

or instead, acelylation may change the conformation o f  the MT surface to which MAPs 

bind. Consistent with either scenario, MT in cells with hyperacetylated tubulin were less 

dynamic and more stable. Structural studies (Nogales et al,  1999) and the failure o f  

antibody against acetylated tubulin to label native (unfixed) MT (Thompson et al,  1984) 

provide evidence that the acetylated lysine on a-tubulin (K-40) faces the MT lumen. Thus, 

an allosteric change in MT structure may be required for tubulin acetylation to change 

surface properties such as binding o f  cof'ilamentous MAPs. Further work is needed to 

dissect the mechanism by which tubulin acetylation influences T-cell motility. The 

possibility o f  alterations, if any, to the enzyme(s) involved in the post-translational 

modifications o f  tubulin in migrating T-cells remains to be investigated.

PBOX-15 is a potent proapoptotic member o f  the novel series o f  PBOX compounds 

(Greene et al., 2005; Greene et al,  2007) which has previously been shown to induce 

apoptosis in many human tumour cell lines and to have anticancer properties in various cell 

culture systems, animal models and clinical samples (Zisterer et al,  2000; McGee et al, 

2002a; McGee et al,  2002b; McGee et al,  2004). The mechanisms by which PBOX-15 

exert its antiproliferative effects have been attributed to tubulin depolymerising activity, 

thus resulting in cell death by apoptosis (Mulligan et al,  2006). While the ability o f  PBOX- 

15 to induce apoptosis o f  T-cells has been demonstrated, no information was available 

about the ability o f  PBOX-15 to regulate other T-cell functions such as migration. In this 

study, we demonstrate that PBOX-15 inhibits LFA-1 integrin induced migration o f  human 

T lymphoma cell line Hut78 as well as PBTLs. The observed effect was dramatic, leading
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to a complete loss o f  LFA-1-mediated T-cell polarization and migration. Here, we propose 

a novel anti-inflammatory effect o f  PBOX-15 by reducing T-cell migration.

The morphological changes in cells exposed to PBOX-15 were similar to those 

induced by two other MT targeting drugs, paclitaxel and nocodazole. Paclitaxel is known to 

cause MT stabilization, whereas nocodazole causes MT depolymerization. It has been 

revealed in earlier studies from our collaborating research group that PBOX-15 possesses 

anti-MT activity, as PBOX-15 treatment disrupted MT networks (Mulligan et a l,  2006). 

Specific anti-MT effect o f  PBOX-15 has also been proved in vitro using cell free tubulin 

polymerization assay (Mulligan et a l ,  2006). The disruption to the MT following treatment 

with PBOX-15 was similar to that elicited by nocodazole. Increasing concentrations of 

nocodazole and other known tubulin depolymerizers are known to kinetically ‘cap’ the 

actively growing plus end o f  microtubules, preventing growth and thus leading ultimately 

to disassembly o f  the microtubules (Dumontet and Sikiec, 1999). Both PBOX-15 and 

nocodazole resulted in a dramatic destruction o f  the complex MT network o f  the cell, 

detected as an intricate mesh o f  MT in the vehicle control cells. The effect o f  PBOX-15 

upon the MT network was distinct to that elicited by treatment with paclitaxel. Paclitaxel, a 

known MT polymerizer, causes an increase in MT mass and a consequently distinctive 

bundling o f  the MT. In contrast, PBOX-15 targets the MT network o f  the cell and causes its 

disruption via MT depolymerization. This strongly indicates that effect o f  PBOX-15 on 

depolymerization o f  tubulin was direct, thus causing inhibition o f  subsequent cell migration 

when stimulated with LFA-1.

In this study, we examined the effects o f  PBOX-15 on the post-translational 

modification o f  a-tubulin in T-cells leading to inhibition o f  their migration. We 

demonstrated that the tyrosinated form o f  a-tubulin is reduced after PBOX-15 treatment. 

Moreover, the acetylated form o f  tubulin was also reduced by PBOX-15 treatment. 

Therefore, the data suggest that PBOX-15 in addition to its possible direct tubulin targeting 

can also affect post-translation modifications o f  this crucial cytoskeletal protein.

MT targeting anti-cancer drugs {e.g. taxol) also possess anti-inflammatory 

properties (Mirzapoiazova et al., 2007). From this perspective, one can expect direct 

beneficial effect o f  the new PBOX-15 compound in leukemic cancers arising from the cells
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o f  im m une system. However, the precise therapeutic approaches and schedules will 

certainly have to be optimized by clinicians in order to prevent the possibility o f  

uncontrolled im m une suppression and/or resulting infectious complications.

In conclusion, w e have demonstrated that tubulin  undergoes post-translational 

modification in m igrating T-cells. The new M T targeting com pound  PBO X-15 is capable 

o f  inhibiting T-cell m igration by dramatically altering M T dynam ics. Thus, the novel M T 

targeting com pound PBO X -15 m ay be used therapeutically  to dow n regulate inflam m atory  

reactions, such as those associated with autoim m unity  and allergy. T he ability o f  PBO X -15 

to inhibit T-cell m igration explains its beneficial effects in process where T-cell play an 

important role and suggests that PBOX-15 may be used therapeutically  with chronic 

inflammatory diseases. A lthough the various m olecular m echanism s involved in d isrupting 

the im m unosuppressive network for cancer patients still require clarification, w e are 

approaching the tim e when it m ay be possible to use im m unotherapy  as a prim ary systemic 

cancer treatment. Therapeutic agents that target cytoskeletal proteins and are effective in 

inhibiting cell m igration can open new horizons in the treatment o f  cancer and cancer 

metastatic spreading.
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CHAPTER 5

RESULTS

Investigation of the molecular mechanisms 
regulating microtubule dynamics in 

migrating T-cells
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5.1 Introduction

The content o f  this chapter largely reflects the study presented and published in the 

Journal o f  Biological Chemistry, 2009 (Appendix 3).

The original findings reported in the previous chapters o f  this thesis clearly 

establish a key functional role o f  microtubule (MT) cytoskeleton in T-cell migration is 

established. It is further demonstrated in chapter 4 that MT targeting drugs (paclitaxel, 

nocodazole and PBOX-15) that interfere with MT assembly and remodeling affecting the 

dynamic behavior o f  MT inhibit T-cell migration. However, the molecular mechanism that 

regulates MT dynamics o f  T-cells which could translate them into a defined asymmetry 

leading to their migration remained unclear.

The multitude o f  cellular functions involving MT and their dynamic behavior makes 

regulation o f  MT assembly a central cell biological issue. Little is known, however, about 

regulation o f  MT dynamics in response to external and internal cellular signals. Most 

studies on this topic have been concerned with MT-associated proteins (MAPs), a group o f  

proteins that regulate MT dynamics by direct binding (Mandelkow and Mandelkow, 1995). 

Many reports have described how phosphorylation o f  MAPs by various protein kinases, 

including the cAMP-dependent protein kinase A, decreases their MT-binding activities. 

However, the significance o f  these findings for regulation o f  MT dynamics in intact cells 

remains to be established (Maccioni and Cambiazo, 1995). The reorganization o f  MT 

cytoskeleton depends on the global and local activity o f  several proteins that affect 

nucleation dynamics and arrangement o f  the filament systems.

The signal transducers and activators o f  transcription (STATs) are a family o f  latent 

cytoplasmic transcription factors that are activated by many cytokines and growth factors 

(Levy and Darnell, 2002). The STAT family is comprised o f  seven members in mammals 

o f  which STAT3 is the most pleiotropic member (Levy and Darnell, 2002; Yamashita et 

a i,  2002; Yu et al., 2007), and appears to have important and unique functions. Cell 

stimulation can activate STAT family members by tyrosine phosphorylation to induce their 

dimerization; activated STAT3 translocates from the cytosol to the cell nucleus to mediate 

transcription o f  a number o f  STAT3-responsive genes (Brierley and Fish, 2005). STAT3
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was originally identified as a mediator o f  the acute phase o f  inflammatory response 

triggered by interleukin-6 (Ihle, 2001). However, it is now known that STATS is implicated 

in several biological processes including cell proliferation, differentiation, and survival 

(Levy and Darnell, 2002; Yamashita et ai,  2002; Yu et ai,  2007; Akira et ai,  1994; Dauer 

et ai,  2005). Although, STATS knockout in mice caused early embryonic lethality (Takeda 

et ai,  1997), conditional gene targeting using the Cre-loxP strategy has revealed a critical 

role for STATS in cell migration in keratinocytes (Akira et ai,  1994; Sano et ai,  1999). 

Studies on intact cells indicate the presence o f  MT-regulatory factors that oppose the MT- 

stabilizing activity o f  MAPs by promoting catastrophes (MT shrinking by rapid 

depolymerization) increases the dynamics o fM T  (McNally, 1996). One o f  such factors is a 

18 kDa phosphoprotein stathmin (also known as oncoprotein 18 or Op 18), a tubulin- 

binding protein involved in the control o f  MT assembly and dynamics by increasing the 

catastrophe rate (Andersen, 2000; Niethammer et ai, 2004; Sellin et ai,  2008; Steinmetz, 

2007). Originally identified as a key factor in cell proliferation, stathmin also plays likely 

roles as a relay protein and integrating protein within intracellular signalling networks 

(Sobel, 1991). It's inhibitory effect on MT growth is believed to derive from its ability to 

sequester tubulin by binding tubulin dimers, which decreases the concentration of free 

heterodimers available to polymerization (Yu et ai,  2005; Steinmetz, 2007). The MT- 

destabilizing activity o f  stathmin is turned-off by cell surface receptor kinase cascades and 

cyclin-dependent kinases (Giampietro et ai,  2005). The combined genetic, biochemical, 

and morphological data indicates that stathmin regulates MT dynamics by catastrophe- 

promoting as well as tubulin-sequestering activities. By changing MT 

polymerisation/depolymerization dynamics, stathmin may help the cell react to external 

stimuli. A recent study has suggested a functional link between STATS and stathmin; 

whereby STATS interacts with stathmin and antagonizes its MT depolymerization activity 

(Ng et ai,  2006).
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5.2 Objectives

Based on the above m entioned facts, this part o f  the study was designed to elucidate 

potential involvem ent o f  STAT3 in mediating LFA-I integrin induced T-cell migration. We 

applied cutting edge m olecular and biochemical technologies including HCA approach to 

examine STA T3 activation and its nuclear translocation in m igrating T-cells. We further 

investigated the m olecular m echanism  by which STAT3 regulates M T dynam ics  which is 

crucial for T-cell migration. Therefore, the specific objectives were:-

5.2.1. To exam ine the status o f  STA T3 activation in LFA -I stimulated migrating T-cells.

5.2.2. To check  the effect o f  STA T3 inhibition on T-cell polarization and migration.

5.2.3. To investigate to the effect o f  STAT3 inhibition on T-cell M T systems.

5.2.4. To exam ine the effect o f  STAT3 inhibition on tubulin  post-translational 

modifications in m igrating T-cells.

5.2.5. To exam ine physical association o f  STAT3 ( if  any) with tubulin.

5.2.6. To investigate the m echanism s by which STA T3 regulates M T system in migrating 

T-cells.

132



5.3 Results

5.3.1. T-cell m otility induced by LFA-1 cross-linking involves activation of STAT3

In resting Hut78 cells, STAT3 was present mainly in the cytoplasm (Figure 5.1). 

Following LFA-1 cross-linking via immobilized anti-LFA-l, cytoplasmic STATS 

translocated into the nucleus within 10 min (Figure 5.1). Quantitation o f  STAT3 nuclear 

translocation showed up to 42.8% increase in 10 min (Figure 5.1). This increase in STAT3 

nuclear translocation was transitory, returning to basal level after 30 min (Figure 5.1). A 

similar STAT3 activation profile was observed when cells were incubated on immobilized 

ICAM-I (Figure 5.1). No significant change in the activation o f  other STAT isoforms 

STATI or STAT2 was observed following LFA-1 cross linking either via immobilized 

anti-LFA-l or ICAM-I to the Hut78 cells (Figure 5.2).

Next, we sought to determine whether LFA-1 signalling induced tyrosine 

phosphorylation o f  STAT3 in Hut78 cells. Following LFA-1 cross linking in Hut78 cells 

via immobilized anti-LFA-l or ICAM -I, a greater than 7-fold increase in tyrosine 

phosphorylation o f  STAT3 (Tyr™^) was observed in 10 min declining towards base line 

level after 30 min (Figure 5.3). In contrast, T-cell receptor (TCR) activation by anti-CD3 

induced tyrosine phosphorylation o f  STAT3 showed a distinctly different activation 

pattern; detected at 10 min that remained constant for up to 4 h (Figure 5.3). However, CD3 

ligation via immobilized anti-CD3 did not induce migration o f  Hut78 cells up to 4 h (data 

not shown). Therefore, for further experiments on migrating T-cells, LFA-1 cross-linking 

o f  Hut78 cells was employed. No change in the expression o f  STAT3 protein was observed 

during these time periods (Figure 5.3). Together, these results demonstrate that signalling 

through LFA-1 in Hut78 cells induces changes associated with STAT3 functional 

activation including nuclear translocation and tyrosine phosphorylation.

5.3.2. Suppression o f STAT3 activity attenuates LFA-1 induced T-cell polarization 

and m igration

To further investigate the role o f  STAT3 in LFA-1 triggered locomotion o f  T-cells, 

selective inhibitory strategies were utilized. Initially we used AG490, a Janus kinase (JAK)
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Figure 5.1. STA T3 activation during LFA-1 induced T-cells m igration. Serum starved 
Hut78 cells w ere incubated on poly L-lysine (0 min), anti-L FA -l or ICA M -I coated 96-well 
plate for 10 min, 20 min, 30 min, 60 min or 240 min and fixed. Cells w ere labeled with 
C ellom ics®  HCS reagent kit for STAT3 activation. C ellular images were acquired using IN 
Cell A nalyzer 1000 autom ated m icroscope and analyzed by Investigator image analysis 
softw are that quantifies nuclear to cytoplasm ic fluorescence intensity. D ata are norm alized 
m ean ± SEM  o f  three independent experim ents in triplicate from three random ly selected 
fields per well containing at least 300 cells. *p<0.05 with respect to corresponding control. 
Insets show representative cell images obtained at indicated tim e points.
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Figure 5.2. Activation o f S T A T l or STAT2 during LFA-1 induced T-cell 
m igration. Serum starved Hut78 cells were incubated on poly L-lysine (0 min), anti- 
LFA-1 or ICAM -I coated % -w ell plate for 10 min, 20 min, 30 min, 60 m in or 240 min 
and fixed. Cells were labeled with Cellom ics®  HCS reagent kit for ST A T l (A) or 
STAT2 (B) activation. C ellular images were acquired using IN Cell A nalyzer 1000 
autom ated m icroscope and analyzed by Investigator image analysis softw are that 
quantifies nuclear to cytoplasm ic fluorescence intensity. Data are norm alized mean ± 
SEM o f  three independent experim ents in triplicate from three random ly selected fields 
per well containing at least 300 cells.
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Figure 5.3. STAT3 tyrosine phosphorylation during LFA-1 induced T-cell migration.
Serum starved Hut78 cells were incubated on anti-LFA-1, lCAM-1 or anti-CD3 coated 6-well 
plates for indicated time points and lysed. Cell lysates (20 jig each) were resolved by SDS- 
PAGE and after Western blotting were probed with anti-phospho (Y705) STATS (pSTATS) or 
anti-STAT3 (as a loading control) antibody (1:1000 each). Relative densitometric analysis o f 
the individual pSTAT3 band was performed and presented. Data are mean ± SEM o f three 
independent experiments. *p<0.05 with respect to corresponding control.
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specific inhibitor which subsequently reduces STATS tyrosine phosphorylation (Miyamoto 

et a i ,  2001). Hut78 cells were pretreated with different concentrations o f  AG490 ranging 

from 1 to 10 (jM for 1 h and incubated on anti-LFA-1 coated 96-well plates for 4 h (Figure 

5.4). Pre-treatment o f  Hut78 cells with AG490 resulted in dose-dependent inhibition o f  the 

LFA-1-induced locomotion-associated phenotype (Figure 5.4A). Quantitation o f  the 

observed inhibitory effect o f  AG490 on motile phenotype o f  Hut78 cells demonstrated that 

D1 reduced from 7.9 in controls cells to 1.8 when cells were treated with 10 |iM AG490 

(Figure 5.4A). Pretreatment o f  Hut78 cells with 10 liM AG490 also inhibited LFA-1 

induced tyrosine phosphorylation o f  STAT3 (Figure 5.4B). AG490 treatment had no 

significant affect on Hut78 cell survival (Figure 5.5A) or adhesion to anti-LFA-1 coated 

plates (Figure 5.5B).

Next, we applied siRNA approach to knock-down STATS expression in T-cells. 

Electroporation o f  Hut78 cells with siRNA against STATS resulted in a highly significant 

and reproducible reduction o f  STATS expression ranging from 70 to 95% in a 

concentration dependent manner at 24 h (Figure 5.6). The effect o f  STATS siRNA was 

specific in that there was no change in the expression o f  unrelated proteins a-tubulin or 

GAPDH (Figure 5.6). However, we noted that siRNA (500 nM) mediated depletion (95%) 

of  STATS expression inhibited the growth o f  Hut78 cells by 4S.8% as compared to control 

(Figure 5.7). Further examination by Hoechst staining indicated that STATS depleted cells 

underwent changes in nuclear morphology displaying condensed chromatin and shrunk 

nuclei (Figure 5.8A). Untransfected cells or cells transfected with non-specific siRNA 

exhibited diffused nuclear staining (Figure 5.8A). High Content Analysis o f  cell shape and 

nuclear intensity using IN Cell Image Investigator software showed significantly higher 

number o f  apoptotic nuclei in STATS depleted cells as compared to controls (Figure 5.8B). 

In situ  terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) that detects 

the free ends o f  DNA after breakage, which is one o f  the important biochemical hallmarks 

o f  apoptosis showed TUNEL-positive staining in STATS depleted cells (Figure 5.9A). 

Finally, quantitation o f  apoptotic cells by flow-cytometric analysis after Annexin V and 

propidium iodide labeling indicated an increased apoptosis upto S7.06% in STATS siRNA 

treated cells (Figure 5.98). To understand the molecular mechanism that underlies 

apoptosis in STATS deficient T-cells, we examined the expression levels o f  pro-survival
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Figure 5.4. Effect o f AG490 on LFA-1 induced locomotory phenotype of T-cells. (A) Hut78 cells 
were pretreated with either vehicle [0.01% (v/v) DMSO; Control] or AG490 (1, 2.5, 5, or 10 |j,M) for 1 
h and incubated on anti-LFA-1 coated 96-well plate for 4 h. At least 20 microscopic fields were 
photographed, and a representative image is shown. Dose-response migration inhibition by AG490 in 
Hut78 cells stimulated via immobilized anti-LFA-1 was quantified by measurement o f DI and 
presented. (B) Untreated or AG490 (10 |j,IVI)-treated serum starved HutVS cells were stimulated with or 
without anti-LFA-1 for 10 min and lysed. Cell lysates (20 |j,g each) were resolved by SDS-PAGE, and 
after Western blotting probed with anti-phospho (Y705) STATS (pSTATJ) or anti-STAT3 antibody 
(1:1000 each). Relative densitometric analysis o f the individual pSTAT3 band was performed and 
presented. Data are means ± SEM of three independent experiments. *p<0.05 with respect to control.
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Figure 5.5. Effects o f  AG 490 on Hut78 cells in term s o f cell viability and adhesion on 
anti-LFA -1. C ells were pretreated with either vehicle [0.01%  (v/v) DM SO] or AG490 
(1, 2.5, 5, or 10 |j.M) for 1 h. (A) Cell viability was m easured by C ellT iter 96 AQ® One 
Solution cell proliferation assay kit and % survival was calculated from the values 
obtained from the absorbance at 490 nm. (B) A dhesion o f  cells on anti-LFA-1 coated 
plates was determ ined as described in the ‘M aterials and M ethods’ and %  adhesion was 
calculated from the values obtained from the absorbance at 590 nm. Data are mean ±  
SEM o f  three independent experim ents in triplicate.
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Figure 5.6. Specific inhibition of STAT3 expression by siRNA in Hut78 cells.
Hut78 cells (N/T) were electroporated with 500 nM non-specific siRNA (N/S 
siRNA), 100 nM, 300 nM or 500 nM siRNA targeted against STAT3 (STAT3 
siRNA) as described in ‘Materials and M ethods’. (A) Whole cell lysates (20|ag 
each) were Western immunoblotted with anti-STAT3 (1:1000; STATS), anti-a- 
tubuiin (1;2000; a-Tuhulin), or anti-GAPDH (1:1000; GAPDH) antibodies. (B) 
Relative densitometric analysis o f the individual STAT3 bands was performed and 
presented. Data are mean ± SEM of three independent experiments. *P<0.05 as 
compared to control.
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Figure 5.7. Effect o f  STAT3 inhibition on H ut78 cell viability. Hut78 
cells (N /T) were electroporated with 500 nM non-specific siRNA (N/S 
siRN A ) or siRNA targeted against STAT3 (STAT3 siRN A ). Percentage 
cell viability was determ ined with CellTitre 96™  AQueous O ne Solution 
Assay and presented. Data are mean ±  SEM o f  three independent 
experim ents. *P<0.05 as com pared to control.
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Figure 5.8. Effect of STAT3 siRNA on nuclear morphology of Hut78 cells. Hut78 cells 
(N/T) were electroporated with 500 nM non-specific siRNA (N/S siRNA) or siRNA 
targeted against STAT3 (STAT3 siRNA). (A) Cells were stained for nuclei with Hoechst. 
Fluorescence micrographs o f cells; viable cells display diffuse nuclear fluorescence whereas 
apoptotic cells show the concentrated dense granular fluorescence. Arrow indicates 
apoptotic nuclei, scale bar 20 |am. (B) Cell shape and nuclear intensity was quantified using 
IN Cell Image Investigator software and presented. Experiments were repeated three times 
in triplicate and a representative result is shown.
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Figure 5.9. Effect o f  STAT3 siR N A  on induction o f apoptosis in H ut78 ceils. Hut78 cells 
(N /T) were electroporated with 500 nM non-specific siRNA (N /S siRN A ) or siRNA targeted 
against STAT3 (STATS siRNA). (A) Cells were stained with A poA lert®  DNA 
Fragm entation Assay Kit for TU N EL and photographed. Nuclei w ere stained with propidium 
iodide (red). Arrow indicates apoptotic cells (TU N EL positive, green), scale bar 20 |am. (B) 
A poptotic cells were analysis by FACS following FITC-annexin V / propidium  iodide 
staining for at least 10,000 events. Lower right corner represents apoptotic cells
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member o f  Bcl2 family o f  apoptosis regulator Bcl-xl, which is expressed in Hut78 cells 

(Zhang et a l ,  2003). We observed that depletion o f  STAT3 by siRNA drastically reduced 

the level o f  Bcl-xl by 86% (Figure 5.10). Together, these observations confirmed that 

siRNA mediated inhibition o f  STATS expression lead to induction o f  apoptosis in T-cells 

by down-regulating Bcl-xl. Therefore, use o f  siRNA to determine functional involvement 

o f  STAT3 in T-cell migration and elucidate molecular mechanisms was constrained.

We extended these studies using cell permeable isoform-specific inhibitory peptide 

specifically targeted against STAT3 tyrosine phosphorylation. This 12-mer phosphopeptide 

(AYRNRpYRRQYRY), identified through combinatorial chemistry (Wiederkehr-Adam et 

al., 2003), binds with high affinity and specificity to STAT3 in a BiaCore competition 

assay. This peptide was conjugated, with a spacer 6-aminohexanoic (Ahx) to a cell- 

permeable peptide sequence called Antennapedia (RQIKIW FQNRRM KW KK), a vector 

that has been shown to be highly efficient for delivering bioactive molecules (Derossi et a l,  

1994; Dunican and Doherty, 2001). Antennapedia peptide (Antp) corresponds to the third 

helix o f  the antennapedia homeodomain that can penetrate across biological membrane by 

energy independent mechanism and accumulate in the nucleus (Qian et a l,  1989). The 

antennapedia homeodomain is a sequence-specific transcription factor from Drosophila 

melanogaster which is encoded by a hox gene Antennapedia that controls the placement of 

legs (Qian et al., 1989). Cells were treated with Antp alone as a control peptide.

Hut78 cells were pretreated with a range o f  concentrations o f  STAT3 inhibitory 

peptide (pY-pept) for varying time points ranging from 1 to 12 h. Pretreatment o f  cells with 

pY-pept inhibited LFA-I induced cell migration in a time- and dose- dependent manner 

(Figure 5.11). Complete loss o f  locomotion-associated phenotype was observed at 25 |ag/ml 

concentration o f  pY-pept treated at least for 4 h (Figure 5.11). Control untreated or cells 

treated with non-specific peptide Antp displayed a polarized and elongated morphology 

when triggered via LFA-1 with DI 8.1 or 7.8 respectively; whereas cells treated with 25 

^g/ml pY-pept for 4 h were almost round with Dl 1.78 (Figure 5.12A). However, the 

attachment o f  cells and formation of associated filopodia remained intact in these cells 

(data not shown). Hut78 cells pretreated with pY-pept did not show LFA-1 induced STAT3 

tyrosine phosphorylation (Figure 5.12B). Pretreatment o f  Hut78 cells with pY-pept
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Figure 5.10. Effect of STAT3 siRNA on Bcl-xl expression in Hut78 cells. Hut78 
cells (N/T) were electroporated with 500 nM non-specific siRNA (N/S siRNA) or 
siRNA targeted against STAT3 (STAT3 siRNA). (A) Cell lysates (20|ig each) were 
immunoblotted with anti-STAT3 (1:1000; STATS), anti-Bcl-xl (1;1000; Bcl-xl), or 
anti-a-tubulin (1:2000; a-Tubulin) antibodies. Relative densitometric analyses o f the 
individual bands o f STAT3 (B) and Bcl-xl (C) were performed and presented Data are 
mean ± SEM o f three independent experiments. *P<0.05 as compared to control.
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Figure 5.11. High C ontent A nalysis for the effect o f  STAT3 inhibitory peptide on T- 
cell m igration. Hut78 cells were pretreated with different concentrations o f  pY-pept 
(ranging from 1 to 50 |ig /m l) for varying tim e period (ranging from 1 to 12 h) and 
incubated on anti-LFA-1 coated 96-well plate for 4 h. Q uantitative evaluation o f  the 
num ber o f  Hut78 cells developing a polarized m igratory phenotype was perform ed by High 
Content A nalysis using IN Cell A nalyzer 1000 and Investigator image analysis software. 
Data are norm alized m ean values o f  three independent experim ents in triplicate.
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Figure 5.12. Effect of STAT3 inhibitory peptide on LFA-1 induced locomotory phenotype of T- 
cells. (A) Hut78 cells untreated {control), pretreated with 25 |J.g/ml non-specific peptide {Antp) or 25 
)ig/ml STATS inhibitory peptide {pY-pept) for 4 h were incubated on anti-LFA-1 coated 96-well plate 
for another 4 h. At least 20 microscopic fields were photographed, and a representative figure is 
shown. Migratory phenotypes were quantified by measurement o f Dl and presented. (B) Untreated, 25 
|ig/ml Antp or pY-pept treated serum starved Hut78 cells were stimulated with or without anti-LFA-l 
for 10 min and lysed. Cell lysates (20 jig each) were resolved by SDS-PAGE, and after Western 
blotting probed with anti-phospho (Y705) STAT3 {pSTATS) or anti-STAT3 antibody (1:1000 each). 
Relative densitometric analysis o f the individual pSTAT3 band was performed and presented. Data 
are means ± SEM o f three independent experiments. *p < 0.05 with respect to corresponding control.
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Figure 5.13. Effects of STAT3 inhibitory peptide on Hut78 cells in terms of cell viability 
and adhesion on anti-LFA-1. Hut78 cells {control) were pretreated with 25 )i,g/mi non
specific peptide {Antp) or 25 |a,g/ml STAT3 inhibitory peptide {pY-pept) for 4 h. (A) Cell 
viability was measured by CellTiter 96 AQ® One Solution cell proliferation assay kit and % 
survival was calculated from the values obtained from the absorbance at 490 nm. (B) 
Adhesion o f cells on anti-LFA-1 coated plates was determined as described in the ‘Materials 
and methods’ and % adhesion was calculated from the values obtained from the absorbance at 
590 nm. Data are mean ± SEM of three independent experiments in triplicate.

148



treatment had no significant affect on cell survival (Figure 5.13A) or adhesion to anti-LFA- 

1 coated plates (Figure 5.13B). Therefore, for further experimentations short pretreatment 

o f  the cells for 4 h with 25 |ig/ml concentration o f  pY-pept was employed.

Further, to determine if the failure o f  STAT3 inhibited cells to develop a migratory 

phenotype was also accompanied by the loss o f  active locomotion, HCA experiments 

utilizing time-lapse video imaging by IN Cell Analyzer 1000 automated microscope were 

performed. A slow and apparently random mode o f  locomotion was observed in control 

Hut78 cells triggered via cross-linking o f  LFA-1. Measuring live cell migration over a 

period o f  20 min gave clear evidence that pY-pept treatment significantly decreased LFA-1 

stimulated Hut78 cells migration (Figure 5.14). Average speed o f  Hut78 cell migration was 

recorded to be 1.055 ^m/minute which was decreased by 73.1 %  (0.283 fim/minute) when 

were pre-treated with pY-pept (Figure 5.14A). Average distance traveled by control cells 

was 21.1 fim (ranging from 8.3 to 69.5 |im), which was decreased to 6.2 |im (ranging from 

0.1 to 22 |im) when cells were pre-treated with pY-pept (Figure 5.14B). These findings 

clearly demonstrate the requirement o f  active STAT3 function for T-cell locomotion in a 

physiological micro-environment.

5.3.3. STAT3 inhibition affects T-cell m icrotubules

We have demonstrated in previous section o f  this thesis and established (Verma et 

al., 2008) that MT targeting agents such as paclitaxel (a tubulin stabilizer), nocodazole or 

PBOX-15 (tubulin depolymerizers) inhibited T-cell migration. Therefore, we examined 

whether inhibition o f  STAT3 by pY-pept affects T-lymphocyte MT o f  causing inhibition o f  

T-cell migration. Effect o f  STAT3 inhibition on the intracellular distribution and functional 

involvement o f  the MT were analyzed. Control untreated Flut78 cells or cells treated with 

non-specific peptide Antp showed radial arrays o f  organized tubulin distribution (Figure 

5.15A, C). LFA-1 induced migrating T-cells displayed the characteristic array o f  MT in 

that MTOC was located at the side o f  the nucleus apposing the direction o f  cell migration 

and long MT extended to the uropods from here (Figure 5.158, D). In contrast, exposure o f  

Hut78 cells to STAT3 inhibitory peptide pY-pept dramatically impaired the tubulin 

network (Figure 5.15E) resulting in complete loss o f  the typical motile phenotype upon 

LFA-1 cross linking (Figure 5.15F). Quantitative analysis o f  the a-tubulin cytoskeletal

149



B

oj .E 
E E 
•S E
■D -  0.4

w

I  ^  15

Antp pY-pept
Antp pY-pept

Figure 5.14. Effect o f STAT3 inhibitory peptide on LFA-1 induced T-cell 
migration. Hut78 cells were pretreated with 25 )j.g/ml Antp or pY-pept and cell nuclei 
were stained with Hoechst. Cells were incubated on anti-LFA-l coated 96 well plate 
and time-lapse images at every 2 min intervals were recorded for 20 min using IN Cell 
Analyzer 1000 automated microscope. Data were analyzed using Image-Pro Plus 6.1 
analysis software for speed o f migration (A) and distance travelled (B). Data are 
normalized means ± SEM o f three independent experiments in triplicate. *p < 0.05 with 
respect to correspofiding control.

150



PLL Anti-LF-1

Control Control
F igure 5.15. E ffect o f  ST A T 3 inhibition on the organisation o f  M T netw ork in resting and LFA-1 stim ulated  T -cells.
Hut78 cells untreated {Control', A, B) or pretreated with 25 |ig/ml non-specific peptide {Antp\ C, D) or 25 |j.g/ml STATS 
inhibitory peptide {pY-pept; E, F) for 4 h were incubated on poly-L-iysine-coated (PLL', A, C, E) or anti-LFA-1-coated (B, 
D, F) Permanox® chamber slides for 4 h. After this time, the medium was carefully removed and cells were fixed in 3% 
PFA. Cells were immunostained for a-tubulin (1:500; green). The organisation o f  MT network was visualized by confocal 
microscopy using a 63X oil immersion lens. The arrow  indicates clearly distinguishable MTOC. (G) Organization o f MT 
network in the population o f cells. A minimum o f 100 cells was scored by IN Cell Investigator HCA analysis software. (H) 
Semi-automated analysis o f  MT fibre length o f  10 randomly selected cells was performed using the Zeiss LSM Image 
Examiner software. Results shown are representative o f  three independent experiments. *p<Q.Q5 with respect to 
corresponding control. 151



phenotypes in the population o f  cells by IN Cell Investigator HCA software (GE 

Healthcare) indicated that inhibition o f  STATS activity by pY-pept significantly reduced 

the number o f  cells (up to less than 8%) with organized MT (Figure 5.15G). Semi

automated analysis for MT fibre length o f  10 randomly selected cells by Zeiss LSM Image 

Examiner (Carl Zeiss) indicated that pY-pept treatment significantly reduced the average 

length o f  tubulin fibre from greater than 11.5 |am to less than 0.5 ^m (Figure 5.15H). 

STAT3 inhibitory peptide did not significantly affect the actin cytoskeletal network (Figure 

5.16).

5.3.4. Inhibition o f STAT3 activity affects post-translational m odifications o f tubulin 

in T-cells

a-Tubulin undergoes post-translational modifications including acetylation and 

tyrosination that are thought to modulate MT stability and dynamics within the cell 

(Westermann and Weber, 2005). To further explore the effect o f  STATS inhibition on post- 

translational modification o f  tubulin in migrating T-cells, we examined the total expression 

o f  a-tubulin, acetylated a-tubulin and tyrosinated a-tubulin by Western immunoblotting 

(Figure 5.17A) and with densitometric quantitation normalized for GAPDH expression 

(Figure 5.17B). Acetylated a-tubulin level in LFA-1 stimulated Hut78 cells was 57% lower 

as compared with resting cells (Figure 5.17B; open bars, lanes 2 vs 1). Pretreatment o f  cells 

with pY-pept reduced acetylated tubulin level to 51% (Figure 5.17B; open bars, lanes 5 vs 

1), which was further reduced to 11% after LFA-1 cross linking as compared to control 

untreated resting cells (Figure 5.17B; open bars, lanes 6 1). No significant change in the

level o f  acetylated tubulin was observed when Hut78 cells were pretreated with non

specific peptide Antp (Figure 5.17B; open bars, lanes 3 vs 1 and 4 vs 2). Tyrosinated 

tubulin level in migrating Hut78 cells was increased up to 47% compared to the resting 

cells (Figure 5.17B; closed bars, lanes 2 vs 1). Treatment o f  these cells with pY-pept 

reduced the level o f  tyrosinated tubulin by 51% in resting (Figure 5.17B; closed bars, lanes 

5 V5 1) and by 56% upon LFA-1 cross linking as compared to control (untreated) cells 

(Figure 5.17B; closed bars, lanes 6 vs 1). No significant change in the level o f  tyrosinated 

tubulin was observed when Hut78 cells were pretreated with non-specific peptide Antp 

(Figure 5.17B; closed bars, lanes 3 1 and 4 vs 2).
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Figure 5.16. Effect of STAT3 inhibition on the organisation of cellular actin cytoskeleton in 
resting and LFA-1 stimulated T-cells - Hut78 cells untreated (A, B) or pretreated with 25 |j,g/ml non
specific peptide Antp (C, D) or 25 )ig/ml STAT3 inhibitory peptide pY-pept (E, F) for 4 h were 
incubated on poly-L-lysine-coated (A, C, E) or anti-LFA-1-coated (B, D, F) Permanox® chamber slides 
for 4 h. After this time, the medium was carefully removed and cells were fixed in 3% PFA. Cells were 
stained for actin (red) and nuclei (Hoechst, blue). The organisation o f actin cytoskeleton was visualized 
by confocal microscopy using a 63X oil immersion lens. Results shown are representative o f three 
independent experiments.
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Figure 5.17. Effect o f STAT3 inhibition on post-translational modifications o f tubulin 
in resting and LFA-l-stim ulated T-cells. (A) Hut78 cells untreated {Control), pretreated 
with 25 |a.g/ml non-specific peptide {Antp) or 25 )ig/ml STAT3 inhibitoiy peptide {pY-pept) 
for 4 h were stimulated with or without anti-LFA-1 for 4 h and lysed. Cell lysates (20 |jg 
each) were resolved by SDS-PAGE, and after Western blotting probed with anti-a-tubulin, 
anti-acetylated tubulin {Ac-Tubulin), anti-tyrosinated tubulin {Tyr-Tubulin) or GAPDH (as a 
loading control) antibody (1 :2000 each). (B) Relative densitometric analysis o f  the individual 
band was performed and presented. Data are mean ± SEM o f three independent experiments. 
*p<0.05 with respect to corresponding controls.
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5.3.5. STAT3 exerts its effect on microtubules via stathmin

Next, we explored the possibility (if any) whether STATS exerts its effect on MT 

assembly and tubulin post-translational modifications by direct physical association with 

tubulin. Cell lysates o f  resting or LFA-1 stimulated Hut78 cells were immunoprecipitated 

with tubulin and probed with anti-STAT3 antibody (Figure 5.18). However, using this 

method we did not detect any STAT3 protein in tubulin immunoprecipitated samples 

(Figure 5.18). Whole cell lysates o f  resting as well as LFA-I stimulated Hut78 cells were 

used as a control (Figure 5.18).

The spatial organization o f  the MT cytoskeleton is thought to be directed by several 

regulatory molecules. Stathmin-tubulin interaction is known to regulate MT dynamics in 

motile and mitotic cells (Niethammer et a i ,  2004). Stathmin is known to undergo serine 

phosphorylation at Ser'^ upon cell stimulation (Andersen, 2000). However, we did not 

detect stathmin phosphorylation (Ser'^) due to LFA-1 cross-linking (Figure 5.19; lanes 2 vs 

1). In contrast, CD3 cross-linking induced stathmin phosphorlyation on S16 (Figure 5.19; 

lanes 5 v.v 1). Moreover, CD3 induced stathmin phosphorylation was not affected by pY- 

pept (Figure 5.19; lanes 7 v.v 5). Microscopic examination o f  stathmin indicated its 

cytoplasmic distribution in the resting Hut78 cells (Figure 5.20, H-J). Upon LFA-1 

stimulation, STAT3 underwent tyrosine phosphorylation and nuclear translocation (Figure 

5.20, B-G); however, stathmin remained in the cytoplasm but displayed polarized staining 

which was not affected by pY-pept treatment (Figure 5.20, H-J). Phosphorylation (Ser'^) o f  

stathmin was not detected in resting or LFA-1 stimulated Hut78 cells (Figure 5.20, K-M) 

but was detected in response to stimulation with anti-CD3 (Figure 5.20A).

Next, we examined whether stathmin physically interacts with a-tubulin in T-cells 

during migration. Resting and LFA-1 stimulated migrating Hut78 cells were 

immunoprecipitated with anti-a-tubulin or anti-IgG (isotype control) and probed with anti- 

stathmin (Figure 5.21). Results showed that stathmin binding to tubulin was reduced to 

43% in migrating cells as compared to non-migrating cells (Figure 5.21). There was no 

change in the expression o f  total stathmin protein in resting and LFA-1 stimulated cells as 

detected by immunoblotting for whole cell lysates (Figure 5.21). Phospho-stathmin was not
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Figure 5.18. STAT3 association with tubulin in migrating T-cells. Hut78 cells 
were stimulated with or without anti-LFA-1 for 10 min and lysed. Cell lysates (500 |ig 
each) were immunoprecipitated with anti-a-tubulin (IP:a-Tubulm) and after Western- 
blotting probed with anti-STAT3 (1:1000) or anti-a-tubulin (1:2000). Whole cell 
lysates (20 |ig each; WCL) was used as control. Relative densitometric analysis o f  the 
individual STAT3 band was performed and presented. Data are mean ± SEM o f three 
independent experiments. *p<0.05 with respect to control.
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Figure 5.19. Stathmin phosphorylation during LFA-1 induced T-cells migration.
Serum starved Hut78 cells were pretreated with 25 )J,g/m! non-specific peptide (Antp) or 25 
|ig/ml STAT3 inhibitory peptide (pY-pept) for 4 h and incubated on anti-LFA-1- or anti- 
CD3-coated 6-wel! plates for 10 min and lysed. Cell lysates (20 |ig each) were resolved by 
SDS-PAGE, and after Western blotting probed with anti-phospho stathmin (Ser'®; 
pStathmin) or anti-stathmin antibody (1:1000 each). Relative densitometric analysis o f the 
individual pStathmin band was performed and presented. Data are mean ± SEM o f three 
independent experiments. *jO<0.05.
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Figure 5.20. Stathmin localization during LFA-1 induced T-cells migration. Serum starved Hut78 
cells untreated or pretreated with 25 ^tg/ml STAT3 inhibitory peptide (pY-pept; D, G, J, M) were incubated 
on poly-L-lysine (PLL) or anti-LFA-1-coated Permanox® chamber slides for 10 min. After this time, the 
medium was careftjily removed and cells were fixed in 3% PFA. Cells were immunostained for STAT3, 
phospho STAT3 (Y705; pSTAT3), stathmin or phosphostathmin (Ser"*; pStathmin) (1:100 dilution o f each 
antibody) and visualized by confocal microscopy using a 63X oil immersion lens. Results shown are 
representative o f three independent experiments.

158



IP:lgG IP:a-Tubulin WCL

LFA-1 .  +  .  +  .  +

S ta th m in

p S ta th m in

a-T u b u lin

Stathmin

LFA-1 +  +   +

IP:lgG  IP :a -T ubu lin  WCL

Figure 5.21. Stathmin interaction with tubulin in migrating T-cells. Serum 
starved Hut78 cells were stimulated with or without anti-LFA-l for 10 min and 
lysed. Cell lysates (500 jig each) were immunoprecipitated with anti-a-tubulin 
{IP:a-Tubulin) or IgG (as isotype control; IP.lgG). Immunoprecipates and whole 
cell lysates (used as control 20 |ig each; WCL) were Western blotted and probed 
with anti-stathmin (1:1000), anti-phospho stathmin (Ser'^; pStathmin', 1:1000) or 
anti-a-tubulin (1:2000). Relative densitometric analysis o f  the individual stathmin 
band was performed and presented. Data are mean ± SEM o f three independent 
experiments. *p<0.05 with respect to corresponding control.
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detected either in a-tubulin immunoprecipitated samples or in whole cells lysates (Figure

5.21).

To determine whether STAT3 exerts its effect on MT via stathmin in migrating T- 

cells, we immunoprecipitated resting and LFA-I stimulated Hut78 cells with anti-STAT3 

or isotype control IgG and probed with anti-stathmin (Figure 5.22). Interestingly, stathmin 

co-immunoprecipitated with STATS, with substantially greater amount (3.6 fold) of 

stathmin co-immunoprecipitated in migrating cells as compared to resting cells (Figure

5.22). Phospho-stathmin was not detected either in STAT3 immunoprecipitated samples or 

in whole cells lysates (Figure 5.22).

Similarly, untreated or pY-pept treated resting and LFA-I stimulated Hut78 cells 

were immunoprecipitated with anti-stathmin or isotype control IgG and probed for the 

presence o f  STAT3, pSTAT3 or a-tubulin (Figure 5.23A). A 3.8 fold higher association 

between stathmin and STAT3 was observed in LFA-I induced samples as compared to 

resting cells (Figure 5.23B). Pre-treatment o f  Hut78 cells with pY-pept inhibited STAT3 - 

stathmin association (Figure 5.23B). Stathmin association with pSTAT3 was increased to 5 

fold in LFA-I stimulated Hut78 cells as compared to resting cells (Figure 5.23C). pSTAT3 

was not detected in pY-pept treated samples (Figure 5.23C). a-Tubulin co-precipitated 

with stathmin in both the resting and LFA-I induced samples. Association o f  a-tubulin with 

stathmin reduced to 0.57 fold in LFA-I stimulated Hut78 cells as compared with resting 

cells (Figure 5.23D). This decrease in a-tubulin - stathmin association in LFA-I stimulated 

cells was not detected when these cells were pre-treated with pY-pept (Figure 5.23D). 

These data suggest that STAT3 competitively binds to stathmin and thereby inhibits its MT 

depolymerization activity during T-cell migration.

Taken together, these results demonstrate that STAT3 regulates T-cell migration. 

Inhibition o f  STAT3 activity disrupts the microtubule network, interferes with post- 

translational modifications o f  tubulin and suppresses microtubule dynamics via its physical 

association with stathmin, thus affecting the function o f  this cytoskeletal system in the 

migratory process.
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Figure 5.22. STAT3 interaction with stathmin in migrating T-cells. Serum starved 
Hut78 cells were stimulated with or without anti-LFA-1 for 10 min and lysed. A, Cell 
lysates (500 |ig each) were immunoprecipitated with anti-STAT3 {IP: STATS) or IgG 
(IP.lgG). Immunoprecipates and whole cell lysates (20 |ig each; WCL) were western- 
blotted and probed with anti-stathmin, anti-phospho stathmin (Ser'^; pStathmin) or anti- 
STAT3 (1:1000 each). Relative densitometric analysis o f the individual stathmin band 
was performed and presented. Data are mean ± SEM o f three independent experiments. 
*/7<0.05 with respect to corresponding controls.
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5.4. Discussion

T-cell migration in response to integrin signalling is a complex, highly coordinated, 

multistep process involving 1) extension o f  membrane protrusions at the leading edge, 2) 

formation o f  attachment sites to the extracellular matrix at the newly formed cell periphery, 

3) cell traction, which might be driven by contraction o f  the cytoskeleton, and 4) the release 

o f  adhesions at the rear portions o f  the cell (detachment) (Horwitz and Parsons, 1999). 

These events are regulated by multiple signalling mechanisms, such as kinase and/or 

phosphatase signalling, small GTPase signalling {i.e. Rho and Rac), and cytoskeletal 

reorganization (Horwitz and Parsons, 1999). Previously, we have demonstrated that T-cells 

activated through LFA-1 undergo reorganization o f  the tubulin cytoskeleton during 

migration (Volkov et al,  1998, 2001). Further, we demonstrated that disruption o f  tubulin 

polymerization process or MT dynamics by known tubulin targeting agents such as 

paclitaxael (MT stabilizer), nocodazole (MT depolymerizer) or PBOX-15 (a novel tubulin 

depolymerizing compound) inhibits T-cell migration (Verma et ai,  2008). Here, we 

demonstrate that suppression o f  STAT3 activity impaired MT network resulting in the 

inhibition o f  T-cell migration. In addition to the multifunctional role o f  STAT3 in 

mediating several biological processes including cell proliferation, differentiation, survival, 

motility, promoting tumor growth (Yu et al,  2007; Silver et al,  2004; Bowman et al, 

2000), a role o f  STAT3 is emerging in cell migration as described in both keratinocytes 

(Akira et al,  1994; Sano et al,  1999) and mouse embryonic fibroblasts (Ng et al,  2006). In 

this study, we demonstrate involvement o f  STAT3 in T-cell migration, suggesting possible 

wider roles for this molecule in the migratory processes.

STAT3 is known to be activated by various cytokines and growth factors such as 

interleukin-6, epidermal growth factor, and hepatocyte growth factor (Ihle, 2001; Wang et 

al,  2004). In response to external stimuli, STAT3 is recruited from the cytosol to 

phosphorylated receptors via its SH2 domain. STAT3 molecules then become tyrosine 

phosphorylated (Tyr-705) within receptor complexes, form dimers and translocate to the 

nucleus to effect expression o f  responsive genes (Levy and Darnell, 2002; Dauer et al, 

2005; Bowman et al, 2000). Taking advantage o f  the STAT3 intracellular localization and 

phosphorylation status associated with its activation state, we demonstrate that LFA-1
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cross-linking can activate STATS in T-cells by virtue o f  nuclear translocation as well as 

induction o f  Tyr-705 phosphorylation. Pharmacological inhibition o f  STAT3 by both 

AG490 and specific peptide blocked LFA-1 induced migration o f  Hut78 cells. These 

observations lead to a consistent conclusion that STAT3 activation is required for T-cell 

migration either by altering expression and/or activation o f  proteins involving T-cell 

migration or through its function as an adaptor molecule. Oligonucleotide gene arrays and 

quantitative real-time PCR analysis have revealed that STAT3 regulates a common set o f  

genes involved in wound healing and cancer (Dauer et a l,  2005), that are implicated in cell 

migration, metastasis and remodeling o f  extracellular matrix including for example ICAM- 

1, CCL2, CXCL2, EPAS-1, proteases in the cathepsin and SERPIN families such as uPA 

and its receptor uPAR, PAI-1 etc. (Dauer et al., 2005). Many o f  these genes also play a role 

in the process o f  T-cell migration and trafficking. Further functional genomic and 

proteomic studies are required to determine the role o f  STAT3 in the regulation o f  genes 

and proteins involved in T-cell migration.

The adaptor function o f  STAT3 has also been implicated in the cell migration 

process. Intracellular signalling o f  STAT3 in keratinocytes modulates tyrosine 

phosphorylation o f  p i 30“  ̂ (a focal adhesion molecule) affecting cell adhesiveness to the 

substratum and cell migration in response to growth factor (Kira et a l ,  2002). In 

endothelial cells, phosphorylation o f  STAT3 in response to VEGFR stimulation resulted in 

its nuclear translocation and induction o f  migration and a dominant negative mutant o f  

STAT3 completely inhibited cell migration (Yahata et al., 2003; Wei et al., 2003). Lastly, 

an association has been reported between STAT3 and Rho GTPases (Debidda et al., 2005), 

the later being critically involved in the selective stabilization o f  MT in the lamella o f  

crawling cells.

Here, we observed that the suppression o f  STAT3 activity significantly reduced 

tubulin acetylation and tyrosination. These reversible post-translational modifications o f  a- 

tubulin have been implicated in regulating MT stability and functions (Hubbert et al., 2002; 

Bulinski et al., 1987) that influence important biological processes such as cell motility, 

signalling and homeostasis (Westermann and Weber, 2003; Hubbert et a l ,  2002) in a cell- 

or context-dependent manner (Tran et al., 2007). We have recently demonstrated that a
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tubulin targeting compound PBOX-15 altered tubulin post-translational modifications and 

thus inhibited T-cell migration (Verma et al ,  2008). Acetylated a-tubulin is most abundant 

in stable MT but is absent from dynamic cellular structures (Yahata et al ,  2003; 

Westermann and Weber, 2003). Acetylation o f  a-tubulin may be required for coordination 

and differential interaction o f  MT with MT-associated proteins (MAPs) and motor proteins 

(such as kinesin and dynein) for regulating their activity or localization (Kreitzer et al ,  

1999); kinesin is known to regulate distribution o f  intermediate filaments. Change in 

tubulin acetylation affects the conformation o f  the MT surface to which MAPs bind (Tran 

et al,  2007), which in turn could affect processes involved in T-cell motility. In addition, it 

regulates dynamics o f  cell adhesion and motility by alteration in Rac and Rho signalling, 

targeting o f  MT to focal adhesions and localization o f  adhesion assembly and disassembly 

signals (Hubbert et al ,  2002; Tran et a l ,  2007). Tubulin tyrosination acts as a signal for the 

interaction o f  MT with other signalling proteins (Bulinski et a l ,  1987) that may affect cell 

morphology and locomotory potential. It regulates the interactions o f  intermediate 

filaments with MT via kinesin-dependent mechanism (Kreitzer et a l ,  1999). Moreover, 

tubulin tyrosination is important for the coordination o f  different cytoskeletal elements, 

such as vimentin (Bulinski et al., 1987), which in turn may provide structural support for 

the extensive microtentacles (extensive and motile MT-enriched membrane protrusions) 

(Whipple et al,  2008) in migrating T-cells. Both acetylation and tyrosination o f  tubulin 

regulate localized recruitment o f  complexes comprised o f  C L IP -170 (a cytoplasmic linker 

protein) and CLASPs (CLIP-associating proteins) and/or components o f  forming adhesions 

to the plus end o f  dynamic MT (Tran et al ,  2007; Peris et al ,  2006). A role o f  tubulin post- 

translational modification in MT-dependent organelle polarization (golgi, MTOC) typically 

found in migrating cells has recently been proposed (Tran et al ,  2007).

We further demonstrate a direct interaction between STAT3 and stathmin. 

Moreover, stathmin associates with tubulin, although no direct physical association o f  

STAT3 with a-tubulin was observed. This may be because the immunoprecipitation 

method used for this analysis is not appropriate and sensitive enough to reveal detail 

information about STAT3-tubulin association, if any. Further experimentation will be 

required to confirm if  STATS directly binds to tubulin.
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Stathmin family proteins are important for appropriate cell cycle progression in 

many types o f  eukaryotic cells and promote neurite outgrowth through regulation o f  MT 

dynamics in growth cones (Steinmetz, 2007). A reduced level o f  stathmin-tubulin 

interaction has been described at the leading edge o f  migrating Xenopus A6 cells 

(Niethammer et al., 2004). Interestingly, stathmin is highly expressed in many types o f  

cancers and overexpression correlates with abnormal motility and tissue invasion o f  human 

sarcomas in vivo (Belletti et a l,  2008). Experimental evidence suggests that stathmin MT- 

depolymerizing activity is negatively regulated by phosphorylation on serine residues, of 

which Ser'^ plays major role(s) (Andersen, 2000). We and others (Tanaka et a l,  2007) 

observed that TCR activation by CD3 cross-linking o f  T-cells induced stathmin 

phosphorylation (Ser'^). However, we did not detect stathmin phosphorylation (Ser'^) due 

to LFA-1 cross-linking to Hut78 cells. These suggest that LFA-1 regulation o f  stathmin is 

different from that o f  TCR. Further, we show that TCR induced phosphorylation of 

stathmin is independent on STAT3, as inhibition o f  STAT3 activity by pY-pept did not 

affect anti-CD3 stimulated stathmin phosphorylation (Ser’ )̂.

Our results are in agreement with a recent report that STAT3 interacts with stathmin 

and regulate MT dynamics by antagonizing its depolymerization activity (Ng et a l,  2006). 

However, these authors utilized exogenous expression o f  wild-type or mutant STAT3 and 

stathmin proteins. Moreover, they demonstrated by cell-free in vitro experiments that 

STAT3 attenuated stathmin’s MT destabilizing activity (Ng et a l,  2006). Here, we 

demonstrate a functional involvement o f  endogenous STAT3 by direct interaction with 

stathmin to control MT dynamics in migrating T-cells. Specific inhibition o f  STAT3 

activity by pY-pept inhibited stathmin interaction with STAT3 and a-tubulin, thus 

disrupting its regulation o f  MT dynamics. It remains to be determined whether STAT3 

interacts with other signal-transducing molecules involved in T-cell migration.

Based on our data, we propose a model for STAT3 involvement in regulating T-cell 

migration (Figure 5.24). LFA-1 cross-linking activates STAT3 by inducing tyrosine 

phosphorylation and nuclear translocation. The interaction o f  activated STAT3 with 

stathmin plays key role(s) in inhibiting the tubulin depolymerization activity o f  stathmin. 

This interaction makes tubulin heterodimers available for polymerization during active
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Figure 5.24. A model for LFA-1 induced STAT3 activation and regulation of MT dynamics. The
figure illustrates STAT3 activation by tyrosine phosphorylation, their nuclear translocation and 
predicted interaction with stathmin. Stathmin bound tubulin heterodimers are unable to polymerize. 
Activated STATS binding to stathmin inhibits its tubulin depolymerisation activity, making tubulin 
available for polymerization in actively migrating T-cells. Dash-lined arrows indicate that the 
interactions are either putative or involve multiple steps. P in the solid star, Tyr™  ̂phosphorylation.
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cytoskeleton reorganization process in m igrating T-ceils. This presents a novel m echanism  

through which STA T3 m ediates T-cell migration possibly also in combination with its 

nuclear transcriptional activity.

In conclusion, w e have demonstrated  that STAT3 is involved in m ediating T-cell 

m igration by regulating M T dynam ics. The expectation that activated STAT3 would turn 

on specific transcriptional events  and target genes that are integral parts o f  migrating T- 

cells form s the basis for further experiments. These studies will greatly enhance the 

understanding o f  fundamental intracellular m echanism s involved in T-cell migration. Our 

results suggest that STAT3 m ay be potentially used as therapeutic target for various 

pathological conditions involving T-cell responses including chronic inflam m atory disease 

such as inflam m atory bowel d isease and the inflammatory arthropathies.
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CHAPTER 6

GENERAL DISCUSSION
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6.1. Contribution o f  this work to the understanding o f m icrotubule associated T-

cell signal transduction

Understanding T-cell migration presents a formidable intellectual challenge, 

because it is the product o f  several complex integrated processes that must be carefully 

regulated. It is becoming increasingly clear that coordinated modifications o f  multiple 

signalling and cytoskeletal proteins contribute to efficient T-cell migration. Several distinct, 

but integrated, biochemical pathways have the task o f  mounting changes to the 

cytoskeleton in migrating T-cells. Due to the multifaceted nature o f  these changes, the 

research studies in the area require multidisciplinary approaches and concepts.

Over the past few years, there have been progressive and seminal advances in the 

understanding o f  molecular basis o f  T-cell migration. Several signalling and regulatory 

molecules have been identified and the mechanisms o f  their involvement in T-cell 

migration have been elucidated. We now recognize that lymphocytes require internal 

structural flexibility and dynamic migratory behaviour to fulfil their role as immune cells 

and that integrins have a key function in controlling these activities. However, despite 

much work having been done, scientists do not yet fully understand how the downstream 

signalling activity o f  integrins in T-cells is regulated. Furthermore, we have yet to discover 

the full signalling potential o f  integrins on T-cells and to understand what information they 

uniquely contribute when cooperating with other immune receptors. Unlike many other 

studied cell types, T-cells do not make easily identifiable focal adhesions or focal 

complexes, and the challenge is to characterize the mechanisms o f  integrin signalling that 

enable the T-cells to migrate.

T-cell migration is associated with dramatic changes in cell morphology and cyto- 

architecture. Although the importance o f  cytoskeletal structures in lymphocyte activation 

was first recognized over 30 years ago (Vasiliev et a l ,  1970), only recently have 

experimental advances revealed direct mechanistic links between the lymphocyte-specific 

components o f  signal-transduction pathways triggered by antigen receptors and the 

downstream machinery that affects cytoskeletal reorganization. Our research group and 

others have previously demonstrated and established that the T-cell integrin LFA-I has the 

ability to transduce a variety o f  signals including protein kinase C activation, resulting in
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cytoskeletal rearrangements (Volkov et a l ,  2001; Serrador et a l,  1999; Sedwick et al, 

1999; Kupfer and Singer, 1989). Integrin receptor engagement in T-cells elicits tyrosine 

phosphorylation o f  several proteins that belong to similar functional categories, but results 

in distinct cellular responses. These proteins are involved in initiating signalling cascades 

and contribute to the assembly o f  a ‘signalosome’, a multi-protein complex including 

various enzymes, their substrates and scaffold/adapter proteins. However, it is not clear 

how integrins coordinate signalling components and cytoskeleton dependent T-cell 

motility.

Inspired by the earlier findings, the above-mentioned facts, and by the opportunities 

brought in by the new available technologies, we realized that it would be important and 

possible to identify components o f  LFA-1 integrin signalling and elucidate the molecular 

mechanisms involved in MT dynamics that contribute to T-cell migration. Therefore, the 

broader aim o f  this PhD project was to identify signalling proteins involved in LFA-I 

induced T-cell migration, examine the role(s) o f  MT in T-cell migration, and investigate 

molecular mechanisms for the regulation o f  MT dynamics in migrating T-cells.

6.1.1. Importance of tyrosine phosphorylation in T-cell migration and therapeutic

applications

T-cell integrins, although catalytically inactive, are able to translate extracellular 

environmental cues into complex intracellular signals. These signals are transmitted as a 

series o f  phosphorylation events that undergo amplification within the cytoplasm, resulting 

in cell changes. They can do this mainly by associating with tyrosine kinase receptors 

(Comoglio et a l ,  2003), which can prime, integrate or feedback adhesion-based signals. 

Protein tyrosine phosphorylation is a vital signalling event critical to the regulation o f  gene 

transcription in response to cellular activation by a wide range o f  external stimuli (Louis 

and Petricoin, 2001). Tyrosine phosphorylation is the most potent signalling mechanism 

regulating physiological functions o f  the T-lymphocytes. T-cell stimulation via its integrin 

LFA-1 results in an activation o f  the tyrosine kinase signalling pathway that stimulates 

tyrosine phosphorylation and activation o f  several SH2 and/or PTB containing proteins 

including for example ZAP-70, PLC-y 1, LAT, SLP-76, Grb2, She (Isakov, 2008; Jordan et 

al,  2003; Kanner et a l ,  1993). The activated signalling proteins in turn can stimulate
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additional protein-protein interactions to assemble com petent signalling com plexes required 

to coordinate the diverse responses elicited by LFA-1. These proteins transduce 

downstream  signalling cascades leading to T-cell migration. Tyrosine phosphorylation o f  

transiently interacting substrates can further establish scaffolds for SH2 and PTB com plex 

formation at distant sites. Thus, pTyr containing proteins represent a rich source o f  

potential targets o f  therapeutic intervention in the treatment and prevention o f  diseases, and 

as potential markers for early detection o f  disease state. It is therefore o f  pivotal importance 

to identify such proteins undergoing phosphorylation leading to assem bly o f  larger m ulti

protein complexes.

Overall the hypothesis proposed in this thesis that LFA-1 engagem ent can induce 

tyrosine phosphorylation o f  s ignalling proteins is supported by a num ber o f  key findings 

reported in Chapter 3. The results implied that tyrosine phosphorylation o f  proteins and 

associated protein com plexes are am ong the important m echanism s o f  LFA -1-induced 

migration o f  T-cells. A phosphoproteom ic analysis providing an overview  o f  the signalling 

pathways dow nstream  o f  LFA-1 integrin in migrating T-cells have not previously been 

reported, so it has been unclear what com ponents  o f  these pathways are shared and which 

are unique. The identification o f  proteins undergoing tyrosine phosphorylation in response 

to LFA-1 stimulation is essential for understanding molecular m echanism s o f  the relevant 

signalling pathways.

Given the im portance o f  pTyr in T-cell signalling, the shortage o f  publication 

largely reflects the difficulty o f  pTyr analysis. This difficulty is mainly due to the low 

levels o f  pTyr peptides in biological samples. Relevant to this challenge, rapid 

technological advances in the past few years have allowed analysis and identification o f  

proteins undergoing post-translational m odifications at unprecedented levels o f  sensitivity. 

Technologies for selective enrichm ent o f  phosphoproteins and availability o f  protein 

sequence data have further im proved the identification o f  tyrosine phosphorylated  proteins. 

The present study reported in Chapter 3 is the first to com bine phosphoprotein  enrichment, 

immuno-affinity  purification, m ass spectrometric and bioinformatic analysis for the 

purpose o f  identifying the tyrosine phosphorylated proteins and associated signal 

transduction pathway dow nstream  o f  LFA-1. T he approach described in the present study

172



benefits from technical simplicity combined with direct identification o f  tyrosine 

phosphorylated proteins, yielding greater specificity o f  the signalling data produced. 

Central to the technical success o f  this approach has been the phosphoprotein enrichment, 

thus improving the yield o f  tyrosine phosphorylated proteins via greater recovery o f  low- 

abundance precipitated phosphoproteins.

The list o f  proteins identified by phosphoproteomics approach (Table 3.1) has 

substantially contributed to the understanding o f  signal transduction processes in T-cell 

migration. We were able to obtain list o f  potential components o f  LFA-1 induced pTyr 

protein complexes in migrating T-cells. The information about the proteins that are subject 

to tyrosine phosphorylation can be extremely useful in the study o f  their specific roles 

within LFA-1 associated signalling pathways. These proteins, including several known and 

new molecules, have the potential to expand the knowledge database o f  LFA-1 signalling 

networks and to promote understanding o f  relevant signal transduction at the systems level. 

Further, I PA analyses o f  identified proteins presented in Figure 3.14 provide an extensive 

view o f  the components o f  signalling networks. Future studies should incorporate 

functional analysis o f  the identified proteins in order to construct a more complete picture 

o f  the involvement o f  these proteins as an individual or in combination with other proteins. 

These studies will broaden the view on tyrosine phosphorylation and protein-protein 

interaction, the two major mechanisms for receptor mediated signal transduction.

Several novel findings associated with tyrosine-phosphorylation o f  proteins made 

during the phosphoproteomic analysis are reported in Chapter 3. The identification o f  the 

LFA-1 tyrosine phosphoproteome, at least in part, should prove relevant to human 

lymphocyte biology. O f the putative tyrosine phosphoproteins identified here by 

phosphoproteomics analysis o f  LFA-1 triggered T-cells, many are concordant with 

observations reported previously. For example, tubulin, talin 1 and heat shock protein 90 

(Hsp90) are known to undergo tyrosine phosphorylation, although in response to different 

stimuli. Identification o f  cytoskeletal proteins tubulin and actin among the most abundant 

species in the LFA-1 phosphoproteome is intriguing. Previous investigators have confirmed 

the tyrosine phosphorylation o f  actin and its abrogation by the SH2-containing phosphatase 

SHP-1 (Baba et a l ,  2003). Given the established importance o f  MT in T-cell migration, our
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identification of this molecule as a tyrosine-phosphorylated species in LFA-1-activated T- 

cells raises the prospect o f using tubulin-interactive drugs to inhibit T-cell migration.

O f note, these findings suggest that the catalytically inert downstream substrates of 

tyrosine phosphorylation cascades may prove to be as important in determining T-cell 

migratory phenotype and novel drug targets as the upstream enzymes and receptors that 

have thus far dominated the attention o f researchers in this field. We expect that some of 

these molecules may provide new insights into understanding the LFA-1 signalling 

networks and aid in the search for potential new therapeutic targets. Further, our results 

raise the possibility that components o f tyrosine phosphorylation signalling identified in 

this study could be a molecular marker for activated T-cells triggered via LFA-1. Focused 

attention on a critical subset o f molecules involved in T-cell signalling promises to usher in 

a new era o f functional molecular pathology and rational drug discovery. Certainly, the 

specific mechanisms underpinning tyrosine phosphorylation o f these proteins and their 

response in signal transduction pathways remain to be elucidated and further investigation 

o f the underlying mechanism(s) is warranted.

6.1.2. Possible role o f  a novel 14-3-3^ protein in T-cell migration

One o f the intriguing discoveries of this work was the identification o f \A-3-3C, 

protein as a potential component o f LFA-1 mediated signal transduction. The 14-3-3 

proteins are a family o f ubiquitously expressed, exclusively eukaryotic proteins with an 

astonishingly large number o f binding partners. Consequently, 14-3-3 proteins modulate an 

enormous and diverse group o f cellular processes such as regulation o f cell cycle, 

metabolism, and signalling (Aitken, 2006; Fu et a l ,  2000), and have recently gained 

increasing interest in many fields o f biology. This stems from the notion that they are 

central components of numerous regulatory mechanisms. They are characterized as adaptor 

proteins and the total number o f 14-3-3 interacting proteins is presumably in the range of 

several hundreds (Fu et a l ,  2000). Although, one may argue that 14-3-3 proteins are 

therefore too pleiotropic to represent relevant targets for therapeutic intervention, it has 

been shown that inactivation of 14-3-3 proteins greatly sensitizes cancer cells to DNA 

damaging agents (Niemantsverdriet et al., 2008).
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The \A-2-7>Ĉ  isoform is known to undergo Ser/Thr phosphorylation and interact with 

several intracellular proteins (Bialkowska et ai, 2003; Gannon-Murakami and Murakami, 

2002; Agarwal-Mawal et a i, 2003) which are directly or indirectly necessary for T-cell 

migration, therefore clearly relevant for lymphocyte biology. It binds with PKCs and tau 

and controls their activity (Hashiguchi et a i, 2000; Agarwal-Mawal et a i, 2003), which in 

turn may be important in the regulation o f  MT dynamics. While l4-3-3i!^ undergoing 

tyrosine phosphorylation has not been previously reported and its significance in signal 

transduction is not clear, our biochemical and bioinformatics analysis indicated possible 

tyrosine phosphorylation o f  this protein and suggested that Y I79  could be a potential 

phosphorylation site that may interact with SH2 domain o f  She. If further experiments 

support functional involvement o f  14-3-3^ in T-cell migration, this protein may be 

exploited as a useful molecular target in various pathological conditions involving immune 

and inflammatory responses.

6.1.3. Opportunities for screening o f  novel drugs affecting T-cell migratory

phenotype using a High Content Analysis approach

Because o f  the central role o f  lymphocytes in inflammation and autoimmune 

disease, pharmacological interference with their migration processes has been a popular 

strategy for therapeutic intervention in inflammatory disorders and for the development o f  

novel immuno-suppressants. One approach involves a High Content Analysis (HCA) 

approach for large-scale screening o f  chemical libraries to identify novel drugs affecting 

specific facets o f  T-cell migration. In recent years, advances in the field o f  HCA have 

provided researchers with powerful new tool to observe cellular phenotypes and functions 

on the basis o f  multiple experimental parameters. HCA combines automated fluorescence 

microscopic imaging and image analysis and has become an invaluable tool in cell biology 

and drug discovery. The advantage o f  HCA is that it enables the large-scale and 

simultaneous quantification and correlation o f  multiple biological phenotypic responses and 

physiological reactions using sophisticated software solutions that permit assay-specific 

image analysis. HCA of  complex biological phenotypes reveals the cellular impact(s) and 

facilitates reaching definitive conclusions at an early stage. While extremely useful, its
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implementation to analyze T-cell migration has been hampered by multiple technical 

challenges due to the complexity and dynamic nature o f  T-cell migratory phenotypes.

In Chapter 4, we describe protocols for HCA o f  T-cell migratory phenotypes. We 

optimized the automation processes for HCA to screen large number o f  chemical 

compounds for their functional effect on T-cell migration. Our HCA approach demonstrates 

feasibility o f  T-cell based HCA and makes a set-up appropriate for high throughput 

screening that will allow rapid and automated analysis o f  chemical compounds and siRNA 

libraries for their efficacy against T-cell motility. A panel o f  known and new synthetic 

compounds was screened for their effects on T-cell migration. However, further 

developmental work will be needed to scale up this approach into an efficient and cost- 

effective platform for routine research and/or clinical use. Importantly, HCA data 

demonstrated that MT targeting compounds inhibited T-cell migration.

6.1.4. Im portance o f m icrotubule dynam ics in T-cell migration

In Chapter 4 o f  this thesis, we demonstrated that MT dynamics is functionally 

important for T-cell migration. Results clearly indicate that targeting MT by known and 

new compounds are capable o f  inhibiting T-cell migration. An important result o f  this 

thesis is the observation that a-tubulin undergoes post-translational modifications in 

migrating T-cells. Whereas the post-translational modifications o f  tubulin including 

acetylation, tyrosination and detyrosination have been studied extensively (Westermann 

and Weber, 2003) and implicated in regulating various aspects o f  cell biology, the precise 

mechanisms and their biological functions remained poorly characterized. Post- 

translational modifications o f  tubulin may change MT conformations (Stewart et a i ,  1996; 

Kreitzer et a l ,  1999; Akhmanova et al., 2001; Tran et a l ,  2007). The observed post- 

translational modifications o f  tubulin indicate its dynamic behaviour that may be important 

for growing MT in migrating T-cells. Tubulin post-translational modifications may also 

regulate T-cell signal transduction by co-ordination or differential interaction o f  MT with 

MT-associated proteins, which in turn affect processes involved in T-cell motility.

176



6.1.5. PBOX-15 as a novel drug

The clinical efficacy o f  anti-MT agents is well established, although increasing 

evidence o f  resistance to these agents has prompted the search for new agents with a similar 

mechanism. Data presented in Chapter 4 clearly indicates that a new MT targeting 

compound PBOX-15 is capable o f  inhibiting T-cell migration. We further characterized 

functional response o f  PBOX-15 in terms o f  T-cells motility using in vitro migration 

triggering model system utilizing human T-lymphoma cell line Hut78 as well as PBTLs. 

We established that PBOX-15 inhibited LFA-I integrin-induced T-cell migration by 

denaturing MT cytoskeleton and interfering with MT polymerization dynamics (Verma et 

a l,  2008). Also o f  interest was the finding that PBOX-15 had effect on the post- 

translational modifications o f  tubulin (Verma et a l,  2008). Recently, this compound has 

been shown to induce apoptosis in poor prognostic subgroups o f  chronic lymphocytic 

leukemia, with its potential as an anticancer agent in chemo-resistant diseases (McElligott 

et a l ,  2009). Consistent with the established MT targeting effects o f  PBOX-15 (Mulligan et 

al., 2006), its demonstrated ability to inhibit T-cell migration and tubulin post-translational 

modifications raises additional possibilities o f  potential relevance to rational drug 

development. In this case, immunotherapeutic strategies aimed at MT targeting would be 

expected to work. However, it is possible that PBOX-15 may also interfere with T-cell 

signalling cascade or might inhibit related tyrosine kinases. While only a speculation at this 

stage, these possibilities could account for clinically unexplained anomalies caused by 

PBOX-15 relevant to T-cell migration and associated processes such as cancer metastasis. 

The precise therapeutic approaches and schedules will certainly have to be optimized by 

clinicians in order to prevent the possibility o f  uncontrolled immune suppression and/or 

resulting infectious complications. Although the various molecular mechanisms involved in 

disrupting the immunosuppressive network for cancer patients still require clarification, we 

are approaching the time when it may be possible to use immunotherapy as a primary 

systemic cancer treatment. With this set o f  results, we propose PBOX-15 as a novel MT 

targeting drug as elucidated through reduced T-cell migration.

In spite o f  their potent anti-inflammatory and anti-cancer action, many o f  the MT- 

targeting drugs have limited clinical use because o f  their strong toxic effects by interfering
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important MT functions in normal cells. The effectiveness o f  anti-MT drugs has been 

impaired by various side effects, notably haematopoietic and neurologic toxicities. Drug 

resistance is another factor that thwarts the effectiveness o f  MT-targeting agents. Next- 

generation anti-MT agents with novel mechanism o f  action may show promise in 

overcoming these problems, with the hope o f  greater therapeutic indices and wider 

applications. Several toxicology studies have been performed with PBOX compounds 

including PBOX-15 as well as PBOX-6. So far, PBOX compounds show similar or less 

toxicity compared with other potent anti-MT agents such as paclitaxel or nocodazole 

(Bright et a i ,  2010; McElligott et al., 2009; Personal communication with Dr. A.M. 

McElligott, Department o f  Hematology, John Durkan Research Laboratories, Institute of 

Molecular Medicine, Trinity College Dublin, who is involved in ongoing in vitro, ex vivo 

and in vivo toxicity studies). Moreover, PBOX compounds were recently reported to be 

effective in drug resistant cells (McElligott et a i,  2009).

A deeper understanding o f  T-cell biology has resulted in a vast array o f  agents 

targeting not just the tubulin (Harrison et a l ,  2009). Possible application o f  these agents 

along with tubulin-interacting drugs as a combination therapy may lessen their toxicities. 

Therefore, low doses o f  PBOX compounds may potentially be used in combination with 

other anti-inflammatory or anti-cancer drugs to have synergistic inhibiting effects on T-cell 

migration with minimal toxicity. Through further studies, we remain optimistic that novel 

anti-MT agents including PBOX compounds will prolong patient survival while improving 

upon toxicities in the years ahead. The precise therapeutic approaches and schedules will 

certainly have to be optimized by clinicians in order to prevent the possibility o f  

uncontrolled immune suppression and/or resulting infectious complications. Several anti- 

MT agents are currently being evaluated for their possible therapeutic use, for example 

MT-targeting Sulfonamides are currently undergoing clinical trials as anti-cancer agent 

(Clinicaltrials.gov identifier: NCTOO127089). Although the various molecular mechanisms 

involved in disrupting the immunosuppressive network for cancer patients still require 

clarification, we are approaching the time when it may be possible to use immunotherapy 

as a primary systemic cancer treatment. Recent FDA approval o f  a new MT-targeting drug 

Ixabepilone (Ixempra^'^, Bristol-Myers Squibb) is a positive development 

(www.cancer.gov/cancertopics/druginfo/fda-ixabepilone). We remain hopeful, however.
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that newer agents such as PBOX compounds may improve therapeutic window o f  this class 

o f  drugs. Continued investigation o f  the mechanisms o f  action o f  MT-targeting drugs, 

development and discovery o f  new drugs, and exploring new strategies that reduce side 

effects and circumvent drug resistance may provide more effective therapeutic options.

6.1.6. STAT3 as a novel component of signalling systems regulating MT dynamics

and T-cell migration

An important result o f  our study is that STAT3 is a regulatory protein to control MT 

dynamics in migrating T-cells. We have established a novel mechanism by which STATS 

mediates T-cell migration through regulating MT dynamics (Verma et a l,  2009). An 

appealing model form the role o f  STAT3 in T-cell migration is that activated STAT3 

interacts with stathmin. This provides a feedback loop to control MT dynamics and to co- 

ordinately regulate T-cell migration. To the best o f  our knowledge, this is the only study 

which has described STAT3 involvement in T-cell migration.

The appreciation o f  the role o f  STAT3 in regulating T-cell migration provides an 

additional dimension to its potential as a pharmacological target in the control o f  T-cell 

mediated pathologies, including autoimmunity and transplantation. Selective targeting of 

STAT3 may be exploited to prevent antigen dependent T-cell migration without overt 

immune suppression. The expectation that activated STAT3 would turn on specific 

transcriptional events and target genes including ICAM -I, CCL2, CXCL2, EPAS-I, 

proteases in the cathepsin and SERPIN families such as uPA and its receptor uPAR, PAI-I 

etc. (Dauer et al., 2005), which play important roles in T-cell signal transduction, forms the 

basis for further experiments. Further studies are clearly required to test multi-lineage 

potential o f  this protein. Functional genomic and proteomic studies will be required to 

determine the role o f  STAT3 in the regulation o f  genes and proteins involved in T-cell 

migration.
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6.1.7. Importance of this study and new insights into a rational drug development

strategy

Despite decades o f  research, the goal o f  rational anti-inflammatory drug 

development remains elusive; with few exceptions, breakthroughs in inflammatory disease 

therapeutics continue to be made on a trial-and-error basis. Looking to the future, however, 

this approach appears cost-ineffective and commercially unsustainable. Representing as it 

does the induction o f  complex and multi-step T-cell migratory process, LFA-1 has been a 

central focus for drug discovery. As integrins are cell surface receptors interacting with 

extracellular ligands, they represent ideal pharmacological targets. A variety o f  integrin 

antagonists such as low molecular weight inhibitors, peptidomimetics, or monoclonal 

antibodies are in various stages o f  development as anti-inflammatory as well as anti-cancer 

therapeutics (Kerr et al. 2002; Mousa 2002; Tucker et al. 2003). However, it should be 

important to consider that upstream proteins o f  this kind are often co-expressed in normal 

cells/tissues and may result to unforeseen toxicities. The inhibition o f  LFA-1 integrin 

molecules might potentially disturb lymphocyte trafficking patterns in a universal fashion. 

Distinct combinatorial patterns o f  downstream signalling amplification in the T-cells, could 

reveal new therapeutic targets and/or interventions. Newer approaches to the function- 

specific characterization o f  lymphocyte biology and drug action therefore seem essential.

Efaiizumab (Raptiva™), previously an FDA-approved medication for treatment o f  

mild-to-moderate psoriasis, is an immuno-modulating recombinant humanized IgGl 

monoclonal antibody that binds to CD 11a, the a-subunit o f  LFA-1. By blocking the 

binding o f  LFA-1 to ICAM -I, Raptiva inhibits the adhesion o f  leukocytes to other cell 

types and interferes with the migration o f  T-lymphocytes to sites o f  inflammation 

(Bonnekoh et a l,  2007). However, this drug was recently found to affect normal immune 

responses increasing the risk o f  serious infections, including a viral infection o f  the brain 

that can lead to disability or death. Therefore, the drug was withdrawn from the United 

States from June 2009, and is being withdrawn from other markets. This could serve as an 

example underlying the importance o f  deep understanding o f  associated mechanisms. In 

this regard, our study represents a significant contribution into understanding o f  

fundamental mechanism o f  LFA functions and its potential use a medical target.
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Several important findings reported in this thesis draw attention to the importance o f  

LFA-1 integrin and associated signalling. We demonstrate that LFA-1 is not just an 

adhesion receptor but also a signalling molecule that can direct microtubule cytoskeleton 

based cell functions by its coordinated activation o f  several signalling partners. Compared 

with traditional non-selective treatment options for inflammation, drugs that disrupt cells- 

and/or tissue-specific signalling networks will benefit from a higher ratio o f  efficacy to 

toxicity, resulting in improved patient acceptability. The best targets would interfere with 

lymphocyte trafficking without altering the ability o f  the immune system to carry out 

normal surveillance and pathogen clearance in peripheral tissues.

In conclusion, this study has contributed to the understanding o f  LFA-1 induced and 

MT associated T-cell signal transduction. Altogether, we demonstrate that LFA-1 integrin 

takes an active part in a variety o f  intercellular signalling events. We were able for the first 

time to obtain insights into components o f  LFA-1 induced pTyr protein complexes in 

migrating T-cells. The key involvement o f  MT and associated signal transduction processes 

in T-cell migration presented this thesis indicates their possible wider roles in the migratory 

processes. We established that a new MT targeting compound PBOX-15 inhibits T-cell 

migration via post-translational modifications o f  tubulin. A novel mechanism where 

STAT3 interacts with stathmin to control MT dynamics in migrating T-cells is presented. 

These proteins may be potentially used as therapeutic targets for various pathological 

conditions involving abnormal T-cell responses. These may include for instance 

inflammatory bowel disease, inflam.matory arthropathies, allergy, graft rejection and cancer 

metastasis.

6.2. Future directions

Much o f  current general understanding about the signalling mechanisms elucidated 

during the T-cell migration response is based on the studies performed on a small fraction 

o f  known receptors (integrins and predominantly LFA-1). Signalling pathways controlling 

MT and associated proteins are still far from being elucidated and constitute a major 

challenge for the future studies. In particular, little is known about signalling pathways that 

may regulate T-cell MT dynamics in response to integrin activation. MT-associated
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proteins are likely to play a key role since they regulate MT-dynamics and are involved in 

the polarized organization o f  the MT network.

It seems improbable that signalling mechanisms for the individual receptors 

involved in homeostatic and inflammatory trafficking o f  cells are identical. We are only 

beginning to understand how T-cell signalling pathways are integrated in the in vitro 

setting. The challenge now is to elucidate how these pathways are coordinated, tailored and 

fme-tuned. it is also important to know how T-cells are regulated in inflammatory 

situations and how many factors as well as receptors couple to the integrin receptors. As a 

consequence o f  such association, inflamed tissues can create an environment that renders 

many leukocyte types more competent to respond to migratory cues. Therefore, a complete 

understanding o f  the mechanisms guiding T-lymphocyte migration will be essential to open 

new avenues for potential therapeutics in inflammatory and autoimmune disease settings.

The project reported herein has generated substantial data and formed a foundation 

upon which subsequent studies can be pursued. We have observed specific changes in the 

tyrosine phosphorylation status o f  several proteins. However, we have not yet correlated 

tyrosine phosphorylation o f  these target proteins with their functional activities in terms o f  

regulating T-cell migration. We believe that identified proteins reported in this thesis 

represent a basic form o f  LFA-I induced T-cell signalling network, which might be 

exploited for their functional involvement and to understand molecular mechanisms.

A preliminary set o f  experiments utilizing siRNA and High Content Analysis 

approach presented in Chapter 3 failed to establish functional involvement o f  l4-3-3(!^ in 

LFA-I induced T-cell migration. This may be because o f  the presence o f  multiple isoforms 

o f  14-3-3 proteins with highly conserved possible pTyr sites in all the isoforms (Figure 

3.16). It may also be possible that other isoforms compensate requirement o f  \A-3-?>Ĉ  

tyrosine phosphorylation in LFA-I signalling. It would also be useful to analyze the 

effect(s) o f  l4-3-3<^ knockdown using other methods, such as Boyden chamber 

transmigration assay. Further experiments utilizing multiple approaches, such as site- 

directed mutational analysis, expression o f  mutant l4-3-3(^ gene constructs, modulation o f  

its expression using suitable vectors, use o f  peptides directed against predicted pTyr
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residues o f  14-3-3(!  ̂ etc. may be performed to investigate its functional involvement. 

Identifying and/or establishing protein tyrosine kinases involved will add significant 

information. Functional relationships o f  l4-3-3<^ with other potentially important proteins 

involved in T-cell migration would be interesting areas to be explored, it may be 

hypothesized that 14-3-3(!  ̂ interacts with PKCs and/or Tau to regulate MT dynamics in 

migrating T-cells. Similar experiments targeting other candidate proteins such as plastin, 

nucleolin etc. would also be justified.

Although the phosphoproteomic data reported in Chapter 3 o f  this thesis contribute 

well to our understanding o f  complex tyrosine phosphorylation-mediated signalling 

pathways in LFA-I induced T-cell migration, it is still unclear how they relate to in vivo 

processes. Therefore, in vivo studies such as use o f  mouse model described in the following 

section may be considered.

In Chapter 4, we observed changes in tubulin post-translational modifications 

during T-cell migration. However, further work is needed to dissect the mechanism by 

which these post-translational modifications o f  tubulin influence T-cell motility. The 

possibility o f  alterations, if any, to the enzyme(s) involved in the post-translational 

modifications o f  tubulin and the mechanisms o f  their regulation in migrating T-cells may 

be explored. A proteomic analysis will be necessary to further identify proteins interacting 

with microtubule cytoskeleton during T-cell migratory processes.

In Chapter 5, we demonstrate a functional involvement o f  endogenous STATS via 

direct interaction with stathmin to control MT dynamics in migrating T-cells. It will be 

important to explore whether STAT3 interacts with other signal-transducing molecules 

involved in T-cell migration. Future functional genomic and proteomic studies to determine 

roles o f  STAT3 in the regulation o f  other genes and proteins involved in T-cell migration 

would be beneficial.

6.2.1. Development of mouse models to study T-cells integrin LFA-1

Stimulated mouse T-cells migrating on ICAM-I have been suggested to behave 

similarly to their human counterparts (Smith et a l,  2007) and therefore may use the same
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mechanisms to migrate. Development o f  LFA-I null mouse model or transgenic mouse 

models expressing mutated forms o f  LFA-I integrin would be useful in revealing functional 

importance and role o f  LFA-1 in signal transduction processes regulating T-cell migration. 

This model may be utilized to validate in vivo involvement o f  a subset o f  tyrosine 

phosphorylated proteins identified in this study. Using these models, role o f  STATS in the 

regulation o f  LFA-1 integrin-induced T-cell MT dynamics may further be examined and 

validated. It will be interesting to examine the anti-inflammatory effects o f  PBOX-15 or 

STATS inhibitory peptides by examining mouse T-cell migratory properties.

6.2.2. Programming T-cells to reach new horizons and associated challenges

The information that T-cells can be imprinted to migrate selectively to certain sites 

(Mora and von Andrian, 2006), provides hope that site-specific drug targeting strategies can 

be developed. Although the generally accepted multi-step leukocyte extravasation paradigm 

applies to all lymphocytes, the molecules involved in the different steps o f  this process vary 

depending on the lymphocyte population, the target tissue and the inflammatory context. 

Recent advances in the field have unveiled several examples o f  this exquisite degree of 

specialization, in particular, for T-cell migration. Indeed, many T-cell subsets express 

unique patterns o f  homing molecules to interact with organ-specific microvascular 

endothelial cells for preferential recruitment to distinct target tissues (Schaerli et al., 2004). 

Moreover, antigen-experienced T-cells are more diverse than naYve T-cells with respect to 

their migratory properties (Hosoe et al., 2004). These facts highlight a previously 

unexpected degree o f  dynamic plasticity in the trafficking behaviour o f  T-cells. It will be 

important to understand how T-cells themselves are ‘educated’ to acquire this tissue- 

specific imprinting potential. Use o f  tools such as targeted gene deletion and antibody 

inhibitors will be important to evaluate long term efficacy some o f  the promising targets 

discovered in this thesis. It is anticipated that the identification o f  tissue-specific molecules 

for the migration o f  lymphocytes will lead to therapies with minimal interference of 

peripheral lymphocyte trafficking, lowering the risks o f  opportunistic infections that occur 

with chronic inhibition o f  lymphocyte migration. Future investigation on the above 

mentioned issues will certainly throw more surprises involving integrin receptors.

184



6.3. Intellectual property

The work described in this thesis is a part o f  fundamental research aimed at 

understanding the biology o f  migrating T-cells. Therefore, this study may not have a 

significant immediate potential as an object of intellectual property. However, to explore 

such possibility ( if  any), in addition to the publicly accessible literature databases 

(including PubMed and Web o f  Science), an extensive multi-parameter and multi-boolean 

comprehensive Patent search was carried out using the worldwide patent search WlPO 

(Worid Intellectual Property Organisation) and the European Patent Office search engine 

ESP@CENET.

6.4. Importance of this work in the societal context

T-lymphocytes play a central role in inflammation and autoimmune diseases. 

Abnormal migration o f  T-cells may lead to persistent inflammation causing chronic 

inflammatory conditions that may lead to chronic diseases. Chronic inflammatory diseases 

afflict millions o f  people across the world leading to untold suffering, economic loss and 

premature death. As well as rheumatoid arthritis, osteoarthritis and inflammatory lung 

disease, these diseases include inflammatory bowel disease, atherosclerosis and psoriasis. 

These diseases cause a huge burden in social and economic terms. It has been estimated 

that approximately 1 in 500 or 544,000 people in the USA are affected with inflammatory 

bowl diseases. This figure is estimated to be over 8 thousand people in Ireland and over 121 

thousand in the UK (http://www.wrongdiagnosis.com). Rheumatoid arthritis is a chronic 

autoimmune disease that affects 40,000 people in Ireland, 70% o f  these being women (a 

2009 report on http://www.rte.ie).

Despite the importance o f  these diseases, there have been relatively few innovative 

breakthroughs into their cause, treatment or cure, despite intensive global research. 

Interference with signalling molecules involved in the leukocyte recruitment cascade has 

been a popular strategy for therapeutic intervention in inflammatory disorders (Ulbrich, et 

a i ,  2003). With a few exceptions, the outcome o f  clinical trials with adhesion molecule 

blockers has been variable and largely disappointing (Etzioni et a l ,  1999; Feagan et al., 

2005). Nevertheless, the concept o f  interference with T-cell migration remains a common

185



avenue for development o f  novel immuno-suppressants, as well as o f  anti-inflammatory 

drugs. Therefore, a complete understanding o f  the signal transduction and biochemical 

mechanisms that T-cells use to navigate to their intended destination may lead to better 

treatment options for numerous diseases.

In this thesis, we report several signalling proteins undergoing tyrosine 

phosphorylation, which have attracted intense interest in recent years. The demonstration 

that a novel MT targeting drug PBOX-15 is capable o f  inhibiting T-cell migration explains 

its beneficial effects in process where T-cell play important roles. Thus, PBOX-15 may be 

used therapeutically to down regulate inflammatory reactions, such as those associated with 

autoimmunity, chronic inflammatory diseases and allergy. Further, we have presented 

strong evidences that STATS is a key signalling molecule for LFA-1 driven T-cell 

migration. This has led to the concept that the effective pharmacological blockade o f  

STAT3 might offer an innovative rationale-based therapeutic strategy for several 

inflammatory diseases, primarily involving T-cell migration.

6.5. Translational benefits of this work

Despite the fact that this work did not involve any in vivo and clinical material, it 

has the potential to narrow the gap between fundamental research and clinical benefits to 

the patients in several ways. For example, this thesis contributes to a better understanding 

molecular mechanisms underlying T-cell migration as well as to attempting an approach to 

interfere T-cell migration utilizing in vitro model. High Content Analysis together with 

computational screening are new methods for discovering lead compounds in the industry 

not yet been used to study T-cell migration. The optimization o f  HCA processes for T-ceil 

migration reported in Chapter 4 o f  this thesis provide a fast and reliable automated 

solutions to HCS applications. In an era o f  increased demand for primary drug screening, 

HCA protocol will give pharmaceutical and life science researchers a robust, stable, and 

advanced platform that will enable them multi-parameter analysis with improved 

efficiency. This technique should accelerate pharmaceutical research and drug discovery 

processes by easily identifying suitable drugs affecting T-cell phenotypes. Our HCA 

approach is extremely well-suited to precisely monitor the migratory behaviour o f  

individual T-cells. Overall, discoveries made in this thesis has the potential to be translated
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to clinical benefit, particularly understanding com plex disease phenotypes associated with 

im munological processes such as au toim m une reactions like those  involved in rheumatoid 

arthritis, lupus and multiple sclerosis, conditions aggravated  by inflammation like 

atherosclerosis, stroke and transplant rejection, and finally, for understanding o f  

m echanism s underlying lymphocyte hom ing in responses against tum ours, viruses and 

other pathogens.
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Appendix 1

SOURCES OF REAGENTS AND ANTIBODIES

A. Reagents:

S.N. Reagents Source

1. Sodium  C hloride (N aC l) S igm a

2. M agnesium  C hloride (M gC lj) S igm a

3. Sodium  fluoride Sigm a

4. Sodium  orthovanadate (N a 3V 0 4 ) S igm a

5. E thylenediam inetetraacetic acid  (E D T A ) Sigm a

6. E thylene g ly co l tetraacetic acid (E G T A ) Sigm a

7. P henylm eth ylsu lfonylflu orid e (P M SF ) Sigm a

8. Leupeptin S igm a

9. Aprotinin Sigm a

10. Sodium  d od ecy l sulphate (S D S ) Sigm a

11. Phorbol 12-m yristate 13-acetate (P M A ) Sigm a

12. Phytohaem agglutin  (P H A ) Sigm a

13. Form aldehyde Sigm a

14. Paraform aldehyde (P F A ) Sigm a

15. Sodium  bicarbonate (N a 2C 0 3 ) S igm a

16. Sodium  pyrophosphate Sigm a

17. G lu cose solu tion  (45% ) Sigm a

18. P G lycerophosphate Sigm a

19. Ethidium  brom ide Sigm a

20. A cridine O range Sigm a

21. B ov in e Serum  A lbum in  (B S A ) Sigm a

22. G lycerol S igm a

23. A garose ( lo w  m elting) Sigm a

24. Triton X -1 0 0 Sigm a

25. Igepal C A -6 3 0  (N P -4 0 ) Sigm a

26. Triazm a B ase (Tris) S igm a

27. G lycin e Sigm a

28. B rom ophenol B lue Sigm a

29. D im ethyl S u lp h oxid e (D M S O ) Sigm a

30. L -G lu tam in e-P en icillin -Streptom ycin  Solution  (A n tib iotics) Sigm a

31. P oly-L  lysine Sigm a
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32. Tween20 Sigma

33. G lutaraldehyde Sigma

34. Sucrose Sigma

35. A m m onium  persulphate (APS) Sigma

36. A^,A^,A^,A^-Tetramethylethylenediamine (T EM ED ) Sigma

37. D im ethylformamide Sigma

38. Urea Sigma

39. CH A PS Sigma

40. lodoacetamide Sigma

41. Heparin Sigma

42. P M erceptoethanol Sigma

43. Phosphoric acid Sigma

44. Nitrotetrazolium Blue chloride (NBT) Sigma

45. Crystal violet S igma

46. 5-Bromo-4-chloro-3-indolyl phosphate dipotassium salt (BCIP Sigma

47. Coom assie  R-250 Sigma

48. K odak®  light sensitive film Sigma

49. Hydrochloric acid (HCL) BDH

50. Glacial acetic acid BDH

51. Acrylam ide-bisacrylam ide solution, Acrylogel (30% ) BDH

52. Bio-Rad protein assay kit B io-Rad

53. C oom assie  Brilliant Blue G-250 Bio-Rad

54. Dithiothreitol (DTT) Bio-Rad

55. siR N A s against STAT3 Dharm acon

56. Control non-specific siRNA Dharm acon

57. siGLO labeled control non-specific s iRNA Dharm acon

58. Methanol M erck

59. Ethanol M erck

60. Acetone M erck

61. RPMI 1640 #52400 Gibco

62. Fetal Bovine Serum (FBS) Gibco

63. L-glutamine Gibco

64. HEPES buffer Gibco

65. PBS tablets Gibco

66. Human recombinant IC A M -1 Fc ( r lC A M -1) R & D  Systems

67. Interleukin-2 (IL-2) R & D  Systems
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68. PVDF membrane Pall

69. Lymphoprep® Nycomed

70. ECL plus reagent Amersham

71. IPG strips Amersham

72. Biolytes Amersham

73. Cell permeable AG490 Calbiochem

74. Genestein Calbiochem

75. Marvel Chivers Ireland Ltd.

76. ApoAlert®  DNA Fragmentation Assay Kit Clontech

77. HCS reagent kit for STA Tl activation Cellomics®

78. HCS reagent kit for STAT2 activation Cellomics®

79. HCS reagent kit for STAT3 activation Cellomics®

80. CellTiter 96® AQueous One Solution cell proliferation assay kit Promega

81. Anti-fade mounting medium for immunoflurescence Dako

82. Plasticwares Nunc®

B. Antibodies:

S.N. Antibodies Source

1. Mouse anti-LFA-1 (clone SPVL7, mAb to the a-chain  
ofL F A -1)

Monosan

2. Mouse monoclonal anti-phosphotyrosine (4G10) Upstate

3. Goat anti-mouse IgG Dako

4. Rabbit monoclonal anti-STAT3 Cell Signalling Technology

5. Rabbit monoclonal anti-phospho-STAT3 (Tyr705) Cell Signalling Technology

6. Rabbit monoclonal anti-stathmin Cell Signalling Technology

7. Rabbit anti-14-3-3(!^ Cell Signalling Technology

8. Rabbit monoclonal anti-GAPDH Cell Signalling Technology

9. M ouse monoclonal anti-His(27E8) Cell Signalling Technology

10. Mouse anti-CD3 Abeam

11. M ouse monoclonal anti-a-tubulin Sigma

12. M ouse monoclonal anti-acetylated tubulin (6-1 IB -1) Sigma

13. M ouse monoclonal anti-tyrosinated tubulin (TUB-1 A2) Sigma

14. M ouse monoclonal anti-Talinl Sigma

15. Goat anti-human IgG (Fc specific) Sigma

16. Rabbit polyclonal anti-detyrosinated tubulin Chemicon
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17. Mouse monoclonal anti-moesin Abeam

18. Mouse monoclonal anti-L-plastin NeoMarkers

19. Alexa fluor 488 conjugated anti-mouse Molecular Probes

20. Alexa fluor 488 conjugated anti-rabbit Molecular Probes

21. Alexa fluor-546 Phalloidin Molecular Probes

22. HRP conjugated anti-rabbit Cell Signalling Technology

23. HRP conjugated anti-mouse Cell Signalling Technology, 
Dako

Addresses:

A beam ;- A beam , Cam bridge, M A, USA.

A m ersham :- A m ersham , A rlington Heights, IL, USA.

BDH:- BD H , V W R International Ltd., England.

B io-Rad:- B io-Rad Laboratories Gm bH, M iinchen, Germ any.

C ellom ics® :- Therm o Fisher Scientific, Rochester, NY , USA.

Cell Signalling Technology:- Cell Signalling Technology, D anvers, MA, USA. 

Chem icon:- M illipore C orporation, Billerica. M A, USA.

Chivers Ireland Ltd.: Chivers Ireland Ltd., Dublin 5, Ireland.

Dako:- D ako A/S, Denm ark.

G ibco:- G ibco BRL, G rand Island, NY, USA.

M olecular Probes:- Invitrogen C orporation, California, USA.

M onosan:- Sanbio, U den, The N etherlands.

N eoM arkers:- N eoM arkers, Frem ont, CA, USA.

N unc® :- Therm o Fisher Scientific (Nunc Gm bH & Co. KG), Langenselbold, G erm any. 

Nycomed:- Nycomed Pharma AS, Norway.

Pall:- Pall G elm an Laboratories, Ann arbor, MI, USA.

Prom ega:- Prom ega, M adison, WI, USA.

R& D System s:- R& D System s, M N, USA.

Sigma: - S igm a Chem icals Com pany, St Louis, M O, USA.

U pstate:- U pstate, Lake Placid, NY , USA.
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Appendix 2

REAGENTS AND BUFFERS 

A. CELL CULTURE REAGENTS 

Complete Cell Culture Medium - Hut78

RPMI 1640 500 ml

Heat inactivated foetal bovine serum (FBS) 50 ml

HEPES buffer (4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, IM ) 5 ml

Sodium bicarbonate solution (7.5%) 10 ml

D-(+)-Glucose solution (45%) 5 ml

Sodium pyruvate solution (100 mM) 5 ml

L-Glutamine-Penicillin-Streptomycin solution 5 ml

Complete Cell Culture Medium - PBTLs

RPMI 1640 supplemented with 25 mM HEPES 500 ml

Heat inactivated FBS 50 ml

L-Glutamine-Penicillin-Streptomycin solution 5 ml

Cell Cryopreservation Medium

FBS 9 ml

Dimethylsulfoxide (DMSO) 1 ml

Cell viability Ethidium Bromide/Acridine Orange

Ethidium Bromide (10 mg/ml) lOfxl

Acridine Orange (10 mg/ml) 10 |o,l

PBS 9801^1
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Phosphate-Buffered saline PBS IX

PBS tablets (Gibco) 5 g

Each 5 g tablet dissolved in 500 ml distilled water and sterilised by autoclaving. 

PBTL wash buffer

HEPES (pH 7.4) 20 mM

NaCl 140 mM

Glucose 2 mg/ml

PBTL activation buffer

HEPES (pH 7.4) 20 mM

NaCl 140 mM

Glucose 2 mg/ml

M gCb 5 mM

EGTA 1 mM

Paraformaldehyde -  fixation reagent (3%)

Paraformaldehyde 1-5 g

PBS 50 ml

While heating to dissolve paraformaldehyde we ensured not to not exceed 56°C, so as to 

avoid resulting reagent auto fluorescence.

B. CELL LYSIS REAGENTS

Cell Lysis Buffer:

HEPES (pH 7.4) 50 mM

NaCl 150 mM

M gCb 1.5 mM,

EGTA 1 mM

Sodium pyrophosphate 10 mM

Sodium fluoride 50 mM

|3-glycerophosphate 50 mM
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N a3V 0 4  1 mM

Triton X -100 l% (v /v )

Phenylm ethylsulphonyl fluoride 2 mM

Leupeptin 10 |J.g/ml

A protinin 10|j.g/m l.

N .B . Protease and phosphatase inhibitors are added fresh before lysis

RIPA Buffer

Tris-H C L (pH 7.2)

NaCl 

Igepal

Sodium  deoxycholate 

SDS 

ED TA 

EG TA

Sodium  fluoride

Phenylm ethylsulphonyl fluoride 

Leupeptin 

A protinin

N.B. Protease and phosphatase inhibitors are added fresh before lysis

Activated Sodium Orthovanadate (Na3V0 4 )

A 100 ml m M  solution o f  N a3V 0 4  was prepared in d istilled water. The pH was 

adjusted to 10.0 to give a yellow  colour. The solution w as boiled until it turned 

colourless and allow ed to  cool to room  tem perature. The pH  w as readjusted to 10.0 and 

the sam ple was boiled and allow ed to cool (this step was repeated a num ber o f  tim es) 

until the solution rem ained colourless and the pH stablised at 10.0. The solution was 

aliquoted and stored at -20°C.

50 mM  

150 mM  

l% (v /v )  

0.5%  (w/v) 

1% (w/v)

1 mM  

1 mM 

50 mM  

2 m M  

10 ng/m l 

10 |J.g/ml
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C. SDS-PAGE REAGENTS

Table A2.1, Components of resolving gel solution for SDS-PAGE

Component 7% gel 8% gel 10 %  gel 12 %  gel

Distilled water 10.03 ml 9.37 ml 8.03 ml 6.7 ml

1.5 M Tris-H C l; pH 8.8 5 ml 5 ml 5 ml 5 ml

1 0 % w /v S D S 200 nl 200 îl 200 ^l 200

10 % w/v APS 200 |il 200 ^l 200 |al 200 îl

TEMED 16 1̂1 11 ^l 10 1̂1 10)al

30 % Polyacrylamide 4.67 ml 5.33 ml 6.67 ml 8.0 ml

Total 20 ml 20 ml 20 ml 20 ml

Table A2.2. Components o f the stacking gel solution for SDS-PAGE

Component 5®/o gel

Distilled water 6.8 ml

1.5 M Tris-H Cl; pH 8.8 1.25 ml

1 0 % w /v S D S  100 |il

1 0 % w /v A P S  100 ^l

TEMED 10 ml

30 % Polyacrylamide 1.7 ml

Total 10 ml

2D Rehydration buffer

Urea 8 M

CHAPS 2% (w/v)

Biolytes (pH 3-10) 0.2%

Bromophenol blue 0.05 % w/v

DTT 0.77% (w/v)

N.B. Stored at -20°C: DTT added fresh.
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2D Equilibration buffer I

Urea 6 M

Tris-HCl (pH 8.8) 0.375 M

SDS 2 % w/v

Glycerol 20%

DTT 0.77% (w/v)

N.B. Stored at -20°C; DTT added fresh.

2D Equilibration buffer II

Urea 6 M

Tris-HCl (pH 8.8) 0.375 M

SDS 2 % w/v

Glycerol 20%

lodoacetamide 2.5% (w/v)

N.B. Stored at -20°C; lodoacetamide added fresh.

5X SDS-PAGE sample buffer (Laemmli sample buffer)

Tris-HCl (pH 6.8) 0.312 M

SDS 10%  w/v

2-mercaptoethanol 25 % v/v

Bromophenol blue 0.05 % w/v

Final concentration: Tris-HCl 62.5 mM (pH 6.7), Glycerol 10% (v/v), sodium dodecyl 

sulphate 2% (w/v), bromophenol blue 0.002% (w/v) containing P- mercaptoethanol 143 

mM. This solution was aliquoted and stored at -20°C. This solution was added to the 

lysate to give a final concentration of 1X.

lOX SDS-PAGE Running Buffer

Trizma base 30 g

Glycine 142 g

SDS 10 g
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Dissolved in deionised water to a final volume o f 1 L. Dilute 1:10 in deionised water 

before use.

W estern blot semi-dry transfer buffer:

T rizm abase 5.8 g

Glycine 29 g

SDS 1 g

Dissolved in deionised water to 800 ml and then 200 ml methanol was added to a final 

volume o f  IL.

W estern blotting blocking solution

Marvel powder 500 mg

PBST 10 ml

Coomassie stain G-250 Fixation Solvent

Methanol 50 % v/v

Phosphoric acid (H 3 PO4 ; 85 % stock solution) 2 % v/v

Distilled water 48 %

Coomassie stain G-250 Incubation Solvent

Methanol 34 % v/v

Phosphoric acid (H 3 PO 4 ; 85 % stock solution) 2 % v/v

Ammonium sulphate 17 % w/v

In distilled water.

Coomassie stain solution

Coomassie R-250 was prepared by adding 0.25 g in a solution o f 125 ml methanol, 100 

ml dH 2 0  and 25 ml glacial acetic acid. Coomassie Blue G-250 was prepared by 

dissolving 0.25 g o f powder in 20 ml o f methanol and this was added to IL incubation 

solvent buffer.
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Coomassie Destain solution

M ethanol 100 ml

Glacial A cetic A cid 100 ml

Distilled w ater 800 ml

Western blot stripping buffer

SDS 2 %  (w/v)

Tris-HCl (pH 6.8) 50 mM

2-M ercaptoethanol 100 m M

ALP buffer

NaCl 0.584 g

Tris 1.21 g

M gC b 0.102 g

D issolve in 100 ml distilled water. A djust pH 9.5 w ith HCl.

Substrate for alkaline phosphatase (AP)

N B T - 3.3 m g in 67 |il D im ethylform am ide solution (46 |̂ 1 D M F + 21 |al H 2O)

BCIP - 1.66 m g directly in 10 ml A LP buffer. M ix N B T solution and BCIP im m ediately 
before use.

10% Ammonium persulphate (APS)

APS 0.1 g

Deionised w ater 1.0 ml

M ake up fresh before use.
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PEER REVIEWED PUBLICATIONS

1. A new microtubule-targeting compound PBOX-15 inhibits T-cell migration via post- 

translational modifications o f tubulin. J. Mol. Med. 86:457-469.

2. STAT3-stathmin interactions control microtubule dynamics in migrating T-cells. J. 

Biol. Chem. 284:12349-12362.

3. STAT3 knockdown by siRNA induces apoptosis in human cutaneous T-cell 

lymphoma line Hut78 via downregulation o f Bcl-xL. Cell. Mol. Biol. Lett. 15:342- 

355.
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(PBOX-15) has been shown to depolymerize tubulin in 
vitro and in the MCF7 breast cancer cell line. We 
hypothesized that this may suggest a role for this compound 
in modulating integrin-induced T-cell migration, which is 
largely dependent on the microtubule dynamics. Experi-
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merits w ere perform ed using human T lym phom a cell line 
Hut78 and peripheral blood T-lym phocytes isolated from 
healthy donors. We observed that hum an T-lym phocytes 
exposed to PBOX-15 have severely im paired ability to 
polarize and migrate in response to the triggering stim ulus 
generated via cross-linking o f  integrin lym phocyte function 
associated an tigen-1 receptor. Here, we show that P B O X -15 
can dram atically im pair m icrotubule netw ork via destabili
zation o f  tubulin resulting in com plete loss o f  the m otile 
pheno type o f  T-cells. We dem onstrate  that PB O X -15 
inhibitory m echanism s involve decreased tubulin polym er
ization and its post-transla tional m odifications. N ovel 
m icrotubule-targeting effects o f  P B O X -15 can possibly open 
new horizons in the treatm ent o f  overactive inflam m atory 
conditions as well as cancer and cancer metastatic spreading.

K eyw ords T-cell migration • PBOX  ■ Tubulin 

In tro d u c tio n

T-lym phocytes are the central regulatory cells o f  the 
im m une response and require distinct signals for activation. 
A fter leaving the vasculature, T-cells acquire a polarized 
m orphology and initiate craw ling, probably as a result o f  
chem otactic stim uli, earlier activating stim uli or both [1]. 
The chem otactic ‘hand-m irror’ shape o f  a craw ling T-cell 
consists o f  a flattened leading edge follow ed by the nucleus 
and a handle-like tail term ed the uropod [2]. The intrinsic 
ability o f  T-lym phocytes to migrate has been observed in 
vivo within lymph nodes and also in in vitro m odels o f  
m igration [3-6]. T-cell m igration from the vascular com 
partm ent across tissue barriers and through the extracellular 
m atrix is a key event during inflam mation. The capacity to 
migrate and localize in tissues is o f  vital im portance for the 
pro tective function  o f  lym phocytes against infectious 
agents. However, the capacity o f  lym phocytes to migrate 
and infiltrate tissues is also a m ajor contributing factor in 
the developm ent o f  au to im m unity , allergy  and graft 
rejection. In addition, tissue specific accum ulation is a 
feature o f  some neoplastic lym phocytes.

Lymphocyte m igration and hom ing requires a series o f  
ligand-receptor interactions involving adhesion molecules 
o f  the integrin fam ily [7]. T-cells m ake use o f  the integrin 
lym phocyte fiinction associated an tigen-1 (LFA-1) w hen 
m igrating in response to chem oattractants either across the 
vascu la tu re  in to  lym ph nodes o r across the vesse ls  
associated w ith inflam ed tissues [8]. These transm em brane 
proteins connect the extracellular m atrix w ith the cell 
interior both physically, being linked to cortical cytoskel- 
eton, and fijnctionally, serving as bi-directional signal 
transducers. By engagem ent w ith intracellular adhesion 
m olecules, LFA-1 provides a strong adhesive force to

prom ote T-cell and antigen presenting  cell conjugate  
formation and generally stabilize this interaction. Locom o- 
to ry  T -cells triggered  v ia  LFA-1 in the  absence o f  
chem otactic gradient produce m ovem ent in a random  
m anner [8]. In addition, LFA-1 has the ability to transduce 
a variety o f  transm em brane signals including protein kinase 
C ac tiva tion  [6] and cy toskele ta l rearrangem ent [9]. 
However, the exact sequence o f  integrin-m ediated signaling 
events resulting in cytoskeletal rearrangem ents and cell 
locom otion is not fiilly understood.

M icrotubules (M Ts) are essential com ponents o f  the 
cytoskeleton and are important for many aspects o f  m am m a
lian cell responses including cell division, growth, migration, 
and signaling [10, 11]. The MTs play a key role in T-cell 
locomotion. MT retraction into the cellular uropod is an 
important step in T-cell motility [8]. MT-targeting agents thus 
can affect migration o f  malignant T-cells into endothelial 
monolayers. Tubulins, the building block o f  MTs, are subject 
to specific post-translational modifications including acetyla- 
tion, detyrosination, and tyrosination [12, 13]. These post- 
translational m odifications o f  tubulins are thought to 
modulate the functions and localization o f  MTs within the 
cell.

MTs are necessary for directed m igration o f  endothelial 
and other cells, and there are several possible mechanism s 
by w hich M T-disrupting com pounds could block cell 
motility. These include im pairm ent o f  the repositioning o f 
the m icrotubule organizing center (M TOC), interfering MT 
interaction w ith focal adhesions, inhibition o f MT poly
m erization , and depolym erization  cycle, inhibition o f  
intracellular protein trafficking and vesicle transport, and 
inhibition o f  M T-m ediated integrin clustering and increased 
avidity. T hese p rocesses vary  in the ir sensitiv ity  to 
inhibition by M T-targeting drugs. Therapeutic agents that 
target cytoskeletal proteins inhibit T-cell m igration [14]. 
This inhibition o f  T-cell m igration could be exploited 
therapeutically in autoim m une T-cell infiltrative diseases. 
M T-targeting agents like taxol and nocodazole are being 
used clinically both as anti-inflam m atory and anticancer 
drugs. It has also been established through various and 
clinical studies that drug possessing anticancer activity also 
exhibit anti-inflam m atory properties.

O ur research center has developed and reported a novel 
series o f  py rro lo -1,5-benzoxazepine (PBOX) com pounds 
w hich induce apoptosis in a w ide variety  o f  human 
chem otherapy resistant cancer cells including those derived 
from hem atological m alignancies, breast carcinom as, and 
chronic m yeloid leukem ia cells [15-20]. Furtherm ore, 
PBO X  com pounds dem onstrated significant anti-tum or 
activity in vivo in an aggressive m urine m odel o f  mammary 
carcinom a that has been developed in our research center 
[15]. These suggest the potential o f  these drugs as novel 
anticancer therapeutics in the treatm ent o f  both solid tumors
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and tum ors derived from the hem atopoietic system . Current 
o n -g o in g  in vestigation s are aim ed to characterize the 
m o lecu la r  m ech an ism s by w h ich  th ese  drugs induce  
apoptosis o f  cancer cells. It has recently been demonstrated  
that som e o f  the PBO X com pounds targeted m icrotubule 
network in human breast carcinom a-derived M CF7 cells  
and inhibited the assem bly o f  purified tubulin in vitro [21]. 
T herefore, the aim  o f  this study w as to investigate the effect 
(s) o f  a novel m icrotubule-targeting agent Pyrrolobenzox- 
azepine 4 -acetoxy-5-(l-naph ty l)n aph tho[2 ,3-i)]pyrro lo[l,2 - 
i/][ l,4 ]-o x a z ep in e  (P B O X -15) on active T-cell migration, 
w hich is largely dependent on M T dynam ics [8].

Materials and methods

M aterials

PB O X -15 w as developed by Cam piani’s research group 
according to a previously described procedure [22], (R osw ell 
Park M emorial Institute) RPM l 1640 medium , fetal bovine 
serum (F B S), and L-glutam ine w ere from G ibco BRL  
(Grand Island, NY, U SA ). Antibodies used for induction o f  
T-cell m otility as previously described [6] were o f  the clone 
SPVL7 (m Ab to the a -ch a in  o f  LFA-1 from Sanbio). Goat 
anti-m ouse IgG was obtained fi'om Dako A /S  (Denmark). 
Human recombinant IC A M -lF c (rICAM -1) was purchased 
from R& D System s (M inneapolis, M N , U SA ). M ouse  
m onoclonal anti-a-tubulin, anti-acetylated tubulin (clone 6- 
11B - 1) and anti-tyrosinated tubulin (T U B -1A 2) antibodies 
were purchased from Sigm a (St Louis, M O, U SA ). Rabbit 
polyclonal anti-detyrosinated tubulin (G lu-tubulin) w as 
obtained from Chem icon (M illipore Corporation, Billerica, 
M A, USA). A lexa fluor 488 conjugated anti-m ouse was 
from M olecular Probes (Invitrogen Corporation, CA, USA). 
Lymphoprep^ w as obtained from A xis-Shield  PoC A S  
(O slo, Norway). Polyvinylidene fluoride (PV D F) membrane 
w as obtained from Pall Gelman Laboratories (Ann arbor, MI, 
USA). Acrylam ide-bisacrylam ide solution, A crylogel (30%) 
w as purchased from BD H  (V W R  International Ltd., Eng
land). Enhanced chem ilum inescence (ECL) plus reagent was 
purchased from Amersham (Arlington H eights, IL, USA). 
All the reagents unless attributed specifically, were from 
Sigm a (St Louis, M O, USA).

Cell cultures

Human cutaneous T lym phom a cell line Hut78 (Am erican  
Type Culture C ollection (ATCC), M anassas, VA, U S A ) was 
used and cultured as described previously [6]. Briefly, they 
were cultured in RPMI 1640 m edium  containing 10% (v/v) 
heat inactivated FBS, L-glutam ine, and antibiotics (penicil
lin 100 lU /m l, streptom ycin 100 p-g/ml) in 5% CO 2  at 37°C .

Peripheral b lood T-lym phocytes (PB T L s) w ere isolated  
from healthy donors using standard techniques. Briefly, 
peripheral blood m ononuclear cells  w ere prepared using  
Lym phoprep®. T -cells w ere expanded by culturing in 
RPM I 1640 m edium  containing 10% (v/v) heat inactivated  
F B S in the presence o f  1 ng/m l phytohem agglutin for 
3 days. T hese cells  w ere then m aintained in culture m edium  
supplem ented w ith 20 ng/m l IL-2. After 10 days, PBTLs 
population w ere >95%  positive for CD3.

Induction o f  cell m otility

The ability o f  T -cells to d isplay integrin-induced locom o- 
tory behavior w as determ ined using our well-characterized  
assay as previously described [6]. Briefly, 6 - or 96 -w ell 
tissue culture plates, depending on the particular assay type 
w ere pre-coated w ith goat anti-m ouse IgG or m ouse anti
human Fc and subsequently incubated with cross-linking  
m onoclonal m otility inducing anti-LFA-l antibody (clone  
SP V L -7) or human rIC A M -I. C ells w ere loaded into the 
anti-L FA -l coated w e lls ( 6 0 x lO'* cells/w ell in 6 -w ell plate 
or 10x10^  ce lls/w ell in 96-w ell plate for H ut78 cells; 30  x 
10^ cells /w ell in 9 6 -w ell plate for PBTLs).

U sin g  previously described procedure, rlCAM -1 cross- 
linking o f  PBTLs fo llow in g  LFA-1 activation w as performed 
[23] w ith m inor m odifications. Briefly, 10 days old  cultures 
w ere w ashed tw ice  in wash buffer (4-(2-hydroxyethyl)- 
1-piperazineethanesulfonic acid (H EPES) 20 mM  (pH 7.4), 
NaCT 140 m M , g lu c o se  2 m g /m l). C e lls  w ere then  
resuspended in activation buffer (H EPES 20  mM  (pH  
7 .4), N aC l 140 m M , g lucose 2 m g/m l, M gC l2  5 mM , and 
ethylene g lycol tetraacetic acid (EG TA) 1 m M ) prior to 
being loaded into the rICAM -I coated tissue culture plates.

A s a control (resting cells), w ells w ere coated with poly- 
L lysine (cells adhered to this surface without activation). 
C ells w ere pretreated with indicated com pounds for 30 min 
at 37°C  before being seeded. P B O X -15 w as d isso lved  in 
ethanol to the stock concentration o f  10 m M  and stored at - 
20°C . Subsequent w orking dilutions, as indicated in the 
text, w ere prepared extem porarily in the culture medium . 
Control, untreated cells received equivalent vo lum es o f  the 
appropriate solvent.

D eform ation Index

In order to study migratory phenotype o f  T-cells, Deform a
tion Index (DI) w as calculated as described previously [24]. 
DI provides a stronger m easure o f  the degree o f  cell 
polarization in com parison to elongation index and circu
larity alone and, therefore, m ore accurately reflects the 
phenotype o f  polarized locom otory cells. Typically, values 
o f  1 -3  are assigned to cells that w ere non-migratory, i.e., 
cell shape is nearing circular. T hose cells that display a
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polarized phenotype (cell body and trailing uropod) and, 
therefore, a higher degree o f  deform ation had higher D1 
values (>5) [24]. On average, > 4 0  random ly chosen cells 
were scored for each set o f  conditions. Sem i-autom ated  
analysis w as perform ed using the Scion Im age software  
(Scion  Corporation, Fredrick, M C, U SA ).

Preparation o f  cellular extracts o f  Hut78 cells  
for im m unoblotting

The cellular extracts w ere prepared as described previously 
[25] w ith m inor m odifications. Briefly, cells were washed  
with ice-cold  phosphate-buffered saline (P B S) and lysed in 
lysis buffer (H EPES 50  m M  (pH 7 .4), N aC l 150 mM , 
MgCK 1.5 m M , EGTA I m M , sodium  pyrophosphate 
10 m M , sodium  fluoride 50  m M , (3-glycerophosphate 
50  m M , N 33V 0 4  I m M , 1% Triton X-lOO, phenylm ethyl- 
sulphonyl fluoride 2 m M , leupeptin 10 |J.g/ml and aprotinin 
10 |J.g/ml). Lysis w as carried out at 4°C  for 30  min. Lysates 
were centrifiiged at 1 6 ,0 0 0 x g  for 15 m in at 4°C . The protein 
content o f  the supernatant w as determined by Bradford 
assay. Cell lysates w ere boiled  with Laem m li sam ple buffer 
(final concentration: Tris-HCI 62 .5  m M  (pH 6 .7), G lycerol 
10% (v/v), sodium  dodecyl sulfate 2% (w/v), brom ophenol 
blue 0.002%  (w/v) containing |3-mercaptoethanol 143 mM ) 
for 5 min. Equal am ounts o f  lysates w ere resolved by 
sodium  dodecyl sulfate polyacrylam ide gel electrophoresis 
(SD S-PA G E). The transfer o f  separated proteins to PVDF  
membrane w as performed by sem i-dry blotting. The PVDF  
m embranes w ere blocked with b locking buffer containing  
5% dry m ilk in PBST (0.1%  (v/v) T w een-20 in PBS) at 
room temperature for I h. F ollow ing  blocking o f  the 
membrane, the im m unoblot w as incubated w ith the indicat
ed prim ary antibody overn igh t at 4°C , fo llo w ed  by  
incubation with horseradish peroxidase conjugated second
ary antibody for I h at room temperature. The im m unoblots 
were visualized using the ECL detection system .

Im m unofluorescence m icroscopy

C onfocal m icroscopy w as performed as previously de
scribed [6]. R esting or LFA-1 stim ulated cells  (as described  
above) on the poly-L  lysine or anti-LFA-1 -coated Lab-Tek 
m ulti-cham ber Permanox® slides (N alge  N unc Internation
al, Rochester; NY, U S A ) w ere fixed by incubating with 3%  
parafoiTnaldehyde in PB S for 30 m in. C ells w ere washed  
tw ice in PBS for 10 m in and w ere perm eabilized in 0.5%  
Triton X -1 0 0  before staining. C ells w ere incubated with 
primary antibody for 2 h, w ashed thrice w ith PBS, and then 
incubated w ith secondary antibodies and H oechst for I h at 
room  temperature. S lides w ere finally w ashed w ith PBS, 
drained, and m ounted w ith D A K O  fluorescent m ounting  
m edium  (D ako A /S , Denmark). F luorescent m icroscopy

w as performed using lOOX objective on a Perkin Elmer 
LCI confocal workstation w ith a K r-A r laser attached to a 
N ikon T E 2000-U  inverted m icroscope (N ikon , Tok>'o, 
Japan) under U ltraview  (Perkin Elmer) im age acquisition 
software. A t least 20  different m icroscopic fields were 
observed for each sample.

Ex v ivo  polym erized tubulin assay

The evaluation o f  tubulin polym erization in live cells (ex  
v ivo  assay) w as performed as previously described 26]. 
Briefly, untreated or P B 0 X -l5 -trea ted  resting and migrat
ing H U T 78 cells  (as explained above) were harvested into 
M T-preserving buffer [Pipes 0.1 M (pH 6 .9), glycerol 2 M, 
M gCL 5 mM , EGTA 2 m M , 0.5%  Triton X -100 , and 
protease inhibitors) supplem ented w ith 4  |j.M taxcl to 
maintain stability o f  assem bled MTs during isolation. The 
supernatant containing unpolym erized tubulin was clanfied  
by centrifiigation (2 0 ,0 0 0  g  for 45  m in) and separated xom  
the pellet containing sedim ented polym erized tubulin. The 
pellet w as w ashed once in M T-preserving buffer before 
being denatured in Laem m li sam ple buffer.

Densitom etric analysis

Densitom etric analyses o f  the western blots w ere perfo-med 
by using G eneT ools software (Syn gen e, Cam bridge, JK). 
The relative values o f  the sam ples w ere determined by 
giv in g  an arbitrary value o f  1.0 to the respective control 
sam ples o f  each experim ent.

Statistical analysis

The data are expressed as m ean ±  SEM . For comparison o f  
tw o groups, p -va lu es were calculated by two-tailed un
paired student’s M est. In all cases /? < 0 .0 5  w as consicered  
to be statistically significant.

Results

PB O X -15 inhibits T-cell migration

A ctivated T-lym phocytes triggered via LFA-I receptor or 
ligand interaction rapidly polarize and acquire active notile  
behavior [6]. T hey  start sp reading  and subsequ;ntly  
undergo dram atic cytoskeleta l changes resu lting m a 
polarized phenotype w ith long  cytop lasm ic projecions  
[8]. To test the effect o f  P B O X -15 on T-cell m igntion, 
Hut78 cells  w ere pretreated w ith different concentratiois o f  
PB O X -15 for 30  m in and incubated on anti-L FA -1-ctated  
96-w ell plates for 4  h. Control untreated cells develofed  a 
polarized and elongated m orphology (F ig. la). Pretreatnent
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o f  H ut78 cells with different concentrations o f  PBOX-15 
ranging from 0.2 to I |iM  resulted in the inhibition o f  LFA- 
1-induced migration in a dose-dependent m anner (Fig. lb~e). 
At I (aM  concentration o f  PBOX-15, complete loss o f  the 
locomotion-associated phenotype was observed (Fig. le). 
Quantitation o f  the observed inhibitory effect o f  PBOX-15 
using DI as a quantitative descriptor o f  cell morphology 
also indicated that the developm ent o f  motile phenotype 
was inhibited by PBOX-15 in a dose-dependent manner 
(Fig. If).

To test the in vivo efficacy o f  PBOX -15, w e determ ined 
w hether the inhibitory effect w as present in L FA -I- 
stim ulated PBTLs migration. N orm al hum an PBTLs isolat
ed from  a healthy donor show ed active locom otory 
behavior w hen exposed to anti-LFA-1 ligands. (Fig. 2a). 
Pretreatm ent o f  PBTLs w ith different concentrations o f  
PBOX-15 resulted in the inhibition o f  migration in a dose- 
dependent m anner (Fig. 2 b -f )  w ith com plete loss o f  
m igration at 1 |iM  (Fig. 2e), as observed with Hut78 cells. 
Sim ilar inhibitory effect o f  PBOX-15 was observed with 
LFA-1-activated human PBTLs when exposed to im m obi
lized rICAM-1 ligards (data not shown).

To test the po ten tal apoptotic effect o f  PBO X -15, Hut78 
cells were treated w.th 1 (iM concentration o f  PBOX-15 for 
30 min or 24 h. No ;ell death was observed after 30 min o f 
the treatm ent (Supplementary Fig. I). However, treatm ent 
o f  the cells for 24 h induced apoptosis up to 37%, as 
detected by flow-cy:ometry after A nnexin V and propidium  
iodide labeling (Supplementary Fig. 1). Therefore, for 
further experimentaiion, short pretreatm ent o f  the cells with 
1 [J.M concentration o f  PB O X -15 for 30 min w as employed.

Further, to determine if  the failure o f  T-cells to develop a 
migratory phenotype was also accompanied by the loss o f 
active locomotion, high content analysis experiments utilizing 
time-lapse video im aging by InCell-IOOO Analyzer (GE 
Healthcare, England) were performed. A  slow and apparently 
random m ode o f  locomotion w as observed in control Hut78 
cells triggered via cross-linking o f  LFA-1. M easuring live cell 
migration over a period o f  20 min gave a clear evidence that 
PBOX-15 treatment significantly decreased LFA-1 stimulated 
Hut78 cells migration (Supplementary Fig. 2). Average speed 
o f  Hut78 cell migration w as recorded to be 1.055 ^m/min 
which was decreased by 65.4%  when were pretreated with 
PBOX-15 (0.365 p,m/min). Average distance traveled by 
control cells was 21.1 |j.m (ranging from 8.3 to 69.5 |i.m), 
which was decreased to 7.3 |j.m (ranging from 0.1 to 
42.1 |j,m) w hen cells w ere pretreated w ith PBOX-15 
(Supplementary Fig. 2a vs b).

PBOX-15 targets m icrotubules o f  T-cells

M icrotubules represen t a central cy toskeleton  system  
controlling active locom otion in T-cells. Recent studies 
from our laboratory provided evidences that PBOX-15 
induces apoptosis by affecting tubulin polym erization [21]. 
To determine w hether PBOX-15 exerts sim ilar effects on T- 
cells m icrotubules causing inhibition o f  its m igration, 
intracellular distribution and fianctional involvem ent o f  the 
m icrotubule w ere analyzed. Control untreated resting Hut78 
cells show ed radial arrays o f  organized tubulin  distribution 
at the centrosom e (Fig. 3a). W hen the Hut78 cells were 
stimulated with LFA-1, the characteristic array o f  MT was

Fig. 1 E ffect o f  PBC X -15 on 
LFA -1-induced loco m o o ry  
phenotype o f  H ut78 cels. C ells 
w ere pretreated  w ith e ih e r  ve 
hicle [0 .1%  (v/v) ethanol; co n 
trol] (a), PB O X -15  0.2  nM (b), 
0 .4  |iM  (c), 0 .6  10.M ( d , or 
1.0 m-M (c) fo r 30  m in  and 
incubated on  anti-LFA-1 coated  
96-w ell p late fo r 4  h. Hxperi- 
m ents w ere perfo rm ed  n trip li
cate and repeated  th ree  ;imes. A t 
least 20  m icroscop ic  fields w ere 
photographed, and  a  representa
tive figure is show n . D )se- 
response m igration  in h b itio n  by  
PBO X -15 in H ut78  cels  s tim u
lated via im m obilized  aiti-L FA -l 
w as determ ined by  m easurem ent 
o f  DI (f). D ata are m ea i ±  SEM  
o f  three indep en d en t e)peri- 
m ents. *p < 0 .0 5  w ith  n sp ec t to 
control
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Fig. 2 Effect o f  PB O X -15 on 
LFA-1-induced locomotory 
phenotype o f PBTLs. PBTLs 
isolated from healthy donor 
were pretreated with either ve
hicle [0.1% (v/v) ethanol; con
trol] (a), PBOX-15 0.2 |j,M (b), 
0.4 ^iM (c), 0.6 jiM (d) or 
1.0 fxM (e) for 30 min and 
incubated on anti-LFA-1-coated 
96-well plate for 1 h. Experi
ments were performed in tripli
cate and repeated three times. At 
least 20 microscopic fields were 
photographed, and a representa
tive figure is shown. Dose- 
response migration inhibition by 
PBOX-15 in Hut78 cells stim u
lated via immobilized anti-LFA-1 
was determined by measurement 
o f  D1 (f). Data are mean ± SEM 
o f  three independent experi
ments. *p<0.05 with 
respect to control

V -'?
5>< /  « * m. O

sm  o 0 0.2 0.4 0.6 1
PBOX-15 (^M)

displayed, in that M TOC w as located at the side o f  the 
nucleus opposing the direction o f  cell migration and long 
M T extended to the uropods from here, reflecting the state 
o f  cell polarization (Fig. 3b). In contrast, exposure o f  Hut78 
cells to PBOX-15 dram atically im paired the tubulin network 
resulting in com plete loss o f  the typical motile phenotype 
upon LFA-1 ligation. PBOX-15 treated T-cells displayed 
disorganized tubulin with thin discontinuous filam ents and 
disrupted staining; microtubules were no longer radiating 
from the centrosom e to the plasm a mem brane (Fig. 3c,d). 
Sim ilar effects w ere observed w hen Hut78 cells were 
pretreated with m icrotubule depolym erizing agent nocoda- 
zole (Fig. 3e,f). In contrast, stable m icrotubules in bundles 
were observed w hen cells w ere pretreated with paclitaxel, a 
microtubule stabilizing drug (Fig. 3g,h).

A sim ilar tubulin-targeting effect o f  PBOX -15 was 
observed in resting as w ell as LFA-I stim ulated PBTLs 
(data not shown). PBOX -15 did not significantly affect 
actin cytoskeletal netw ork (Supplem entary Fig. 3).

Effects o f  PBOX-15 on post-translational modifications 
o f  tubulin in T-cells

Acetylated tubulins and tyrosinated tubulins are related to 
m icrotubule stability and dynam ics [27, 28]. To further 
explore the effect o f  PB O X -15 on post-transla tional 
modification o f  tubulin in T-cells during L FA -I-induced 
migration, PBOX -15 treated or untreated resting and LFA-1 
stim ulated Hut78 cells w ere im m unostained w ith antibody 
directed against acetylated oc-tubulin (Fig. 4). U ntreated 
contro l resting  ce lls  show ed  un iform  d istribu tion  o f

acetylated tubulin radiating from the centrosom e (Fig. 4a); 
how ever, this subset o f  m icrotubule w as dram atically  
reduced w hen Hut78 cells w ere allow ed to migrate upon 
LFA-1 cross-linking (Fig. 4b). Its localization was lim ited 
to the area near the M TOC w ith a characteristic spindle-like 
appearance (Fig. 4b). W hen these cells w ere treated w ith 
PBOX-15, the detectable levels o f  acetylated tubulin w ere 
reduced and it was localized as a com pact spot near the 
MTOC in the resting cells (Fig. 4c). M oreover, w hen 
P B O X -15-treated cells w ere cross-linked  w ith L FA -I, 
tubulin acetylation was fijrther reduced and w as only hardly 
visible around the M TOC (Fig. 4d). As post-translational 
acetyl m odification correlates w ith increased M T stability 
[28], these results indicate that the PBOX -15 destabilized 
long life MTs. Sim ilar effects w ere observed when Hut78 
cells w ere pretreated with nocodazole (Fig, 4e,f). Paclitaxel 
treatm ent stabilized acetylated tubulin and w as observed in 
microtubule bundles in resting as well as LFA-I cross 
linked cells (Fig. 4g,h).

Tyrosinated tubulin represents the m ajor form o f  active 
microtubules in cells [29]. Therefore, we used an antibody 
directed against tyrosinated form o f  tubulin to observe 
changes in this subset o f  m icrotubule in H ut78 cells. 
Untreated resting as well as L FA -I-stim ulated  Hut78 cells 
show ed intense labeling for tyrosinated tubulin, w hich was 
distributed throughout the cell body radiating from the 
MTOC (Fig. 5a,b), Strikingly, tyrosinated tubulin network 
o f  Hut78 cells after PBOX-15 treatm ent appeared collapsed 
w ith d iso rgan ized  and puncta te  sta in ing  (F ig. 5c,d), 
apparently due to the depolym erization o f  both dynamic 
and stable m icrotubules. Sim ilar effects w ere observed
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a

c

Fig. 3 Effect o f PBOX-15 on the organisation of cellular MT network ► 
in resting and LFA-1 stimulated T-cells. Hut78 cells were pretreated 
with either vehicle [0.1% (v/v) ethanol] (a, b), 1.0 |iM PBOX-15 (c, 
d), 10.0 nM nocodazole (e, f) or 4.0 p.M paclitaxel (g, h) for 30 min 
and incubated on poly-L lysine (a, c, e, g) or anti-LFA-l (b, d, f, h) 
coated Permanox® chamber slides for 4 h. After this time, the medium 
was carefully removed and cells were fixed in 3% PFA. Cells were 
incubated with mouse monoclonal anti-ot-tubulin antibody for I h and 
then with Alexa488 conjugated anti-mouse secondary antibody for 
further 1 h at room temperature. After washing, nuclei o f the cells 
were stained with Hoechst {blue). The organisation of MT network 
(green) was visualized by confocal microscopy using a lOOx oil 
immersion lens. Arrow  indicates clearly distinguishable MTOC. 
Results shown are representative o f three independent experiments

when Hut78 cells were pretreated with nocodazole (Fig. 5e,f). 
However, stable microtubules bundles formed due to 
paclitaxel treatment stained for localized tyrosinated tubulin 
(Fig. 5g,h).

As carboxy-terminal (C-terminal) tyrosine is encoded for in 
most a-tubulin by the messenger RNA, the primary modifi
cation is its removal by tubulin tyrosine carboxypeptidase 
[27]. The resulting detyrosinated tubulin exposes a carboxy- 
terminal glutamic acid and is therefore referred to as Glu- 
tubulin. Glu-tubulin is abundant in stable MTs o f various cell 
types. Although detyrosination itself does not stabilize MTs, 
it can be used as a marker for how long an MT has been 
assembled [27]. Untreated resting cells showed intense 
staining for Glu-tubulin towards leading edge o f cells 
(Fig. 6a). Glu-tubulin was abundant in LFA-1-stimulated 
untreated cells toward the leading edge and MTOC (Fig. 6b). 
Detyrosinated subset o f tubulin in Hut78 cells after PBOX-15 
treatment appeared collapsed and disorganized (Fig. 6c,d). 
Similar effects were observed when Hut78 cells were 
pretreated with nocodazole (Fig. 6e,f). Paclitaxel treatment 
stabilized the tubulin, making Glu-tubulin appear as bundles 
(Fig. 6g,h).

To further confirm these results biochemically, we 
examined the total expression o f a-tubulin, acetylated a- 
tubulin, and tyrosinated tubulin by western blotting. Initially, 
we examined the total expression o f  a-tubulin in resting and 
LFA-1 -stimulated Hut78 cells treated with or without PBOX- 
15 (Fig. 7a). Densitometric quantitation o f  a-tubulin bands, 
normalized for glyceraldehydes-3-phosphate dehydrogenase 
(GAPDH) expression, indicated that there was no significant 
difference between these samples (not depicted). Acetylated 
a-tubulin level in LFA-1 stimulated Hut78 cells was 57% 
lower as compared with resting cells (Fig. 7b; open bars, 
lanes 2 vs 1). When these cells were pretreated with PBOX- 
15, acet\'lated tubulin was reduced to 47% in resting Hut78 
cells (Fig. 7b; open bars, lanes 3 vs 1), which was fiarther 
reduced to 25% after LFA-1 cross-linking as compared to 
control untreated resting cells (Fig. 7b; open bars, lanes 4 vs 
1). Tyrosinated tubulin level in migrating Hut78 cells was 
increased up to 47% compared to the resting cells (Fig. 7b;

closed bars, lanes 2 vs 1). Treatment o f these cells with 
PBOX-15 reduced the level o f tyrosinated tubulin by 49% 
in resting (Fig. 7b; closed bars, lanes 3 vs 1) and by 46% 
upon LFA-1 cross-linking as compared to control (untreat
ed) cells (Fig. 7b; closed bars, lanes 4 vs 1).
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Fig. 4 Effect o f  PBO X -15 on 
the acetylation o f  tubulin in 
resting and LFA-I stimulated T- 
cells. Hut78 cells  were pre
treated with either vehicle  
[0.1% (v/v) ethanol] (a, b),
1.0 nM PBO X -15 (c, d),
10.0 10.M nocodazole (e, f) or
4 .0  l̂M  paclitaxel (g, h) for
30 min and incubated on poly-L  
lysine (a, c, e, g) or anti-LFA-1 
(b, d, f, h) coated Permanox®  
chamber slides for 4  h. After this 
time, the medium was carefully 
rem oved and cells were fixed in 
3% PFA. C ells were incubated 
with m ouse m onoclonal anti- 
acetylated tubulin antibody for 
1 h and then with A lexa488  
conjugated anti-m ouse second
ary antibody for further 1 h at 
room temperature. After w ash
ing, nuclei o f  the cells  were 
stained with H oechst (blue). 
Acetylated tubulin (Ac-tubulin; 
green) w as visualized by confo- 
cal m icroscopy using a lOOx oil 
imm ersion lens. A rrow  indicates 
clearly distinguishable MTOC. 
Results shown are representative 
o f  three independent 
experiments

PBOX-15 induced alterations in tubulin polymerization 
dynamics

Becausc PBOX-15 markedly disrupted the cellular micro
tubule network, we investigated whether it could affect 
tubulin polymerization in live cells. The effect o f  PBOX-15 
on the live cell tubulin dynamics has not yet been reported.

Hence, to study the dynamics o f  microtubule formation ex 
vivo, Hut78 cells pretreated with or without PBOX-15 were 
stimulated by incubating on anti-LFA-1 coated plate for 4 h 
or left unstimulated and lysed. A s MTs could be partially 
destroyed during the preparation o f  crude cell lysates, we 
lysed the cells in MT-preserving buffer and performed 
differential sedimentation o f  polymerized tubulin (pellet
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a
Fig. 5 Effect o f  PBO X -15 on 
the tyrostnation o f  tubulin in 
resting and  LFA-I stimulated T- 
cells. Hut78 cells were pre
treated w ith either vehicle 
[0.1% (v/v) ethanol] (a, b),
1.0 |iM  P B O X -15 (c, d),
10.0 m-M nocodazole (e, f) or
4.0 |i.M paclitaxel (g, h) for
30 min and  incubated on poly-L 
lysine (a , c, e, g) or anti-LFA-1 
(b, d, f, h )  coated Permanox® 
chamber slides for 4 h. After this 
time, the medium was careftilly 
removed and cells were fixed in 
3% PFA. Cells were incubated 
with m ouse monoclonal anti- 
tyrosinated tubulin antibody for 
I h and then with Alexa488 
conjugated anti-mouse second
ary antibody for further I h at 
room temperature. After w ash
ing, nuclei o f  the cells were 
stained with Hoechst (blue). 
Tyrosinated tubulin (Tyr- 
tubulin; green) was visualized 
by confocal microscopy using a 
lOOx oil immersion lens. Arrow  
indicates clearly distinguishable 
MTOC. Results shown are rep
resentative o f  three independent 
experiments

fraction) from  unpolym erized free tubulin (supernatant 
fraction) pool. W estern blot analysis (Fig. 8a) showed that 
when untreated H ut78 cells were stim ulated with LFA-1, 
the level o f  unpolym erized tubulin was reduced dow n to 
64%  (Fig. 8b; lanes 1 vs 3), with a concom itant increase o f 
polym erized tubulin from 40%  to 110% (Fig. 8b; lanes 5 vs 
7). In resting  H ut78 cells, treatm ent w ith P B O X -15 
increased the am ount o f  unpolym erized tubulin up to 44%  
(Fig. 8b; lanes 1 vs 2), with sim ultaneous decrease o f

polym erized tubulin level from 40%  to 6%  (Fig. 8b; lanes 5 
vs 6). In a sim ilar manner, when P B O X -15-treated Hut78 
cells w ere stim ulated with LFA-1, the level o f  unpolym er
ized tubulin w as increased from 64%  to 139% (Fig. 8b; 
lanes 3 vs 4), w ith sim ultaneous decrease o f  polym erized 
tubulin level from 110% to 11% (Fig. 8b; lanes 7 vs 8).

Taken together, these results dem onstrate that P B O X -15 
inhibits T-cell migration by depolym erizing m icrotubules. It 
disrupts the m icrotubule netw ork, interferes with post-
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Fig. 6 Effect o f  PBOX-15 on 
the detyrosination o f  tubulin in 
resting and LFA-I stimulated T- 
cells. Hut78 cells were pre
treated with either vehicle 
[0.1% (v/v) ethanol] (a, b),
1.0 nM PBOX-15 (c, d),
10.0 .̂M nocodazole (e, f) or
4.0 m-M paclitaxel (g, h) for
30 min and incubated on poly-L 
lysine (a, c, e, g) or anti-LFA-1 
(b, d, f, h) coated Permanox® 
chamber slides for 4 h. After this 
time, the medium was carefully 
removed and cells were fixed in 
3% PFA. Cells were incubated 
with rabbit polyclonal anti- 
detyrosinated tubulin antibody 
for 1 h and then with Alexa488 
conjugated anti-rabbit secondary 
antibody for further 1 h at room 
temperature. After washing, nu
clei o f  the cells were stained 
with Hoechst (blue). Detyrosi- 
nated tubulin (Glu-tubulin; 
green) was visualized by confo- 
cal microscopy using a lOOX oil 
immersion lens. Arrow indicates 
clearly distinguishable MTOC. 
Results shown are representative 
o f  three independent 
experiments

translational m odifications o f  tubulin, and suppresses 
microtubule dynamics, thus, affecting the function o f  this 
cytoskeletal system.

Discussion

PBOX-15 is a potent proapoptotic member o f  the novel 
series o f  PBOX compounds which has previously been 
shown to induce apoptosis in many human tumor cell lines

and to have anticancer properties in various cell culture 
systems, animal models, and clinical samples [15-19]. The 
mechanisms by which PBOX-15 exert its antiproliferative 
effects have been attributed to tubulin depoiymerizing 
activity, thus, resulting in cell death by apoptosis [21]. We 
demonstrate here that PBOX-15 inhibits LFA-1 integrin- 
induced migration o f  human T lymphoma cell line Hut78 as 
well as PBTLs. The observed effect was dramatic, leading 
to a complete loss o f  LFA-1-mediated T-cell polarization 
and migration.
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tubule effect o f  PBOX -15 has also been proved in vitro 
using cell-free tubulin  polym erization assay [21]. The 
disruption to the m icrotubules follow ing treatm ent with 
PBOX -15 w as sim ilar to that elicited by nocodazole. 
Increasing concentrations o f  nocodazole and other known 
tubulin depolym erizers are know n to kinetically ‘cap’ the 
actively grow ing plus end o f  m icrotubules, preventing 
growth and, thus, leading ultim ately to disassem bly o f  the 
m icrotubules [30]. Both PBOX -15 and nocodazole resulted 
in a dram atic destruction o f  the com plex M T network o f  
the cell, detected as an intricate m esh o f  m icrotubules in the 
vehicle control cells. The effect o f  PBOX-15 upon the 
m icrotubule netw ork w as d istinct to that elicited by 
treatm ent with paclitaxel. Paclitaxel, a know n m icrotubule 
polym erizer, causes an increase in m icrotubule mass and a 
consequently distinctive bundling o f  the m icrotubules. In

□  Ac-tubulin 
I  Tyr-tubulin

a Unpolymerized Polymerized

2 3 4

PBOX-15 . .  + +
Fig. 7 Effect o f  PB O X -15  on post-transla tional m odifications o f  
tubulin  in resting and  LFA-1 stim ulated  T-cells. H ut78 cells w ere 
pretreated  w ith e ithe r veh ic le  [0.1%  (viv) ethanol] (con tro l) o r 1.0 |j.M  

PB O X -15 for 30 m in, s tim ulated  w ith  (5) o r w ithout (R ) anti-LFA-1 
for 4 h and  lysed. Iiqual am ounts o f  cell lysates (20  p.g each) w ere 
separated  by  SD S-PA G E , and  after w estern  b lo tting  p robed w ith anti- 
(x-tubulin, an ti-acety lated  tubulin  (A c-ttihulin), anti-tyrosinated  tubulin  
(T yr-tubulin) o r G A P D H  (as a  loading con tro l) an tibody  (a). R elative 
densitom etric  analy sis  o f  the individual band w as perform ed and 
presen ted  (b). D ata are m ean ±  SEM  o f  three independen t experi
m ents. *p< 0.05  w ith  respec t to respective  controls

The m orphological changes in cells exposed to PBOX- 
15 w ere sim ilar to those induced by two other M T-targeting 
drugs, paclitaxel and nocodazole. However, paclitaxel is 
know n to cause m icrotubule stabilization, w hereas nocoda
zole causes m icrotubule depolym erization. It has been 
revealed in earlier studies from our group that PBOX-15 
possesses anti-m icrotubule activity, as PBOX-15 treatm ent 
disrupted m icrotubule networks [21]. Specific anti-micro-
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Fig. 8 Ex v ivo  de term ina tion  o f  tu bu lin  po lym erization  due to 
PB O X -15 treatm ent in resting  and  LFA-1 stim ulated  T-cells. H ut78 
cells  w ere pretreated  w ith  e ithe r veh ic le  [0 .1 %  (v/v) e thanol] (contro l) 
o r 1.0 (iM PB O X -15 for 30  m in, stim u la ted  w ith (S) o r w ithout (/?) 
anti-LFA-1 for 4 h and  lysed. U npo lym erized  and polym erized  protein 
fractions w ere separated  by cen trifuga tion  and  collected  as supernatan t 
and  pellet respectively. Sam ples w ere  separated  by SD S-PA G E, and 
afte r w estern  b lo tting  p robed  w ith a n ti-a -tu b u lin  o r G A PD H  (as a 
loading  con tro l) an tibody  (a). R elative  densitom etric  analysis  o f  the 
indiv idual band w as perfo rm ed  and p resen ted  (b). D ata are m ean ± 
SE M  o f  three independen t experim ents. * p < 0 .0 5
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contrast, PBOX-15 targets the m icrotubule network o f  the 
cell and causes its disruption via m icrotubule depolym er
ization. This strongly indicates that effect o f  PBOX-15 on 
depolym erization  o f  tubulin  w as direct, thus, causing 
inhibition o f  subsequent cell m igration w hen stim ulated 
w ith LFA-I.

In addition to being expressed as multiple gene-encoded 
isoform s, tubulins undergo a wealth o f  covalent post- 
translational m odifications that are thought to modulate 
the fiinctions and localization o f  MTs within the cell [31], 
a-T ubulin  undergoes a reversible process by w hich the C- 
terminal tyrosine residue is rem oved and re-added. This 
cycle o f  detyrosination and tyrosination is evolutionarily 
conserved [32]. W hereas the reversible detyrosination- 
tyrosination cycle o f  a-tubulin  has been studied extensively 
[27] and im plicated in regulating various aspects o f  cell 
biology, the precise biological function o f  this highly 
specific post-translational m odification has rem ained poorly 
characterized. H eterogeneity o f  detyrosinated and tyrosi- 
nated forms o f  a-tubu lin  in the MTs may be required for 
coordination and differential interaction o f  MTs w ith MT- 
associated proteins [33] and m otor proteins such as kinesin 
and dynein [34]. A cetyla tion  o f  a -tu b u lin  is m ostly 
associated with stable m icrotubular structures, e.g., axo- 
nemes, and it occurs after M T assem bly [27]. A lthough the 
enzym e that is responsib le  for a -tu b u lin  acety lation  
‘tubulin acetyltransferase’ is not fully characterized, two 
enzym es that catalyze the opposing reaction, i.e., deacety- 
lation (h istone deacety lase-6  and h is tone  deacety lase 
S1RT2) have been recently described [27]. A role o f  tubulin 
acetylation in cell m otility has been proposed on the basis 
o f  that histone deacetylase-6 overexpression increases the 
chem otactic m ovem ent o f  NIH-3T3 cells, w hereas inhibi
tion o f  histone deacetylase-6 inhibited cell m igration [27]. 
W hether this reflects a direct effect o f  acetylation on MT 
stability and dynam ics rem ains unsolved [27]. Further work 
is needed to dissect the m echanism  by w hich tubulin 
acetylation influences motility. Thus, apart from effect o f 
PBOX-15 on tubulin polym erization w hich plays a leading 
role in T-cell m igration, post-translational m odifications o f  
tubulin could potentially represent novel therapeutic targets. 
O ur data clearly indicate that post-transcriptional m odifica
tions o f  tubulin  are functionally  im portant for T-cell 
m igration. In th is study, w e exam ined the effects o f  
PBOX-15 on the post-translational m odification o f  a -  
tubulin in T-cells leading to inhibition o f  their migration. 
We dem onstrated that the tyrosinated form o f  a-tubulin  is 
reduced after PB O X -15 treatm ent. M oreover, the acetylated 
form o f  tubulin w as also reduced by PBOX-15 treatment. 
Therefore, the data suggest that PBOX -15, in addition to its 
possible direct tubulin  targeting, can also affect post
translation m odifications o f  this crucial cytoskeletal protein. 
Effect o f  PB O X -15 on other signaling processes could have

additional and discrete consequences for cell migration that 
w ere not explored in this study. A series o f  focused 
experim ents are presently being carried out to characterize 
the signaling  events in T-cells fo llow ing anti-L FA -l 
exposure in detail.

W hile the ability o f  PBOX-15 to induce apoptosis o f  T- 
cells has been dem onstrated, no information was available 
about the ability o f  PBOX-15 to regulate other T-cell 
functions, such as m igration. Here, we propose a novel anti
inflam m atory  effect o f  PB O X -15 by reducing T-cell 
m igration. We have used our in vitro model for T-cell 
m igration w hich has been well characterized [3, 6, 8, 24]. 
The in vivo efficacy o f  PBOX-15 on the LFA-1 integrin- 
induced m igration  w as also confirm ed using  PB TLs 
isolated from  a healthy donor. Therefore, the results 
obtained might be extrapolated in a broader context.

MT-targeting anticancer drugs (e.g., taxol) also possess 
anti-inflammatory properties [35]. From this perspective, 
one can expect direct beneficial effect o f  the new PBOX-15 
com pound in leukemic cancers arising from the cells o f  
im m une sy s tem . H ow ever, th e  p rec ise  th e ra p e u tic  
approaches and schedules will certainly have to be optimized 
by clinicians in order to prevent the possibility o f  uncon
trolled im m une suppression and/or resulting infectious 
complications.

In conclusion, we have dem onstrated that PBOX-15 is 
capable o f  inhibiting T-cell m igration by dram atically 
altering M T dynam ics. M icrotubules are im portant for 
m any aspects o f  m am m alian cell responses including 
grow th, m igration, and signaling. The clinical efficacy o f 
anti-m icrotubule agents is well established, although in
creasing  ev idence  o f  res istance  to these agen ts has 
p rom pted  the search  for new  agents w ith a sim ilar 
m echanism . T hus, the novel M T-targeting com pound 
PBOX-15 may be used therapeutically to downregulate 
inflam m atory reactions, such as those associated with 
autoim m unity and allergy. The ability o f  PBOX-15 to 
inhibit T-cell m igration explains its beneficial effects in 
process w here T-cell play an im portant role and suggests 
that PBOX-15 may be used therapeutically w ith chronic 
inflam m atory diseases. A lthough the various molecular 
m echanism s involved in disrupting the im m unosuppressive 
netw ork for cancer patients still require clarification, we are 
approaching the time when it may be possible to use 
im m unotherapy as a prim ary system ic cancer treatment. 
Therapeutic agents that target cytoskeletal proteins and are 
effective in inhibiting cell m igration can open new  horizons 
in the treatm ent o f  cancer and cancer m etastatic spreading.
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T-cell migration is a complex highly coordinated process that 
involves cell adhesion to the high endothelial venules or to the 
extracellular matrix by surface receptor/ligand interactions, 
cytoskeletal rearrangements, and phosphorylation-dependent sig
naling cascades. The mechanism(s) that regulates T-cell migration 
is of considerable relevance for understanding the pathogenesis of 
various diseases, such as chronic inflammatory diseases and cancer 
metastasis. This study was designed to identify potential involve
ment of STAT3, a latent transcription factor, in mediating inte- 
grin-induced T-cell migration. Using our previously characterized 
in vitro model for lymphocyte migration, we demonstrate that 
STATS is activated and translocated to the nucleus during the 
process of active motility of Hut78 T-lymphoma cells triggered via 
LFA-1. Blocking STAT3 signaling by multiple approaches inhib
ited LFA-1 -induced T-cell locomotion via destabilization of micro
tubules and post-translational modification of tubulin. Here, we 
show that STATS physically interacts with stathmin to regulate 
microtubule dynamics in migrating T-cells. These observations 
strongly indicate that STATS is critically important for T-cell 
migration and associated signaling events.

Efficient operation of the adaptive immune system requires 
migration of T-lymphocytes from the vascular compartment 
across tissue barriers and through the extracellular matrix. This 
process involves a series of integrin ligand-receptor interactions 
(1) that initially retards lymphocyte flow and ultimately leads to 
arrest and diapedesis across the endothelium (2, .3). T-cells utilize 
the integrin, lymphocytc function-associatcd antigen-1 (LFA-1),^ 
when migrating in response to chemoattractants across the vascu
lature into lymph nodes or inflamed tissues (1, 4, 5). By engage
ment with ligands from the intercellular adhesion molecule group 
(ICAMs), in particular ICAM-1, LFA-1 also provides a strong
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Research in Third Level Institutions and the Health Research Board of Ireland.

®  The on-line version o f this article (available at http://www.jbc.org) contains 
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adhesive force to promote and stabilize T-cell and antigen-pre
senting cell conjugate formation. We have demonstrated that 
LFA-1 transduces a variety of transmembrane signals in crawling 
T-cells involving protein kinase C activation and cytoskeletal rear
rangement (4 ,6-9). However, the exact sequence of downstream 
integrin-mediated signaling events resulting in cytoskeletal rear
rangements and cell locomotion is not fully understood.

T-cell migration involves cross-talk between integrins and the 
cytoskeleton, coordinated changes in the cytoskeleton, and the 
controlled formation and dispersal of adhesion sites (10). Motile 
lymphocytes develop trailing extensions, which contain cytoskel
etal and signaling elements (11). Microtubules (MTs) are essential 
components of the cytoskeleton and are important for many 
aspects of mammahan cell responses, including cell division, 
growth, migration, and signaling (12-14). Whereas the actin 
cytoskeleton provides the driving force at the cell front, the MT 
network assumes a regulatory function in coordinating rear retrac
tion (15). MT retraction into the cellular uropod is an important 
step in T-cell motility (4,8). MTs are necessary for directed migra
tion of multiple cells, and there are several possible mechanisms by 
which disruption or interference of MTs could block cell motility. 
These include impairment of the repositioning of the microtubule 
organizing center (MTOC), changes in MT interaction with focal 
adhesions, inhibition of the MT polymerization and depolymer- 
ization cycle, inhibition of intracellular protein trafficking and ves
icle transport, and interference with MT-mediated integrin clus
tering and increased avidity (16). The reorganization of the MT 
cytoskeleton depends on the global and local activity of several 
proteins that affect nucleation dynamics and arrangement of the 
filament systems. Tubulins, the building block of MTs, are subject 
to specific post-translational modifications, including acetylation, 
detyrosination, and tyrosination (13, 17), which potentially mod
ulate the functions and localization of MTs within the cell.

The signal transducers and activators of transcription (STATs) 
are a family of latent cytoplasmic transcription factors that are 
activated by many cytokines and growth factors (18). The STAT 
family is composed of seven members in mammals, of which 
STATS is the most pleiotropic member (18-20), and appears to 
have important and unique functions. Cell stimulation can acti
vate STAT family members by tyrosine phosphorylation to induce 
their dimerization; activated STATS translocates from the cytosol 
to the cell nucleus to mediate transcription of a number of STAT3- 
responsive genes (21). STAT3 was originally identified as a medi
ator of the acute phase of inflammatory response triggered by 
interleukin-6 (22). However, it is now known that STATS is impli-
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cated in several biological processes, including cell proliferation, 
differentiation, and survival (18-20 , 23, 24). Although STATS 
knock-out in mice caused early embryonic lethality (25), condi
tional gene targeting using the Cre-loxP strategy has revealed a 
critical role for STAT3 in cell migration in keratinocytes (23, 26).

The 18-kDa phosphoprotein stathmin (also known as oncopro
tein 18) is a tubulin-binding protein involved in the control of MT 
assembly and dynamics (27-30). Originally identified as a key fac
tor in cell proliferation, it also plays roles as a relay protein and 
integrating protein within intracellular signaling networks (31). 
The inhibitory effect o f stathmin on MT growth is believed to 
derive from its ability to sequester tubulin by binding tubulin 
dimers, which decreases the concentration of free heterodimers 
available to polymerization (20,30). The MT-destabilizing activity 
of stathmin is turned off by cell surface receptor kinase cascades 
and cyclin-dependent kinases (32). By changing MT polymeriza
tion/depolymerization dynamics, stathmin may help the cell react 
to external stimuli. A recent study has suggested a functional link 
between stathmin and STAT3, whereby STAT3 interacts with 
stathmin and antagonizes its MT depolymcrization activity (33).

Here, we report a role for STAT3 in LFA-l-induced T-cell 
migration. Upon LFA-1 cross-linking, STATS is activated by tyro
sine phosphorylation that translocates to the nucleus and interacts 
with stathmin to regulate MT dynamics in migrating T-cells.

EXPERIMENTAL PROCEDURES

Antibodies an d  Reagents—Antibody used for induction of T-cell 
motility as previously described (8) was of the motility-inducing 
clone SPVL7 (monoclonal antibody to the a-chain of LFA-1 from 
Monosan, Sanbio, Uden, The Netherlands). Rabbit monoclonal 
anti-STATS, anti-phospho-STAT3(Tyr^'’̂ ), anti-stathmin, anti- 
phosphostathmin(Ser'‘’), anti-glyceraldehyde-3-phosphate dehy
drogenase, and horseradish peroxidase-conjugated anti-rabbit 
and anti-mouse antibodies were from Cell Signaling Technology 
(Danvers, MA). Mouse monoclonal anti-a-tubulin, anti-acety- 
lated tubulin (clone 6 - l lB - l) ,  anti-tyrosinated tubulin (TUB- 
1A2), and goat anti-human IgG (Fc-specific) antibodies were from 
Sigma. Goat anti-mouse IgG was from Dako A/S (Denmark). 
Human rICAM-1 was from R&D Sy.stems (Minneapolis, MN). 
Alexa fluor-488-conjugated anti-mouse antibody and Alexa fluor- 
546 Phalloidin were from Invitrogen. Cell-permeable AG490 was 
obtained from Calbiochem.

Cell C ulture—The human cutaneous T-lymphoma cell line 
Hut78 (American Type Culture Collection (ATCC), Manassas, 
VA) was used and cultured as described previously (4). Briefly, cells 
were cultured in UPMI 1640 medium (Invitrogen) containing 10% 
(v/v) heat-inactivated fetal bovine serum, 2 mM L-glutamine, and 
antibiotics (penicillin (100 lU/ml) and streptomycin (100 ju,g/ml)) 
in a humidified chamber at 37 °C containing 5% CO 2 .

Induction o f  Cell M o tility—The ability o f T-cells to display 
integrin-induced locomotory behavior was determined using our

STAT3 Regulates T-cell Migration

well characterized migration-triggering model system, as previ
ously described (4). Briefly, 6- or 96-well tissue culture plates (flat 
bottom; Nunc^*^), depending on the particular assay type, were 
precoated with goat anti-mouse IgG or mouse anti-human Fc and 
subsequently incubated with cross-linking monoclonal motility- 
inducing anti-LFA-1 antibody or human rICAM-1. As a control 
(resting cells), wells were coated with poly-i.-lysine (cells adhered 
to this .surface without activation). Hut78 cells were loaded into the 
coated wells (60 X 10'*̂  cells/well in a 6-well plate or 1.0 X 10'’̂ 
cells/well in a 96-well plate) and incubated in 5% CO 2  at 37 "C for 
the indicated time periods, depending on the particular 
experiments.

Deform ation Index (DI)—In order to quantify migratory phe
notype of T-cells, DI was calculated as described previously (3). DI 
provides a .stronger measure o f the degree of cell polarization in 
comparison with elongation index and circularity alone and there
fore more accurately reflects the phenotype of polarized locom o
tory cells. Typically, values of 1 -3  are assigned to cells that were 
nonmigratory {i.e. cell shape nearing circular). Those cells that dis
play a polarized phenotype (cell body and trailing uropod) and 
therefore a higher degree of deformation will have higher DI values 
(> 5) (17). On average, > 4 0  randomly chosen cells were scored for 
each set of conditions. Semiautomated analysis was performed 
using the Scion Image software (Scion Corp., Frederick, MD),

Cell Lysis, Im m unoprecipitation, an d  Im m unoblotting—The 
ccll lysis was performed as described previously (34). The protein 
content of the cell lysates was determined by the Bio-Rad protein 
assay kit according to the manufacturer’s instructions. Equal 
amounts of precleared lysates were subjected to immunoprecipi
tation with antibodies to STATS, a-tubuhn, or stathmin, as 
described previously (35), The cell lysates or immunoprecipitated 
samples were boiled with Laemmli sample buffer for 5 min and 
resolved by SDS-PAGE. The separated proteins were electro- 
phoretically transferred to polyvinylidene fluoride membranes by 
semidry blotting for 1 h. The polyvinylidene fluoride membranes 
were blocked in 5% nonfat dry milk in PBST (0.1% (v/v) Tween 20 
in phosphate-buffered saline (PBS)) for 1 h at room temperature. 
After washing, the blots were incubated with the indicated pri
mary antibodies (diluted according to the manufacturer’s instruc
tions) overnight at 4 °C with gentle rocking. After three washes in 
PBST, the membranes were incubated with appropriate horserad
ish peroxidase-conjugated secondary antibodies for 1 h at room 
temperature. The immunoreactive bands were visualized using 
the enhanced chemiluminescence detection system (Amersham 
Biosciences) and subsequent exposure to Kodak light-sensitive 
film,

STAT Activation Assay Using High Content Analysis (HCA)— 
Serum-starved Hut78 cells (10,000 cells/well in 100 ju.1 of 
medium) were seeded into 96-well tissue culture plates pre
coated with anti-LFA-1, ICAM-1, or poly-L-lysine, Cells were

FIGURE 1. STAT3 activation during LFA-1-induced T-cell migration. A, seaim-starved Hut78 cells were incubated on a poly-L-lysine-coated (0 min) or anti-LFA-1 - or 
ICAM-1 -coated 96-well plate for 10,20,30,60, or 240 min and fixed. Cells were labeled with the Cellomics® HCS reagent kit for STAT3 attivation. Cellular images were 
acquired using an IN Cell Analyzer 1000 autom ated microscope and analyzed by Investigator image analysis software that quantifies nuclear to cytoplasmic fluores
cence intensity. Data are normalized mean ±  S.E.of three independent experiments in triplicate from three randomly selected fields per well containing at least 300 
cells. The insets show representative cell images obtained at the indicated time points. 6, serum-starved Hut78 cells were incubated on anti-LFA-1-, ICAM-1-, or 
anti-CD3<oated 6-well plates for the indicated times and lysed. Cell lysates (20 ^ig each) were resolved by SDS-PAGE and after Western blotting were probed with 
anti-phospho-STAT3 (Tyr™ ;̂ pSTAT3) or anti-STAT3 (as a loading control) antibody. Relative densitometric analysis of the  individual pSTAT3 band was performed and 
presented. Data are mean ± S.E. of three independent experiments. * , p <  0.05 with respea  to corresponding control.
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incubated for different tim e periods, depending on particular 
experiments, fixed, and stained with the Cellomics® HCS rea
gent kit for STAT activation as per the m anufacturer’s instruc
tions (Thermo Fisher Scientific Inc.). Plates were scanned 
(three randomly selected fields/well containing at least 300 
cells) using an autom ated microscope (IN Cell Analyzer 1000 
HCA platform; GE Healthcare). Images were acquired using a 
X20 objective. STAT activation was mea.sured and analyzed by 
IN Cell Investigator software using nuclear trafficking analysis 
module (GE Healthcare) that quantifies nuclear to cytoplasmic 
fluorescence intensity.

Peptide Synthesis—Peptides were synthesized on an Applied 
Biosystems (model 433A) peptide synthesizer (Foster City, CA) 
following standard Fmoc amino acid chemistry (36), using 
0-(benzotriazol-l-yl)-A^^W,A/',N'-tetramethyluronium hexa- 
fluorophosphate 1-hydroxybenzotriazole diisopropylethylamine 
as coupling reagents. All Fm oc-protected am ino acids and cou
pling reagents were purchased from Novabiochem (Darmstadt, 
Germany) except for Fm oc-protected phosphotyrosine deriva
tive, which was from Bachem (Bachcm Distribution Services 
GmbH, Weil am Rhein, Germany), with phosphate diprotected 
by (methyldiphenylsilyl)ethyl moiety (37). Peptides were 
cleaved from the polymer support and freed from side chain 
protections in trifluoroacetic acid/triisopropylsilane/water 
(95/2.5/2.5 in volume) for 4 h. After removing the resin poly
mer, the peptides were precipitated in cold ether and purified 
by semipreparative reversed-phase high pressure liquid chro
matography on a C18 colum n (5 /xm, 10 X 250 mm; Vydac). 
The molecular weights of peptides were confirmed by mass 
spectrom etry (electrospray ionization m lz  M 4- H *; 2246.4 for 
Antcnnapcdia peptide (Antp) and 4186.2 for STAT3-inhibitory 
peptide (pY-pept)).

Immunofluorescent Staining and Microscopy—Immuno- 
staining was perform ed as previously described (4). Conven
tional phase-contrast microscopy was perform ed on a Nikon 
TE3000 inverted microscope (Nikon, Tokyo, Japan) equipped 
with a Leica DC 100 digital camera. Fluorescence microscopy 
was performed by a Zeiss confocal work station attached to a 
Zeiss LSM 510 laser module using a X63 objective (Carl Zeiss, 
Thornwood, NY). Images were acquired and processed using 
Zeiss LSM 510 (release 4.0) software (Carl Zeiss). At least 20 
different microscopic fields were observed for each sample. 
Semiautomated analysis for MT fiber length was performed 
using the Zeiss LSM Image Examiner software (Carl Zeiss).

Cell Viability Assay—Cell viability was m easured by Cell- 
Titcr 96® One Solution cell proliferation assay kit
according to the m anufacturer’s instructions (Promega, M adi
son, WI). Hut78 cells were distributed in 96-well microplates 
(1.5 X 10''̂  cells/well) in 100 jul of medium and pretreated with 
the indicated inhibitors. Cells were then incubated with 20 )li,1 of 
MTS tetrazolium  solution (provided by the manufacturer) for 
an additional 4 h. The relative cell viability was calculated by 
determ ining the absorbance at 490 nm using a microplate 
reader (Tecan, M annedorf, Switzerland).

Cell Adhesion Assay—The cell adhesion assay was performed 
as described previously (38) with minor modifications. Briefly, 
untreated or pretreated Hut78 cells (1.5 X 10’’̂ cells in 100 ju,l of 
medium) were added to the wells of an anti-LFA-l-coated 96-well

microtiter plate (as described above). The cells were then incu
bated for 1 h at 37 °C. Nonadherent cells were removed by gentle 
washing three times with PBS and fixed with 1% glutaraldehyde, 
0.5% sucrosc in PBS for 15 min at room temperature. After two 
washes with PBS, the ceUs were stained with 0.5% crystal violet in 
20% methanol plus PBS for 30 min at room temperature. The cells 
were then washed five times with PBS, and the cell-bound stain 
was resolubilized in methanol. Cell adhesion was quantified by 
measuring the absorbance at 590 nm using a microplate reader 
(Tecan).

Densitometric Analysis—Densitometric analyses of the West
ern blots were performed as described previously (34) using Gene- 
Tools software (Syngene, Cambridge, UK). The relative values of 
the samples were determined by giving an arbitrary value of 1.0 to 
the respective control samples of each experiment.

Statistical Analysis—The data are expressed as mean ±  S.E. 
For comparison of two groups, p  values were calculated by a 
two-tailed unpaired S tudent’s t  test. In all cases, p  <  0.05 was 
considered to be statistically significant.

RESULTS

T-cell Motility Induced by LFA-1 Cross-linking Involves Activa
tion o f STATS— \n resting Hut78 cells, STAT3 was present mainly 
in the cytoplasm (Fig. lA). Following LFA-1 cross-linking via 
immobilized anti-LFA-1, cytoplasmic STAT3 translocated into 
the nucleus within 10 min (Fig. 1.4). Quantitation of STAT3 
nuclear translocation showed an up to 42.8% increase in 10 min 
(Fig. M ). This increase in STAT3 nuclear translocation was tra n - ' 
sitory, returning to basal level after 30 min (Fig. M ). A similar 
STAT3 activation profile was observed when cells were incubated 
on immobilized ICAM-1 (Fig. M ). No significant change in the 
activation of other STAT isoforms STATl or STAT2 was 
observed following LFA-1 cross-linking either via immobilized 
anti-LFA-1 or lCAM-1 to the Hut78 cells (supplemental Fig. 1).

Next, we sought to determine whether LFA-1 signcding induced 
tyrosine phosphorylation of STAT3 in Hut78 cells. Following 
LFA-1 cross-linking in Hut78 cells via immobilized anti-LFA-1 or I 
ICAM-1, a greater than 7-fold increase in tyrosine phosphoryla
tion of STAT3 (Tyr^°®) was observed in 10 min, declining toward 
base line level after 30 min (Fig. 15). In contrast, T-cell receptor 
(TCR) activation by anti-CD3-induced tyrosine phosphorylation 
of ST AT3 showed a distinctly different activation pattern detected 
at 10 min that remained constant for up to 4 h (Fig. IB). However, 
CD3 ligation via immobilized anti-CD3 did not induce migration 
of Hut78 cells up to 4 h (data not shown). Therefore, for further 
experiments on migrating T-cells, LFA-1 cross-linking of Hut78 
cells was employed. No change in the expression of STAT3 protein 
was observed during these time periods (Fig. Ifi). Together, these 
results demonstrate that signaling through LFA-1 in Hut78 cells 
induces changes associated wath STAT3 functional activation, 
including nuclear translocation and tyrosine phosphorylation.

Suppression o f STATS Activity Attenuates LFA-1-induced 
T-Cell Polarization and Migration—Hut78 cells triggered via 
LFA-1 receptor/ligand interaction rapidly polarize and develop a 
locomotion-associated phenotype (4,8). To further investigate the 
role of STAT3, selective inhibitory strategies were utilized. Ini
tially, we used AG490, a Janus kinase-specific inhibitor that subse
quently reduces STAT3 tyrosine phosphorylation. Hut78 cells
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FIGURE 2. Effect o f A G 490 on LFA-1-induced locom otory  ph en otype  o f T-cells. A, Hut78 cells w ere  p re 
tre a te d  w ith e ith e r vehicle (0.01% (v/v) DM SO;Confro/)or A G 490(1 ,2 .5 ,5, o r 10 /iM)for 1 h a n d  incu b a ted  on  an 
anti-LFA-1 -coa ted  96-well p la te  for 4 h. At least 20 nnicroscopic fields w ere p h o to g ra p h ed , and  a rep resen ta tive  
im age  is show n. D ose re sp o n se  m igration  inhibition by AG490 in Hut78 cells stim u la ted  via im m obilized 
anti-LFA-1 w as q uan tified  by m e a su re m en t o f Dl an d  p re sen te d , fi, u n tre a ted  o r AG490 (10 (xM)-treated serum - 
starved  Hut78 cells w ere  s tim u la ted  w ith  or w ith o u t anti-LFA-1 for 10 m in and  lysed. Cell lysates (20 /ig  each) 
w ere  resolved by SDS-PAGE a nd  a fte r W estern  b lo tting  w ere  p ro b ed  w ith anti-phospho-STA T3 pSTAT3) 
or anti-STAT3 an tibody . Relative d en sito m etric  analysis o f th e  individual pSTAT3 b and  w as perfo rm ed  and  
p resen ted . Data a re  m ean s ±  S.E. of th re e  in d e p e n d e n t e xperim en ts. *, p  <  0.05 w ith re sp ec t to  contro l.

were pretreated with different concentrations of AG490 ranging 
from 1 to 10 /xM for 1 h and incubated on anti-LFA-l-coated 
96-well plates for 4 h (Fig. 2A). Pretreatment of Hut78 cells with 
AG490 resulted in dose-dependent inhibition of the LFA-l-in- 
duced locomotion-associated phenotype (Fig. 2A). Quantitation 
of the observed inhibitory effect of AG490 on motile phenotype of 
Hut78 cells demonstrated that DI reduced from 7.9 in controls 
cells to 1.8 when cells were treated with 10 jlim  AG490 (Fig. 2A). 
Pretreatment of Hut78 cells with 10 /x m  AG490 also inhibited 
LFA-l-induced tyrosine phosphorylation of STATS (Fig. 2B). 
AG490 treatment had no significant affect on Hut78 cell survival 
(supplemental Fig. 2A) or adhesion to anti-LFA-l-coated plates

(supplemental Fig. 25). We extended 
these studies using cell-perme- 
able isoform-specific inhibitory pep
tide specifically targeted against 
STAT3. This 12-mer phosphopep- 
tidc (AYRNRpYRRQYRY, where pY 
represents phosphotyrosine), identi
fied through combinatorial chemistry 
(.39), binds with high affinity and 
specificity to STAT3 in a BiaCore 
competition assay. This peptide was 
conjugated, with a spacer 6-amin- 
ohexanoic, to a cell-permeable pep
tide sequence called penetratine 
or Antennapedia (RQIKIWFQNR- 
RMKWKK), a vector that has been 
shown to be highly efficient for deliv
ering bioactive molecules (40, 41). 
Antp alone was used as a control pep
tide. Hut78 cells were pretrcated with 
a range of concentrations of pY-pept 
for varying times, ranging from 1 to 
12 h. Pretreatment of cells with pY- 
pept inhibited LFA-l-induced cell 
migration in a time- and dose- 
dependent manner (Fig. 3̂ 4). Com
plete loss of locomotion-associated 
phenotype was observed at 25 /xg/ml 
concentration of pY-pept treated 
for at least 4 h (Fig. 3/t). Control 
untreated cells or cells treated with 
nonspecific peptide Antp displayed a 
polarized and elongated morphology 
when triggered via LFA-1 with DI 8.1 
or 7.8, respectively, whereas cells 
treated with 25 ju,g/ml pY-pept for 4 h 
were almost round with DI 1.78 (Fig. 
3B). However, the attachment of cells 
and formation of associated filopodia 
remained intact in these cells (data 
not shown). Pretreatment of Hut78 
cells with pY-pept treatment had no 
significant effect on cell survival (sup
plemental Fig. 3A) or adhesion to 
anti-LFA-l-coated plates (supple
mental Fig. 35). Therefore, for fur

ther experimentations, short pretreatment of the cells for 4 h with 
a 25 /xg/ml concentration of pY-pept was employed. Hut78 cells 
pretreated with pY-pept did not show LFA-l-induced STAT3 
tyrosine phosphorylation (Fig. 3Q.  The use of small interfering 
RNA-mediated approaches was constrained by the capacity of 
STAT-3-specific small interfering RNA to induce apoptosis in 
transfected cells.''^

F urther, to  determ ine if the failure of STA T3-inhibited 
cells to develop a m igratory phenotype was also accom pa-

“ N. K. Verma, J. D ourlat, A. M. Davies, A. Long, W.-Q. Liu,C. Garbay, D. Kelleher, 
and  Y. Volkov, u n p u b lish ed  data .
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nied by the  loss of active locomo
tion, HCA experiments utilizing 
tim e lapse video imaging by an IN 
Cell Analyzer 1000 automated 
microscope were performed. A 
slow and apparently  random  mode 
of locomotion was observed in 
control Hut78 cells tr iggered via 
cross-linking of LFA-1. Measuring 
live cell migration over a period 
of 20 min gave clear evidence 
tha t  pY-pept trea tm ent signifi
cantly decreased LFA-l-stimu- 
lated Hut78 cell migration (Fig. 3, 
D and £). The average speed 
of Hut78 cell migration was 
recorded to be 1.055 ;xm/min, 
which was decreased by 73.1% 
(0.283 )Lim/min) when cells were 
pretreated  with pY-pept (Fig. 3D). 
The average distance traveled by 
control cells was 21.1 /xm (ranging 
from 8.3 to 69.5 fjun), which was 
decreased to 6.2 fim  (ranging from 
0.1 to  22 ij.m) when cells were p re
treated  with pY-pept (Fig. 3£). 
I'hese findings clearly dem on
strate the requirem ent of ac
tive STAT3 function for T-cell 
locomotion in a physiological 
microenvironment.

Inhibition  o f  STA T3 Affects M Ts  
o fT -ce lls—W e have recently dem 
onstrated  tha t M T targeting 
agents, such as paclitaxael (a tu b u 
lin stabilizer), nocodazole, or 
PBOX-15 (tubulin depolymeriz- 
ers) inhibited T-cell migration 
(34). To determine whether inhibi
tion of STAT3 by pY-pept affects 
M Ts of T-lymphocytes, causing 
inhibition of cell migration, in tra 
cellular distribution and func
tional involvement of the MTs 
were analyzed. Control untreated  
Hut78 cells or cells treated with 
nonspecific peptide Antp showed 
radial arrays of organized tubulin 
distribution (Fig. 4, A and C). LFA- 
1-induced migrating T-cells dis
played the  characteristic array of 
MT in tha t M TO C  was located at 
the side of the nucleus opposing 
the  direction of cell migration and 
long MT extended to the uropods 
from here (Fig. 4, B and D). In con
trast, exposure of Hut78 cells to 
STAT3-inhibitory peptide pY-pept
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dramatically impaired the tubulin network (Fig. 4£), resulting 
in complete loss of the typical motile phenotype upon LFA-1 
cross-linking (Fig. 4F). Quantitative analysis of the a-tubulin 
cytoskclctal phenotypes in the population of cells by IN Cell 
Investigator HCA software (GE Healthcare) indicated that inhi
bition of STAT3 activity by pY-pept significantly reduced the 
number of cells (up to less than 8%) with organized MTs (Fig. 
4G). Semiautomated analysis for MT fiber length of 10 ran
domly selected cells by Zei.ss LSM Image Examiner (Carl Zeiss) 
indicated that pY-pept treatment significantly reduced the 
average length of tubulin fiber from greater than 11.5 ^im to less 
than 0.5 ijun (Fig. 4H). STAT3-inhibitory peptide did not sig
nificantly affect the actin cytoskeletal network (supplemental 
Fig. 4).

Inhibition o fSTA  T3 Activity Affects Post-translational M od
ifications o f Tubulin in T-cells—a-Tubulin  undergoes post- 
translational modifications, including acetylation and 
tyrosination, tha t are thought to modulate MT stability and 
dynamics within the cell (13). To further explore the effect of 
STATS inhibition on post-translational modification of 
tubulin  in migrating T-cells, we examined the total expres
sion of a- tubulin , acetylated a- tubulin , and tyrosinated 
Q-tubulin by W estern  imm unoblotting  and with densito- 
metric quantita tion  normalized for glyceraldehyde-3-phos- 
phate dehydrogenase expression (Fig. 5). Acetylated a - tu b u 
lin level in LFA-l-stimulated Hut78 cells was 57% lower as 
com pared with resting cells (Fig. 55, open bars, lane 2 versus 
lane 1). P re treatm ent of cells with pY-pept reduced acety
lated tubulin level to 51% (Fig. 55, open bars, lane 5 versus 
lane 1), which was further reduced to 11% after LFA-1 cross- 
linking as compared with control untreated  resting cells (Fig. 
SB, open bars, lane 6 versus lane I). No significant change in 
the level of acetylated tubulin was observed when Hut78 cells 
were pretreated with nonspecific peptide Antp (Fig. 55, open 
bars, lane 3 versus lane 1 and lane 4 versus lane 2). The 
tyrosinated tubulin level in migrating Hut78 cells was 
increased up to 47% compared with the resting cells (Fig. 55, 
closed bars, lane 2 versus lane 1). T reatm ent of these cells 
with pY-pept reduced the  level of tyrosinated tubulin by 51% 
in resting (Fig. 55, closed bars, lane 5 versus lane 1) and by 
56% upon LFA-1 cross-linking as com pared with control 
(untreated) cells (Fig. 55, closed bars, lane 6 versus lane 1). 
No significant change in the level of tyrosinated tubulin was 
observed when Hut78 cells were pretreated with nonspecific 
peptide Antp (Fig. 55, closed bars, lane 3 versus lane 1 and 
lane 4 versus lane 2).

STAT3 Regulates T-cell Migration

Next, to explore the possibility (if any) tha t STATS exerts 
its effect on MT assembly and post-translational modifica
tion of tubulin by direct physical association with tubulin, 
cell lysates of resting or LFA-l-stimulated Hut78 cells were 
im m unoprecipitated with tubulin and probed with anti- 
ST ATS antibody. However, we did not detect ST ATS protein  
in tubulin-im m unoprecipita ted  samples (data not shown).

STAT3 Exerts Its Effect on M T  via S ta thm in—The spatial 
organization of the MT cytoskeleton is thought to be 
directed by several regulatory molecules. Stathm in-tubulin  
interaction is known to regulate M T dynamics in motile and 
mitotic cells (28). S tathmin is known to undergo serine phos
phorylation at Ser'* upon cell stimulation (27). However, we 
did not detect s tathmin phosphorylation (Ser’*’) due to 
LFA-1 cross-linking (Fig. 6A, lane 2 versus lane 1). In con 
trast, CDS cross-linking induced stathmin phosphorylation 
on Ser'® (Fig. 6A, lane 5 versus lane 1). Moreover, CD3- 
induccd sta thm in phosphorylation was not affectcd by pY- 
pept (Fig. €>A, lane 7 versus lane 5). Microscopic examination 
of sta thm in indicated its cytoplasmic distribution in the  res t
ing Hut78 cells (Fig. 6, H -J). Upon LFA-1 stimulation, 
STATS underw ent tyrosine phosphorylation and nuclear 
translocation (Fig. 6, B -G ); however, sta thm in remained in 
the cytoplasm but displayed polarized staining, which was 
not affected by pY-pept trea tm en t (Fig. 6, H -f) .  Phosphoryl
ation (Ser'®) of s tathmin was not detected in resting or LFA- 
l-stim ulated  Hut78 cells (Fig. 6, K -M )  but was detected in 
response to stimulation with anti-CDS (Fig. 6A).

Next, we examined whether stathmin physically interacts 
with a-tubulin  in T-cells during migration. Resting and LFA- 
l-stim ulated  migrating Hut78 cells were im m unoprecip i
tated with an ti-a- tubulin  or anti-IgG (isotype control) and 
probed with anti-stathmin (Fig. 7A). Results showed that 
s tathmin binding to tubulin was reduced to 43% in migrating 
cells as com pared with nonmigrating cells (Fig. 7A). There 
was no change in the expression of total s ta thm in protein in 
resting and LFA-l-stimulated cells as detected by im m uno
blotting for whole cell lysates (Fig. lA ) .  Phosphosta thm in 
was not detected either in a - tubulin-im m unoprec ip ita ted  
samples or in whole cell lysates (Fig. 1 A).

To determine w hether  STATS exerts its effect on MT via 
s tathmin in migrating T-cells, we im m unoprecipitated rest
ing and LFA-l-stimulated Hut78 cells with anti-STATS 
or isotype control IgG and probed with anti-stathmin 
(Fig. 75). Interestingly, s ta thm in co-immunoprecipitatcd  
with STATS, vifith a substantially greater am ount (3.6-fold)

FIGURE 3. Effect o f STAT3-inhibitory peptide on LFA-1-induced locomotory phenotype of T - c e l l s . Hut78 cells were pretreated with different concen
trations of pY-pept (ranging fronn 1 to 50 /ag/ml) for varying time periods (ranging fronn 1 to  12 h) and incubated on an anti-LFA-1-coated 96-well plate for 4 h. 
Quantitative evaluation of th e  num ber of Hut78 cells developing a polarized migratory phenotype was performed using an IN Cell Analyzer 1000 microscope 
and Investigator image analysis software. Data are normalized mean values o fth ree  independent experim ents in triplicate. B,Hut78 cells un treated  (control) or 
pretreated with 25 (xg/ml nonspecific peptide (Antp) or 25 ^g/m l STAT3-inhibitory peptide (pY-pept) for 4 h were incubated on an anti-LFA-1-coated 96-well 
plate for another 4 h. At least 20 microscopic fields were photographed, and a representative figure is shown. Migratory phenotypes were quantified by 
m easurem ent of Dl and presented. C, untreated or 25 |ig /m l Antp- or pY-pept-treated serum-starved cells were stim ulated with or w ithout anti-LFA-1 for 10 
min and lysed. Cell lysates (20 ixg each) were resolved by SDS-PAGE and after Western blotting were probed with anti-phospho-STAT3 ipSTATS) or anti-STAT3 
antibody. Relative densitom etric analysis of the  individual pSTAT3 band was performed and presented. D and E, Hut78 cells were pretreated with 25 /xg/ml 
Antp or pY-pept, and cell nuclei were stained with Hoechst. Cells were incubated on an anti-LFA-1-coated 96-well plate, and time lapse images at 2-min 
Intervals were recorded for 20 min using an IN Cell Analyzer 1000 autom ated microscope. Data were analyzed using Image-Pro Plus version 6.1 analysis 
software for speed of migration and distance traveled. Data are m eans ± S.E. of three independent experiments. *, p  <  0.05 with respect to  corresponding 
control.
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FIGURE 5. Effect of STAT3 Inhibition on post-translational modifications 
of tubulin in resting and LFA-1-stimulated T-cells. A, Hut78 cells untreated 
{Control), pretreated with 25 /j,g/ml nonspecific peptide (Antp) or 25 ^g/m l 
STAT3-inhibitory peptide (pV-pept) for 4 h were stim ulated with or without 
anti-LFA-1 for 4 h and lysed. Cell lysates (20 (j,g each) were resolved by SDS- 
PAGE and after Western blotting were probed with anti-a-tubulin, anti-acety- 
lated tubulin (Ac-Tubulin), anti-tyrosinated tubulin [Tyr-Tubulin), or glyceral- 
dehyde-3-phosphate dehydrogenase {GAPDH) (as a loading control) 
antibody. B, relative densitom etric analysis of the  individual band was per
formed and presented. Data are mean ± S.E. of three independent experi
ments. *, p  <  0.05 with respect to  corresponding controls.

of sta thm in  co-im m unoprecip itated  in m igrating cells as 
com pared with resting cells (Fig, 7B). P hosphostathm in vk̂ as 
not detected either in STAT3 im m unoprecip itated  samples 
or in whole cells lysates (Fig, 75),

Similarly, untreated or pY-pept-treated resting and LFA-1- 
stimulated Hut78 cells were im m unoprecipitated with 
anti-stathm in or isotype control IgG and probed for the pres
ence of STAT3, pSTAT3, or a-tubulin, A 3,8-fold higher asso
ciation between stathm in and STATS was observed in LFA-1- 
induced samples as com pared with resting cells (Fig. 7C). 
Prctreatm ent of Hut78 cells with pY-pept inhibited STAT3- 
stathm in association (Fig, 7C), Stathm in association with 
pSTATS was increased to 5-fold in LFA-l-stim ulated Hut78 
cells as compared with resting cells (Fig. 7C). pSTATS was not 
detected in pY-pept-treated samples (Fig, 7C). a-Tubulin  co

precipitated with stathm in in both the resting and LFA-1-in
duced samples. Association of a-tubulin  with stathm in reduced 
to 0,57-fold in LFA-I-stim ulated Hut78 cells as com pared with 
resting cells (Fig, 7C). This decrease in a-tubulin-stathm in 
association in LFA-1-stimulated cells was not detected when 
these cells were pretreated with pY-pept (Fig. 7C). These data 
suggest that STAT3 competitively binds to stathm in and 
thereby inhibits its M T depolymerization activity during T-cell 
migration.

Taken together, these results dem onstrate  tha t STATS 
regulates T-cell m igration. Inhibition  of STAT3 activity dis
rupts the m icro tubule netw ork, interferes with post-transla- 
tional m odifications of tubulin , and suppresses m icrotubule 
dynam ics via its physical association w ith stathm in, thus 
affecting the function  of th is cytoskeletal system in the 
m igratory process.

D ISC U SSIO N

T-cell m igration in response to integrin  signaling is a com 
plex, highly coordinated , m ultistep  proccss involving 1) 
extension of m em brane pro trusions at the leading edge, 2) 
form ation of a ttachm en t sites to the extracellular m atrix at 
the newly form ed cell periphery, 3) cell traction , w hich might 
be driven by con traction  of the cytoskeleton, and 4) the 
release of adhesions at the rear portions of the cell (detach
m ent) (42), These events are regulated by m ultiple signaling 
m echanism s, such as kinase and /o r phosphatase signaling, 
small GTPase signaling {i.e. Rho and Rac), and cytoskeletal 
reorganization (42), Previously, we have dem onstrated  that 
T-cells activated th rough  LFA-1 undergo reorganization of 
the tubulin  cytoskeleton during m igration (4, 8). Further, we 
dem onstrated  th a t d isrup tion  of tubulin  polym erization 
process or M l' dynam ics by known tubulin-targeting  agents, 
such as paclitaxael (M T stabilizer), nocodazole (MT depoly- 
m erizer), or PBOX-15 (a novel tubulin  depolym erizing com 
pound), inhibits T-cell m igration (34), Here, we dem onstrate  
that suppression of STAT3 activity im paired the MT n e t
work, resulting in the inhibition  of T-cell m igration. In addi
tion to  the m ultifunctional role of STATS in m ediating sev
eral biological processes, including cell proliferation, 
d ifferentiation, survival, and m otility and prom otion  of 
tum or grow th (20 ,4S, 44), a role of STATS is em erging in cell 
m igration, as described in both keratinocytes (23, 26) and 
m ouse em bryonic fibroblasts (33). In th is study, we dem on
strate involvem ent of STATS in T-cell m igration, suggesting 
possible w ider roles for th is m olecule in the m igratory 
processes.

STAT3 is known to be activated by various cytokines and 
grow th factors, such as interleukin-6, epiderm al grow th fac
tor, and hepatocytc grow th factor (22). In response to  ex ter
nal stimuli, STATS is recruited from the cytosol to phosphor-

FIGURE 4. Effect o f STAT3 inhibition on the organization of MT network in resting and LFA-1 -stimulated T-cells. Hut78 cells untreated {Control; 4 and 8) 
or pretreated with 25 fj.g/ml nonspecific peptide {Antp; C and D) or 25 fj.g/ml STAT3-inhibitory peptide {pY-pept; E and f) for 4 h were incubated on poly-L- 
lysine-coated (PL/.;/I, C, and £) or anti-LFA-1-coated (6, D, and f)Permanox® cham ber slides for 4 h. After this time, the medium was carefully removed, and cells 
were fixed in 3% paraformaldehyde. Cells were im m unostained for a-tubulin (green). The organization of th e  MT network was visualized by confocal micros
copy using a X63 oil immersion lens. The arrow  indicates clearly distinguishable MTOC. G, organization of MT network in the  population of cells. A minimum 
of 100 cells was scored by IN Cell Investigator HCA analysis software. H, sem iautom ated analysis of MT fiber length of 10 randomly selected cells was performed 
using the Zeiss LSM Image Examiner software. Results shown are representative of three independent experim ents. * , p <  0.05 with respect to corresponding 
control.
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ylated recep tors via its Src hom ology 2 domain. STATS 
molecules then become tyrosine-phosphorylated (Tyr^” )̂ 
w ithin receptor complexes, form dimers, and translocate to the 
nucleus to  cffect expression of responsive genes (18, 24, 44). 
Taking advantage of the STATS intraccllular localization and 
phosphorylation status associated with its activation state, we 
dem onstrate that LFA-1 cross-linking can activate STATS in 
T-cells by virtue of nuclear translocation as well as induction of 
Tyr^°® phosphorylation. Pharmacological inhibition of STATS 
by bo th  AG490 and specific peptide blocked LFA-l-induced 
m igration of Hut78 cells. These observations lead to a consist
ent conclusion that STATS activation is required for T-cell 
m igration either by altering expression and/or activation of 
proteins involving T-cell migration or through its function as 
an adaptor molecule. Oligonucleotide gene arrays and quanti
tative real tim e PCR analysis have revealed that STATS regu
lates a com m on set of genes involved in wound healing and 
cancer (24) that arc implicated in cell migration, metastasis, and 
rem odeling of extracellular matrix, including, for example, 
ICAM-1, CCL2, CXCL2, EPAS-1, proteases in the cathepsin and 
SERPIN families, such as uPA and its receptor uPAR, PAI-1, 
etc. (24). M any of these genes also play a role in the process of 
T-cell m igration and trafficking. Further functional genomic 
and proteom ic studies are required to determ ine the role of 
STATS in the regulation of genes and proteins involved in 
T-cell migration.

T he adap to r function of STATS has also been im plicated 
in th e  cell m igration process. Intracellu lar signaling of 
STATS in keratinocytes m odulates tyrosine phosphoryla
tion of plSO‘“ ' (a focal adhesion m olecule), affecting cell 
adhesiveness to  the substratum  and cell m igration in 
response to  grow th factor (45). In endothelial cells, phospho
rylation of STATS in response to  VEGFR stim ulation 
resulted in its nuclear translocation  and induction  of m igra
tion, and a dom inan t negative m utan t o f S'I'ATS com pletely 
inhibited cell m igration (46). Last, an association has been 
reported  betw een STATS and Rho GTPases (47), the later 
being critically involved in the selective stabilization of MTs 
in the lamella of crawling cells.

Here, we observed tha t the suppression of STATS activity 
significantly reduced both the acetylated and the tyrosinated 
form of a -tubu lin . These reversible post-translational m od
ifications of a -tu b u lin  have been im plicated in regulating 
M T stability and functions (48, 49) tha t influence im portant 
biological processes, such as ccll m otility, signaling, and 
hom eostasis (IS , 48), in a cell- or con tex t-dependen t m anner 
(50). W e have recently dem on.strated th a t a tubulin-target- 
ing com pound PBOX-15 altered tubulin  post-translational 
m odifications and thus inhibited T-cell m igration (S4). 
Acetylated a-tu b u lin  is m ost abundant in stable M Ts but is

STAT3 Regulates T-cell Migration

absent from dynam ic cellular s tructu res (IS, 48). A cetylation 
of a -tubu lin  may be required  for coordination  and differen
tial in teraction  of M Ts w ith M T-associated pro teins and 
m otor proteins (such as kinesin and dynein) for regulating 
their activity or localization (51); kinesin is known to regu
late d istribu tion  of in term ediate filam ents. Change in tu b u 
lin acetylation affects the conform ation of the M T surface to 
w hich M T-associated pro teins bind (50), w hich in tu rn  could 
affect processes involved in T-cell motility. In addition , it 
regulates dynam ics of cell adhesion and m otility  by a lte r
ation in Rac and Rho signaling, targeting of M Ts to  focal 
adhesions, and localization of adhesion assembly and disas
sembly signals (48, 50). Tubulin  tyrosination acts as a signal 
for the in teraction  of M T w ith o ther signaling pro teins (49) 
that may affect cell m orphology and locom otory potential. It 
regulates the in teractions of in term ediate  filam ents w ith M T 
via a k inesin-dependent m echanism  (.51). M oreover, tubulin  
tyrosination  is im portan t for the coord ination  of d ifferent 
cytoskeletal elem ents, such as vim entin  (49), which in tu rn  
may provide structu ra l support for the extensive m ic ro ten 
tacles (extensive and m otile M T-enriched m em brane p ro 
trusions) (52) in m igrating T-cells. Both acetylation and 
tyrosination of tubulin  regulate localized recru itm en t of 
com plexes com posed of C L IP-170 (a cytoplasm ic linker p ro 
tein) and CLIP-associating pro teins and /o r com ponents 
form ing adhesions to  the plus end of dynam ic M Ts (50, 5S). 
A role of tubulin  post-translational m odification in M T-de- 
pendent organelle polarization (Golgi, M TOC) typically 
found in m igrating cells has recently been proposed (50).

W e further demon.strate a direct interaction between ST ATS 
and .stathmin. Moreover, stathm in as.sociates with tubulin, 
although no direct association of STATS with a-tubulin  was 
observed. Stathmin family proteins are im portant for appropri
ate cell cycle progression in many types of eukaryotic cells and 
prom ote neurite outgrowth through regulation of MT dynam 
ics in growth cones (SO). A reduced level of stathm in-tubulin 
interaction has been described at the leading edge of migrating 
Xenopus A6 cells (28). Interestingly, stathm in is highly 
expressed in many types of cancers, and overexpression corre
lates with abnormal motility and tissue invasion of hum an sar
comas in vivo (54). Experimental evidence suggests that s ta th 
min M T-depolymerizing activity is negatively regulated by 
phosphorylation on serine residues, of which Ser'^ plays a 
major role(s) (27). We and others (55) observed that TCR activa
tion by CDS cross-linking of T-cells induced stathmin phospho
rylation (Ser‘*). However, we did not detect stathmin phosphoryl
ation (Ser'**) due to LFA-1 cross-linking to Hut78 cells. These 
findings suggest that LFA-1 regulation of stathmin is different 
from that of TCR. Further, we show that TCR induced phosphor-

FIGURE 6. Stathmin phosphorylation and localization during LFA-1 -induced T-cell m igration./A, serum-starved Hut78 cells were pretreated with 25 fj,g/ml 
nonspecific peptide Antp or 25 fj.g/ml STAT3-inhibitory peptide pY-pept for4  h and incubated on anti-LFA-1-oranti-CD3-coated 6-well plates for 10 min and 
lysed. Cell lysates (20 ;xg each) were resolved by SDS-PAGE and after Western blotting were probed with anti-phosphostathm in (Ser''’; pStathmin) or anti- 
stathmin antibody. Relative densitometric analysis of th e  individual pStathmin band was performed and presented. Data are the mean ±  S.E. of three 
independent experim ents. *,p <  0.05 with respect to  control. 6-M, Hut78 cells untreated or pretreated with 25 (xg/ml STAT3-inhibitory peptide {pY-pept;D,G, 

and M) were incubated on poly-L-lysine(P/.i.)oranti-LFA-1-coated Permanox*'chamber slides for 10 min. After this time, the  medium was carefully removed, 
and cells were fixed in 3% paraformaldehyde. Cells w ere immunostained for STAT3, phospho-STAT3 (Tyr™^; pSTATS), stathmin, or phosphostathm in (Ser'*; 
pStathmin) and visualized by confocal microscopy using a X63 oil immersion lens.
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FIGURE 7. STAT3 interaction with tubulin or stathmin in migrating T-cells. Serum-starved Hut78 cells were stimulated w ith  or w ithou t anti-LFVl fo r 10 min 
and lysed.^, cell lysates (500 (xg each) were im m unoprecipitated w ith  anti-a-tubulin (IP:a-Tubulin) or IgG (as isotype control; IP:lgG). Immunoprecipitatesand 
whole cell lysates (used as control, 20 /xg each; WCL) were Western blotted and probed w ith anti-stathmin, anti-phosphostathm in (Ser ; fStathmin), or 
anti-a-tubulin. B, cell lysates (500 /ng each) were immunoprecipitated w ith anti-STAT3 (,IP:STAT3) or IgG (IP:lgC). Immunoprecipates and whole cell lysates (20 
/j,g each; WCL) were Western blotted and probed w ith  anti-stathmin, anti-phospho-stathmin (Ser'*; pStathmin), or anti-STAT3. C, untreated or pY pept-treated 
Hut78 cells were stimulated w ith  or w ithou t anti-LFA-1 for 10 min and lysed. Cell lysates (500 /ng each) were im munoprecipitated w ith  ant-stathm in {IP: 
Stathmin) or IgG {IP:lgG). Immunoprecipates and whole cell lysates (20 fxg each; WCL) were Western blotted and probed w ith anti-STAT3, anti-phospho-STAT3 
(Tyr™ ^pSMTi), anti-a-tubulin, or anti-stathmin. Relative densitometric analysis o f the individual band was performed and presented. Data are nean ±  S.E. o f 
three independent experiments. * ,p  <  0.05 w ith  respect to  corresponding controls.
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FIGURE 8. A model for LFA-1-induced STAT3 activation and regulation of MT dynamics. The figure  illus
tra te s  STAT3 activation  by ty rosine  phosphory la tion , its nuc lear translocation , and  its p red ic ted  in te rac tion  
w/ith stathm in . S ta th m in -b o u n d  tu bu lin  h e te ro d im ers  a re  u n ab le  to  polym erize. A ctivated STAT3 b ind ing  to  
s tathm in  inhibits its tu bu lin  depo lym erization  activity, m aking tubu lin  available for polym erization  in actively 
m igrating  T<ells. Dashed lines w ith  arrows ind icate  th a t  th e  in te rac tions e ither are p u ta tive  o r involve m ultip le  
steps. P in th e  solid star, Tyr^“  ̂phosphory la tion .

linking ac tivates  STA TS by in d u c 
ing ty ro s in e  ph o sp h o ry la t io n  and  
nu c lea r  t ran s loca t ion .  T h e  in te r 
ac tion  o f  ac tiva ted  STA TS w ith  
s ta th m in  plays a key role(s) in 
inh ib it ing  th e  tu b u l in  depolym cr-  
iza t ion  activity o f  s t a th m in .  This  
in te rac t io n  m akes tu b u l in  h e t 
e ro d im ers  available for po ly m eri
za tion  d u r in g  active cytoskele ton  
reo rgan iza t io n  p rocess  in  m ig ra t 
ing T-cells. T h is  p re sen ts  a no v 
el m ec h a n ism  th r o u g h  which 
STATS m ed ia tes  T -cel l  m igra t ion  
possibly also in c o m b in a t io n  w ith  
its nu c lea r  t r an sc r ip t io n a l  activity.

In conclusion, we have dem o n 
strated tha t  STATS is involved in 
mediating  T-cell m igration  by regu
lating M T  dynamics. T he  expecta
t ion  tha t  activated STATS would 
tu rn  on specific transcriptional 
events and target genes tha t are 
integral parts  of migrating T-cells 
forms the  basis for fu r ther  experi
ments. These studies will greatly 
enhance  the unders tand ing  of fun
dam enta l intracellular mechanism s 
involved in T-cell migration. O ur 
results suggest tha t  STATS may be 
potentially used as a therapeutic  ta r 
get for various pathological condi
tions involving T-cell responses, 
including chronic inflammatory 
disease, such as inf lam matory  bowel 
disease and  the  inflammatory 
arthropathies.

ylation of s ta thm in  is ind epen den t  on STATS, since inhibition 
of STATS activity by pY -pept did no t affect anti-CUS-stimu- 
lated sta thm in phosphorylation  (Ser’'’).

O u r  resu lts  are in ag re e m e n t  w ith  a recen t  rep o r t  th a t  
STATS in te rac ts  w ith  s t a th m in  and  regula tes  M T  dynam ics 
by an tagoniz ing  its d cp o ly m criza t io n  activity (S3). However, 
these  au tho rs  uti lized exo gen ou s  express ion  of w ild- type  or 
m u ta n t  STATS and  s ta th m in  pro te ins .  M oreover ,  they d e m 
o n s tra ted  by cell-free in  v it r o  exp e r im en ts  th a t  STATS 
a t ten ua ted  the  M T -d es tab i l iz in g  activity o f  s ta th m in  (SS). 
Here, we d e m o n s tra te  a func t iona l  invo lvem en t o f  en d o g e 
nous  STATS by d irec t  in te ra c t io n  w ith  s t a th m in  to  co n tro l  
M T  dynam ics in m ig ra t ing  T-cells. Specific inh ib i t ion  of 
STATS activity by p Y -p ep t  inh ib i ted  s ta th m in  in te rac t ion  
with STATS and  a - tu b u l in ,  th u s  d is rup tin g  its regu la tion  of 
M T  dynamics. It rem a in s  to  be d e te rm in e d  w h e th e r  STATS 
in teracts  w ith  o th e r  s ig n a l- t ran sd u c in g  m olecu les  involved 
in T-cell m igra t ion .

Based on ou r  data, we p ro p o se  a m odel for STATS involve
m en t  in regula ting  T-cell m ig ra t ion  (Fig. 8). LFA-1 cross-
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Abstract: Cutaneous T-cell lymphomas (CTCLs) are non-Hodgkin's
lymphomas resulting from clonal expansion and localization o f malignant 
T-lymphocytes to the skin. CTCL cells have defective apoptosis. Signal 
transducers and activators o f transcription (STAT) are a family o f transcription 
factors known to play important roles in the development and progression of 
several human cancers by promoting cell proliferation and protecting against 
apoptosis. In this study, we investigated the specific role o f STAT3, a major 
component o f the STAT family, in growth and survival o f human CTCL cell line 
Hut78. Western immunoblot analysis showed elevated expression of STAT3 and 
phospho-STAT3(Y705) in human CTCL cells as compared to freshly isolated 
peripheral blood lymphocytes (PBLs). Specific knockdown o f STAT3 
expression in Hut78 cells by RNA interference induced morphological and 
biochemical changes indicating apoptotic cell death. Moreover, STAT3 
inhibition downregulated the expression of Bcl2 family of anti-apoptotic gene 
Bcl-xL. These observations suggest that STAT3 is required for the survival of 
CTCL cells and strongly indicate that targeting STAT3 using siRNA techniques 
may serve a novel therapeutic strategy for the treatment o f CTCL.
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INTRODUCTION

Cutaneous T-cell lymphoma (CTCL) is a heterogenous group o f 
lym phoproliferative disorders and represents a spectrum o f diseases mainly 
composed o f  m alignant clonal T-lymphocytes o f  the CD4 phenotype [I , 2], The 
annual incidence o f  primary cutaneous lymphomas is estimated to be 1:100,000, 
o f  which CTCL is the most common type representing approxim ately 75% o f 
cases [3, 4], CTCLs are non-H odgkin’s lymphomas characterized by the clonal 
proliferation o f  skin-invasive mature T-lymphocytes [3], The most common and 
indolent form o f CTCL is M ycosis fungoides (M F) and is characterized by 
patches, plaques, or tum ors containing epidermotrophic malignant C D 4’C D 45RO ’ 
helper/m em ory T-cells [5]. In the initial phase, which can endure for several 
years, MF is found as flat erythrom atous skin lesions, resem bling non-malignant 
psoriasis or eczem a [3], In later stages, tumor cells spread to other sites o f  the 
body with a fatal outcom e. MF may evolve into a leukemic variant Sfeary 
syndrome (SS) with tum our 1 -cells present both in the skin and in the blood, or 
transform to large cell lymphoma [3, 6], As MF/SS advances, the clonal 
dominance o f  the m alignant cells results in progressive immune dysregulation in 
patients and further tum or cell growth, ultimately leading to death in 5-10 years 
[7], In addition, 50%  o f patients with advanced disease do not respond to 
therapy, and >25%  o f those who respond initially will relapse and progress to 
fatal disease [8], Causative roles in the developm ent o f  CTCL have been 
suggested for various environmental factors and infectious agents [2], but the 
etiology o f  the disease remains unknown. At present, no curative therapy exists. 
Systemic single-agent or multi-agent chemotherapies are used to treat advanced 
and aggressive forms o f  CTCL to palliate patients. Despite moderate response 
rates, however, no treatm ent has shown to prolong disease-free or overall 
survival [3, 5, 9, 10]. Therefore, there is a great need for developm ent o f  novel 
em erging therapies.
One o f  the most im portant oncogenic properties o f  cancer cells is their ability to 
survive and CTCL cells are no exception displaying defective apoptosis [11]. 
Recent evidences suggest that disturbances in intracellular signalling pathways 
also play a role in the pathogenesis o f  CTCL [5, 12-14], Thus, identification o f 
m olecular events that control CTCL cell survival has significant therapeutic 
implications and reversing resistance to apoptosis may provide a novel 
therapeutic approach.
Signal transducer and activator o f  transcription (STAT) proteins are a family o f  
latent cytoplasmic transcription factors activated in response to most cytokines 
and growth factors and transm it signals from cell surface receptors to the 
nucleus [15]. Am ong the seven members o f  mammalian STAT family identified, 
STAT3 is the m ost pleotropic m ember and most strongly im plicated in 
ongogenesis [16, 17]. It regulates a number o f  pathways im portant in 
tum orogenesis including cell cycle progression, apoptosis, tum or angiogenesis, 
invasion and m etastasis, and evasion o f  immune response [15-17]. M oreover,
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transform ation process initiated by diverse oncogeneic protein tyrosine kinase is 
dependent on STAT3 activation [18], In healthy individuals STAT3 activation is 
rapid, transient, and stringently regulated at multiple levels. Aberrant STAT3 
signalling was reported in many types o f  m alignancies such as myeloma, head 
and neck cancer, breast cancer and prostate cancer [18, 19]. Constitutive 
activation o f  STATS was previously observed in vivo and in m alignant cell lines 
derived from the skin and blood from CTCL patients [20-23]. Inhibition o f 
STAT3 signalling in a number o f  tumor cell types including CTCL cell lines 
[21] with m ultiple approaches such as application o f  synthetic protein tyrosine 
kinase inhibitor tryphostin AG490 [21, 23] or dominant negative gene constructs 
[20] has been shown to cause a decrease in cell viability and subsequent 
apoptosis.
In the present study, we investigated underlying m olecular mechanism 
determ ining CTCL cell survival. Here we show higher level o f  STAT3 protein 
expression and activation in CTCL cells in comparison with peripheral blood 
lym phocytes (PBLs) isolated from healthy volunteers. Furthermore, we 
dem onstrate that specific knockdown o f cellular STAT3 expression by small 
interfering RNA (siRNA) inhibits CTCL cell growth and induces apoptosis by 
downregulating the expression o f  an anti-apoptotic protein Bcl-xL.

M ATERIALS AND M ETHODS  

Cell cultures
An established human cutaneous T-cell lymphoma cell line Hut78 [24] 
developed from peripheral blood o f  CTCL patients was from American Type 
Culture Collection (ATCC, M anassas, VA) and cultured as described previously 
[25]. Briefly, they were cultured in RPMI 1640 medium containing 10% (v/v) 
heat inactivated foetal bovine serum (Gibco, Grand Island, NY), L-glutamine, 
and antibiotics (penicillin 100 lU/ml, streptomycin 100 |ig/m l) in 5% CO i at 
37°C. PBLs were isolated from, healthy volunteers using standard techniques as 
described [26].

Antibodies
Rabbit monoclonal anti-STAT3, anti-phospho-STAT3(Y705), anti-Bcl-xL, anti- 
GAPDH, horseradish peroxidase conjugated anti-rabbit and anti-mouse 
antibodies were from Ceil Signalling Technology (Danvers, MA). Mouse 
monoclonal anti-a-tubulin antibody was from Sigma (St Louis, MO, USA).

Small interfering RNA (siRNA) and electroporation
siRNA against STAT3 (SM ARTpool®  siRNA Reagents) and control siRNAs 
were from Dharmacon (Lafayette, CO). Hut78 cells in logarithmic growth 
( 5 x 1 0 ^  cells in 200 )il medium) were mixed with siRNAs and added to 2 mm 
gap cuvettes. Cells were electroporated at 150 V for 2 ms using BTX ECM 830 
electroporator (BTX M olecular Delivery Systems, Holliston, MA), transferred to 
a 12-well tissue culture plate with 2 ml medium and incubated for 24 h.
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Transfection efficiency using siGLO labeled siRNA with no significant 
sequence similarity to human genes (Dharmacon) was estim ated to be greater 
than 80% (data not shown).

Cell viability assay
Cell viability was measured by CellTiter 96® AQueous One Solution cell 
proliferation assay kit according to the m anufacturer’s instructions (Promega, 
M adison, WI). Cells (100 ^1 cultures) were distributed in 96-well m icroplates 
and then incubated with 20 |il o f  MTS tetrazolium solution (provided by the 
m anufacturer) for 4 h. The relative cell viability was calculated by determ ining 
the absorbance at 490 nm using a microplate reader (Tecan, Mannedorf, 
Switzerland).

Cell lysis and W estern iniinunoblotting
The cell lysis was performed as described previously [27]. The protein content 
o f  the cell lysates was determ ined by Bio-Rad protein assay kit according to 
m anufacturer’s instructions (Bio-Rad Laboratories GmbH, Miinchen, Germany). 
The cell lysates were boiled with Laemmli sample buffer for 5 min and resolved 
by sodium dodecyl sulphate polyacrylamide gel electrophoresis. The separated 
proteins were electrophoretically transferd to polyvinylidene fluoride membrane 
by sem i-dry blotting for I h. The membranes were blocked in 5% non-fat dry 
milk in PBST [0.1% (v/v) Tween20 in phosphate buffered saline] for 1 h at room 
tem perature. After washing, the blots were incubated with the indicated primary 
antibodies (diluted according to m anufacturer’s instructions) overnight at 4°C 
with gentle rocking. After three w ashing in PBST, the membranes were 
incubated with appropriate horseradish peroxidase conjugated secondary 
antibodies for 1 h at room temperature. The im munoreactive bands were 
visualized using the enhanced chem ilum inescence detection system (Amersham, 
Arlington Heights, IL) and subsequent exposure to Kodak light sensitive film 
(Cedex, France).

Densitom etric analysis
Densitom etric analyses o f  the W estern blots were performed by using 
G eneTools software (Syngene, Cambridge, UK). The relative values o f  the 
samples were determ ined by giving an arbitrary value o f  1.0 to the respective 
control samples o f  each experiment.

High Content Analysis (H CA) o f nuclear m orphology
Nuclei were stained with Hoechst. Florescent images were acquired and 
analyzed using automated microscope (IN Cell A nalyzer 1000 HCA platform) 
equipped with Image Investigator software (GE Healthcare, Buckinghamshire, 
England).
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In situ  term inal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL)
TUNEL assay was used to m onitor DNA fragm entation due to apoptosis. The 
assay was performed on Hut78 cell suspensions according to m anufacturer’s 
instructions (ApoAlert®  DNA Fragm entation Assay Kit, Clontech Laboratories, 
Inc., M ountain View, CA). Fluorescein-conjugated dUTP incorporated in 
nucleotide polymers was detected by Zeiss confocal workstation attached to 
Zeiss LSM 510 laser module using 63X oil immersion lens equipped with Zeiss 
LSM 510 (release 4.0) software (Carl Zeiss, Thom w ood, NY).

Annexin-V  staining and analysis
Detection o f  phosphatidlserine on the outer membrane o f  apoptotic cells was 
perform ed by using annexin-V  binding and propidium iodide staining according 
to m anufacturer’s instructions (Beckman Coulter). Briefly, cells were incubated 
with FITC-conjugated annexin-V in the presence o f 1 mM C aC l2 and 2.5 [xg/ml 
propidium iodide in order to counter-stain nuclei, Ten thousand events per 
sample were acquired and analyzed using BD FACSCalibur™  system (Franklin 
Lakes, NJ).

Statistical analysis
The values are expressed as mean ± standard error o f  the mean. For comparison 
o f  two groups, p-values were calculated by two-tailed unpaired student’s t-test. 
In all cases p  < 0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION

Expression and activation o f STAT3 is elevated in CTCL cells
STAT3 has been shown to be constitutively activated in m alignant lymphocytes 
obtained from skin biopsy from a patient with advanced MF and in tissue 
sections from patients with skin tumors [20]. To exam ine the status o f  STATS in 
CTCL cells, whole cell lysates o f  FIut78 and PBLs freshly isolated from healthy 
volunteers were analyzed by W estern blotting by use o f  antibody against STAT3 
and tyrosine phosphorylated STATS (Fig. lA ). Expression o f  STATS was 
2.6 fold higher in Hut78 cells as compared to normal PBLs (Fig. IB). Moreover, 
tyrosine phosphorylation o f  STATS was 5.2 fold higher in Hut78 cells in 
com parison to normal PBLs (Fig. 1C).

siRNA targeting STAT3 specifically inhibits its expression in CTCL cells
The use o f  RNA interference represents a novel alternative to gene inhibition. 
Selective oncogene silencing by siRNA shows promise for cancer treatment. 
siRNA m olecules are being used to produce sequence specific gene silencing in 
mam m alian cells for functional analysis o f  genes [28]. siRNAs have been 
successfully used for targeting STATS in cancer cells [29, SO]. Here, we 
electroporated Hut78 cells with various concentrations (100 nM, SOO nM or 500 nM) 
o f siRNA against STATS. STATS siRNA resulted in a highly significant and
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reproducible reduction o f STAT3 expression ranging from 70 to 95% in 
a concentration dependent manner at 24 h (Fig. 2). The effect o f  STAT3 siRNA  
was specific in that it failed to icnocicdown expression o f  unrelated proteins 
a- tubulin or GAPDH.

Hut78 PBLs 

S T A T 3-^  4 H P

pSTAT3-»- 

a-Tubulin-i

B

“  0.2 0)  0 .2

h*jt78 PBLs Hut78 PBLs

Fig. 1. Expression and activation o f  STAT3 in CTCL cells. A -  Whole cell lysates (20 (ig 
each) o f Hut78 CTCL cells and PBLs isolated from healthy volunteers were Western 
immunoblotted with anti-STAT3 (STATS), anti-phospho-STAT3 {Y705, pSTATJ), or anti- 
a-tubulin (a-Tuhiilin) antibodies. B, C -  Relative densitometric analysis o f  the individual 
bands o f STAT3 and pSTAT3 was performed and presented. Data represent the mean of 
three independent experiments and bars indicate standard error o f the mean. *P < 0.05 
compared to respective controls.

STAT3 SiRNA

STAT3 ,■

u-Tubulin ^  I

GAPDH

B
I 1-2

STAT3 SiRNA

Fig. 2. Specific inhibition o f  STAT3 expression by siRNA in CTCL cells. A -  Hut78 cells 
(N/T) were electroporated with 500 nM non-specific siRNA (N/SsiRNA), 100 nM, 300 nM 
or 500 nM siRNA targeted against STAT3 (STAT3 siRNA). After 24 h cells were lysed and 
the whole cell lysates (20^g each) were Western immunoblotted with anti-STAT3 
(STATS), anti-a-tubulin (a-Tubulin), or anti-GAPDH (GAPDH) antibodies. B -  Relative 
densitometric analysis o f the individual STAT3 bands was performed and presented. Data 
represent the mean o f  three independent experiments and bars indicate standard error o f the 
mean. *P < 0.05 compared to control.
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STAT3 siRNA inhibits growth of CTCL cells
There are evidences to suggest that m alignant cells having constant activation o f  
STAT3 becom e STAT3 dependent for their survival. Studies have shown that 
persistently activated STAT3 leads to profound changes in gene expression 
patterns and promotes uncontrolled tum our cell proliferation [30-32], Therefore, 
we sought to determ ine the effect o f  inhibiting STAT3 expression on growth o f  
CTCL cells. We noted that siRNA (500 nM ) mediated depletion (95% ) o f 
STAT3 expression resulted in the inhibition o f  Hut78 cell growth by 43.8%  in 
24 h (Fig. 3).

NTT N/S STAT3 

SiRNA SiRNA

Fig. 3. Inhibition o f  STA T3 expression inhibits CTCL cell growth. Hut78 ce lls  (N/T)  
w ere electroporated w ith 500  nM non -sp ecific  siR N A  (N/S s i RNA)  or siR N A  targeted  
against ST A T 3 {STAT3 siRNA).  After 24 h, percentage cell v iability  w as determ ined  
with C ellT itre 96^^  ̂ AQueous O ne Solution A ssay and presented. Data represent the mean  
o f  three independent experim ents in triplicates and bars indicate standard error o f  the 
mean. * P < 0 .05  com pared to control.

STAT3 knockdown in CTCL induces apoptosis
To determ ine whether growth inhibition o f  CTCL cells by STAT3 siRNA was 
associated with apoptosis, we examined three indicators o f  apoptosis. We first 
analyzed nuclear morphology o f Hut78 cells by High Content Analysis. The 
onset o f  apoptosis is characterized by shrinkage o f  nucleus and condensation o f 
nuclear chrom atin into sharply delineated masses [33]. Untransfected cells or 
cells transfected with non-specific siRNA exhibited diffused nuclear staining 
(Fig. 4A). However, STAT3 depleted cells underwent changes in nuclear 
morphology such as condensed chromatin and shrunk nucleus (Fig. 4A). High 
Content Analysis (HCA) for the quantitation o f  nuclear staining for intensity and 
shape revealed a significantly higher num ber o f  apoptotic nuclei in STAT3 
depleted cells as compared to controls (Fig. 4B). Next, TUNEL assay was 
performed to detect the free ends o f  DNA after breakage, which is one o f  the 
important biochemical hallm arks o f  apoptosis [33]. STAT3 depleted Hut78 cells 
showed TdT-labeled nuclei, whereas control cells did not show any TUNEL- 
positive cells (Fig. 4C). Finally, we investigated the effect o f  STAT3 siRNA on 
the externalization o f  phosphatidylserine in Hut78 cells. Externalization o f the 
normal inward-facing phosphatidylserine o f  the cell’s lipid bilayer to the outer 
cell mem brane is a well-known early hallmark o f  apoptosis [33], Annexin-V,
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J
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Annexin-V

Fig. 4. Inhibition o f STAT3 expression induces apoptosis in CTCL cells. Hut78 cells {N/T) 
were electroporated with 500 nM non-specific siRNA {N/SsiRNA) or siRNA targeted against 
STAT3 (STATS siRNA) and incubated for 24 h. A -  Cells were stained for nuclei with 
Hoechst and photographed. Viable cells display diffuse nuclear fluorescence whereas 
apoptotic cells show the concentrated dense granular fluorescence. Arrow indicates apoptotic 
nuclei, scale bar 20 |im. B -  Cell shape and nuclear intensity was quantified using IN Cell 
Image Investigator software and presented. Experiments were repeated three times in 
triplicate and a representative result is shown. C -  Cells were stained with ApoAlert® DNA 
Fragmentation Assay Kit and photographed. Arrow indicates apoptotic cells. D -  Apoptotic 
cells were quantified by flow cytometry following FITC-annexin-V/propidium iodide 
staining for at least 10,000 events. Lower right comer represents apoptotic cells.
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a recom binant phosphatidyiserine-binding protein that interacts strongly and 
specifically with phosphatidylserine residues, was used for the detection o f 
apoptosis by flow cytom etry analysis. There was no obvious induction o f  
annexin-V  positive signal in untransfected cells or cells transfected with non
specific siRNA (Fig. 4D). STAT3 siRNA transfected Hut78 cells showed 
37.06%  apoptotic cells (Fig. 4D). These observations confirm ed that CTCL cell 
survival is dependent on STAT3 expression and indicate that the cellular demise 
is triggered through the apoptotic pathway.

STAT3 inhibition downregulates Bcl-xL expression in CTCL cells
Tum or growth requires that pro-oncogenic pathways remain functional [32]. To 
understand the m olecular mechanism by which STAT3 siRNA induces apoptosis 
in CTCL cells, we exam ined changes in the expression o f  apoptosis associated 
protein. The anti-apoptotic protein Bcl-2 has been dem onstrated to play an 
important role in the regulation o f  apoptosis and to inhibit the induction o f 
apoptosis in lym phocytes by a variety o f  signals [34]. Expression o f Bcl-2 has 
been found in CTCL cells and is supposed to increase the survival and the 
resistance o f  CTCL cells against various therapeutic options [35]. We addressed 
w hether siRNA m ediated STAT3 inhibition was associated with the inhibition o f 
pro-survival m em ber o f  Bcl-2 family o f  apoptosis regulator Bcl-xL. 
Interestingly, we observed that STAT3 depletion (95%) by siRNA drastically 
reduced the expression level o f  Bcl-xL by 86% (Fig. 5).

N/T N /S  STA T3 
SiRNA SiRNA

B
c  1 . 2 n  ,  1 . 2 -

STA T3-
"  0.6

0,2ILIM.
o-Tubulin N/T N/S STAT3 •'•'S STAT3

SiRNA siRMA siRlsW siRNA

Fig. 5. Inhibition o f  ST A T 3 expression inhibits B cl-xL  expression in CTCL cells. Hut78 
cells  (N/T) w ere electroporated with 500 nM non-specific siR N A  (N/S siRNA)  or siR N A  
targeted against STA T3 (STATS siRNA)  and lysed after 24 h. (A ) Cell lysates (20 ng each) 
w ere W estern im m unoblotted with anti-STAT3 (STATS),  anti-Bcl-xL (Bcl-xL),  or anti-a- 
tubulin (a-Tubulin)  antibodies. (B , C) Relative densitom etric analysis o f  the individual 
bands o f  STA T3 and B cl-xL  were performed and presented. Data represent the mean o f  
three independent experim ents and bars indicate standard error o f  the mean. *P  <  0.05  
com pared to respective controls.

Data presented in this paper are consistent with the grow ing body o f  evidence 
suggesting STAT3 may be an important therapeutic target in several human 
cancers [36] including lymphatic neoplasia. Flowever, no strategy for STAT3 
inhibition has reached clinical application [37]. Several m odalities have been
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employed to achieve effective STAT3 inhibition through either upstream 
inhibition o f cytokine and growth factors, inhibition of STAT3 dimerization, 
inhibition o f STAT3/STAT3 nuclear translocation, or inhibition of DNA binding 
activity [38], These approaches utilized small molecule inhibitors, dominant- 
negative gene constructs, inhibitory peptides, antisense or decoy oligonucleotides. 
Non-specific effects, poor cellular permeability, insufficient stability and low 
bioavailability have diminished the enthusiasm and limited their progress from 
bench to bed side [38], We note that the above-mentioned approaches to 
suppress STAT3 activity were by suppression of its nuclear translocation with 
no inhibition o f STAT3 expression levels. In this context, application o f siRNA 
represents a novel and an attractive alternative with a promising therapeutic 
potential [39], Theoretically, it is plausible that siRNA can be used to treat any 
disease linked to an overactive gene or genes with exquisite precision and high 
efficacy with selective gene silencing [28]. This approach specifically reduces 
intracellular levels o f target protein(s). siRNA based therapy has been used for 
effective treatment of various diseases, including hepatitis, liver ischemia 
reperfusion injury, allograft rejection, central nervous system disorders and 
malignancies. siRNA targeting STAT3 has been applied to induce apoptosis in 
numerous cancer cell types including human astrocytes, astrocytoma cells [29] 
and laryngeal cancer cells [30]. However, to our knowledge, no report has been 
published to date concerning the effect of siRNA against the STAT3 gene in 
CTCL cells, so our study represents the first report using STAT3 siRNA with 
CTCL cells.
Several studies established STAT3 involvement in a wide variety o f  signalling 
systems mediating a bewildering complexity of responses. STAT3 has recently 
been shown to control the production of cytokines, which have multiple effects 
on immune and cancer cells in the tumor microenvironment [40]. Unlike the 
results with ablation o f other STAT family genes, all o f which have produced 
viable mice with relatively limited phenotypes, ablation o f STAT3 led to early 
embiyonic lethality [15, 17, 41]. This suggests an essential role o f STAT3 in cell 
survival. A novel link between STAT3 and 1L8 has recently been demonstrated, 
the deregulation o f which caused malignant behavior o f PTEN-deficient 
glioblastoma cells via NFkB [42]. These findings, along with evidence of 
STAT3 activation by a wide variety of cytokines, growth factors, and other 
stimuli [15-17] implied its more generally deployed involvement than other 
STATs and led to the suggestion that STAT3 might represent a primordial 
STAT protein. The analysis o f conditional loss of STAT3 protein in adult tissues 
confirmed STAT3 involvement in a wide variety of physiological processes with 
seemingly contradictory responses [17]. Global chromatin binding surveys 
revealed that STAT3 binds at least 3,000 different gene promoters [40]. In some 
cases, STAT3 regulates the induction of a set of important target genes, but in 
others it may be acting as a repressor (e.g., in thymic epithelium) or as 
a signalling adaptor without a transcriptional function [16]. Moreover, even in 
situations where STAT3 appears to function as a transcriptional activator, the
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biological effect can involve proliferation, survival, or apoptosis, depending on 
the target tissue [16, 17, 36]. Thus, although there is a wealth o f  data on STAT3 
functions in various contexts, it is still not possible to describe fully what 
STAT3 does. Results presented here support the hypothesis that STAT3 exerts 
its anti-apoptotic action via survival genes such as Bcl-xL. Our findings support 
several other reports that STAT3 may be a key player in the pathogenesis o f  
diverse human cancers and make this molecule a prim e target for novel 
therapies, lending a greater urgency to answering this com plex question.
In conclusion, we have demonstrated that STAT3 plays an essential part in the 
CTCL cell survival. Specific inhibition o f  STAT3 expression by RNAi approach 
causes apoptosis o f  CTCL cell line Hut78 in association with dow nregulation o f  
pro-survival protein Bcl-xL. These molecular effects have important 
implications for understanding how STAT controls the cell survival programme 
in CTCL cells. Since constitutive activation o f  STAT3 has also been described 
in other clinical cancers [32, 36], it is possible that dysregulation o f  STAT3 
might have more general role(s) in m alignant transform ation. W hereas, STAT3 
inhibitors have little or no effect on cells lacking STAT3 activation, we 
dem onstrate that it is feasible to inhibit its expression by highly specific siRNA 
technology. It is tem pting to speculate that dow nregulation o f  STAT3 could be 
o f  therapeutic relevance to CTCL treatment. Current developm ent o f  tumor- 
targeted siRNA delivery systems such as assembled nanoparticles [37, 43] may 
in time become a useful clinical tool for targeting STAT3 in CTCL and other 
m alignant tum ors expressing constitutively activated STAT3.
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