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ABSTRACT 

 
The dynamic actin cytoskeleton plays a pivotal role towards the regulation of various 

cellular functions, including cell motility and division. Adherent cells, which are usually 

flat during interphase assume a spherical shape at the onset of mitosis. This rounding 

primarily involves de-adhesion from the substrate and cortical retraction. The mitotic cell 

rounding is essential for the proper positioning and stabilization of the mitotic spindle and 

ensures correct chromosome segregation. The actin filaments, present at the cell 

periphery during interphase, undergo realignment and distribution to the spherical cortex 

during mitosis. The interaction of the cortical actin with the astral microtubules that 

radiate towards the cell cortex from the spindle poles generates tensile forces, thus 

favoring the rounded morphology. In addition to this inward contraction of the 

actomyosin network, an outward osmotic pressure also governs the mitotic cell rounding. 

Cells experience an increase in the hydrostatic pressure at the onset of mitosis. A rise in 

the intracellular osmotic pressure results in an increased cell volume and rounding 

pressure. A balance between the outward directed osmotic pressure and the inward 

actomyosin contraction is instrumental in driving the mitotic cell rounding.  Earlier work 

from our lab has shown that an intact actin cytoskeleton is required for proper spindle 

assembly at the early stage of mitosis. Perturbation of the actin cytoskeleton resulted in a 

less-defined mitotic spindle with an aberrant increase in astral microtubules emanating 

from the spindle pole towards the cortex. Cells treated with inhibitors of Rho GTPase 

pathway to perturb the actin cytoskeleton showed centrosome defocusing and spindle 

misorientation, thereby suggesting that actin cytoskeleton plays an essential role in 

mitotic spindle assembly. Perturbation of the osmotic gradient also led to changes in 

rounding pressure and volume. Failure of the cells to round up is associated with defects 
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in spindle assembly, pole splitting and a delay in progression. Since reduction of the 

osmotic pressure is associated with decrease in rounding pressure and volume and defects 

in cell rounding, we hypothesized that hypertonic stress could have adverse effects on the 

establishment of a bipolar spindle.  

Aim of this thesis was to investigate the effect of osmotic stress on cell cycle progression. 

More precisely, we examined the role of osmotic stress on the mitotic progression and 

metaphase spindle assembly. 

Our results show an arrest at the G2/M phase and a decreased expression of cyclin B1 and 

cyclinD1 protein levels under conditions of hypertonic stress. Further, we observed a 

delay in the mitotic progression of cells upon hypertonic stimulation. Besides possible 

defects in cytokinesis, cells displayed a prolonged metaphase arrest when subjected to 

hypertonic shock. Thus, our results imply the existence of a possible link between the 

osmotic pressure and cell cycle progression.  

We observed an arrest during metaphase, as shown by time-lapse microscopy and 

therefore we proceeded to study the effects of osmotic imbalance on metaphase spindle 

assembly. We observed defects in the astral microtubule arrangement and in 

misorientation of the mitotic spindle upon hypertonic challenge. The increase in the astral 

microtubule intensity was proportional to the duration of the hyperosmotic shock and the 

impaired astral microtubule arrangement was restored to normal when the cells were 

recovered in an isotonic medium, following a hypertonic shock.  

The ERM (Ezrin, Radixin, Moesin) family of proteins, known to cross-link the plasma 

membrane with the underlying actin cortex, are essential for mitotic cell rounding. 

Previous reports suggest the ERM proteins, upon phosphorylation and activation during 

mitosis redistribute towards the cell cortex, thereby contributing to cortical rigidity. Our 

studies have shown that hypertonic stress upregulates phospho-ERM protein levels with a 
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concomitant increase in the cortical rigidity of mitotic cells. Hyperactivation of moesin 

also results in an aberrant increase in astral microtubule arrangement and spindle 

misorientation. Thus, our work suggests that hypertonicity-induced ERM phosphorylation 

might be responsible for the observed defects in metaphase assembly.  

In order to further elucidate the mechanistic details behind the observed phenotypic 

defects in the spindle assembly, we designed a model based on the fact that hypertonic 

stress results in a higher diffusion rate. The model predicts that a perturbation of the 

RanGTP gradient under hypertonic stress owing to the higher diffusion rate. As a result, 

the cortical recruitment of the proteins required for spindle assembly, namely Gα, LGN, 

NuMA and dynein/dynactin will be impaired. This atypical localization of the proteins is 

responsible for the spindle angle defects. Our experimental results corroborate the model 

as we observe a reduced cortical distribution of these proteins under conditions of 

hypertonic stress, thereby providing a possible explanation for the defects in mitotic 

spindle orientation. 

In conclusion, our study shows that osmotic balance is required for timely progression 

through the cell cycle and disruption of the osmotic gradient is responsible for delay in 

mitotic progression due to defects in the bipolar metaphase spindle assembly, 

characterized by an aberrant increase in astral microtubules and defects in spindle 

orientation. One possible reason behind these phenotypic defects might be the hyper 

activation of ERM proteins since moesin phosphorylation is implicated in the defects 

observed in mitotic spindle apparatus. Besides, we propose a second mechanism wherein 

the hypertonicity-induced aberrant cortical localization of several proteins associated with 

spindle orientation explains the observed impairment in astral microtubules and spindle 

assembly induced by hypertonic stress.  
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 1 

Chapter 1  

INTRODUCTION  

1.1 The cell cycle  

1.1.1 Stages of cell cycle 

The orderly sequence of events in which a cell duplicates its cellular contents and divides 

into two daughter cells is termed as the ‘cell cycle’. In eukaryotic cells, a network of 

regulatory proteins governs the cell cycle progression. The ability to maintain genomic 

integrity is essential for cell proliferation and survival. The replication of the genome and 

their proper segregation into the daughter cells during cell division are the key events of 

the cell cycle. Lack of fidelity in DNA replication and maintenance may result in 

mutations and accumulation of damages, which eventually lead to cancer or cell death in 

multicellular organisms. 

The eukaryotic cell cycle is divided into four sequential phases, namely, G1 (G for Gap), 

S (S for Synthesis), G2 and M phase (M for Mitosis). G1, S and G2 are collectively termed 

as the Interphase, during which the cell undergoes DNA duplication and synthesizes 

factors necessary for growth and division. Cells in the G1 phase prepare for DNA 

replication, followed by S phase where DNA synthesis takes place. In the second Gap-

phase G2, the cell prepares for the division process. Cells in G1 not committed for DNA 

replication can pause their progression through the cell cycle and enter a resting state 

termed as G0. Cells can remain in this quiescent, non-proliferating state for days, weeks, 

or even years before resuming proliferation. Finally, the cell cycle culminates with the M 

phase, where, chromosome segregation and cell division, both nuclear and cytoplasmic 

takes place.  
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Figure 1.1 Mammalian cell cycle. A typical cell cycle consists of Gap1 (G1), Synthesis (S), 

Gap2 (G2) phases. During these phases, the cell prepares the proteins needed for entry 

and progression into the Mitotic (M) phase. During M phase, the genomic material is 

divided, giving rise to two daughter cells .  

The fundamental characteristic of the M phase is a progressive condensation of the 

chromatin into compact chromosomes. This condensation is the prelude to the segregation 

of chromosomes, followed by division of the nucleus and finally splitting of the cell into 

two daughter cells.  

The M phase of the cell cycle consists of mitosis (nuclear division) and cytokinesis 

(cytoplasmic division). At the onset of mitosis, the actin filaments undergo extensive 

rearrangement and enable the cells to round up Sanger [1]. Mitosis is categorized into five 

distinct stages, each of which is characterized by changes in the appearance of the 

chromosomes. The five stages of mitosis include prophase, prometaphase, metaphase, 

anaphase and telophase. During prophase, the interphase chromatin condenses to form 

compact chromosome [2]. A constriction called kinetochore is present in each of the 

chromosome that serves as the point of attachment of the chromosome to the spindle. In 

parallel, the motor proteins function to separate the centrosomes in order to establish the 

mitotic spindle. Motor proteins are molecular motors that utilize the energy from ATP 

hydrolysis to move along the microtubules. Microtubule-based motor proteins of the 

mitotic apparatus is involved in chromosome segregation and organization of mitotic 
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apparatus [3]. Mitotic motors include members of the dynein and kinesin family, which 

generates force in the spindle by sliding along the microtubules [4]. During spindle 

morphogenesis, the replicated chromosomes are separated to form spindle poles. The 

spindle poles nucleate astral arrays of microtubules radiating towards the cell cortex. The 

minus-end of the microtubules are proximal to the centrosome, and the plus-ends are 

distal.  Plus-end directed kinesins contribute to chromosome attachment and movement to 

the metaphase plate whereas the minus-end directed cytoplasmic dynein focus 

microtubule minus-ends to poles and also exerts cortical pulling forces on the astral 

microtubules to ensure spindle bipolarity [3, 5, 6]. The breakdown of the nuclear 

envelope defines the transition between prophase and prometaphase. Following this, the 

chromosomes become free to interact with the spindle. A random and dynamic movement 

of the chromosomes is observed wherein they move towards or away from the spindle 

poles. Finally, the chromosomes begin to align themselves at the spindle equator, with the 

kinetochores of each member of the chromatid pair oriented towards the opposite spindle 

poles. During metaphase, all the chromosomes are present at the spindle equator, also 

known as the metaphase plate [7]. Anaphase onset is triggered once all the chromosomes 

are properly aligned to the equatorial plane [8]. The cohesion between the sister 

chromatids is lost, allowing them to separate. The poleward movement of the new 

daughter chromosomes leads to a shortening of the kinetochore microtubules [9]. 

Telophase marks the end of mitosis where further separation of the chromosomes towards 

the opposite poles takes place. The chromosomes undergo decondensation and the nuclear 

envelope is reformed around the daughter nuclei [10]. The cells then progress towards 

cytokinesis, where the cytoplasm of the parent cell is physically partitioned into two 

daughter cells [11]. 

Besides the contribution of tubulin and actin, signaling from the anaphase spindle is of 

critical importance in the assembly and constriction of an equatorial contractile ring 
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during cytokinesis. Actin and myosin II accumulate at the cell equator and results in the 

formation of the contractile filaments. ATP hydrolysis driven by myosin II contributes to 

the constriction of the contractile ring.  Besides myosin II, polymerization of actin by 

formins or Arp2/3 complex also functions to aid the constriction of the contractile ring 

[12]. As the contractile ring constricts, the midzone of the anaphase spindle forms the 

midbody. A class of GTP-binding proteins, called Septins are involved in cell division, 

cytoskeletal arrangement and membrane-remodeling. Septins assemble at the cell cortex 

on either side of the contractile ring and help to stabilize and restrict the position of the 

actomyosin contractile ring thus enabling furrow ingression to take place at a site between 

the separated chromosomes. [13, 14]. The final step of cytokinesis is abscission, which 

takes place after the complete ingression of the contractile ring. This step involves 

membrane fusion events to bridge the remaining space following furrow ingression. 

SNARE (soluble N-ethylmaleimide sensitive factor attachment protein receptor) 

membrane fusion proteins along with a network of vesicle coat proteins are required for 

the successful completion of this process [15, 16]. 
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Figure 1.2 Different stages of mitosis. Mitosis is divided into five distinct stages namely, 

prophase, prometaphase, metaphase, anaphase and telophase. Prophase is characterized 

by a breakdown of the nuclear envelope and chromosome condensation. The centrioles 

divide and move apart. During prometaphase, the centriole s and asters migrate towards 

the opposite poles. The nuclear membrane is completely disintegrated and the spindle 

begins to interact with the chromosomes. The chromosomes, each with two sister 

chromatids align at the center of the cell during metaphase. Anaphase is marked by a 

separation of the sister chromatids and poleward movement to the opposite ends of the 

spindle. Following this, telophase sets in where the cell membrane constricts at the 

centre to divide the cell into two daughter cells, nuclear membrane forms around each 

of the two sets of chromosomes. The chromosomes begin to decondense and become 

diffused. Cytokinesis defines the successful completion of mitosis whereby the cell is 

physically separated into two identical daughter cells.   

1.1.2 Cell cycle regulation 

The cells utilize numerous mechanisms to control their progression through the cell cycle. 

The transition from one phase of the cell cycle to another takes place in an orderly 

manner and is regulated by many cellular proteins. Cyclin dependent kinases (CDKs), a 
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family of serine/threonine protein kinases are the fundamental regulatory proteins 

involved in the cell cycle progression in eukaryotic cells. The binding of cyclin with the 

catalytic subunits of CDK is the key event that controls the activity of these kinases [17]. 

Each CDK interacts with a specific set of cyclins. Out of nine CDKs discovered so far, 

five of them are involved in regulation of the cell cycle [18]. CDK protein levels remain 

stable throughout the cell cycle. On the other hand, the levels of the cyclins oscillate 

during the cell cycle [19, 20]. Different cyclin-CDK complexes participate in different 

phases of the cell cycle. Cyclin D interacts with CDK4 and CDK6 and controls entry and 

progression through G1 [21, 22], cyclin E/CDK2 complex regulates transition from G1 to 

S phase [23, 24] and cyclin A/CDK2 during S phase [25, 26]. Cyclin A/CDK1 complex 

enables entry into mitosis during G2/M transition. Mitosis is further governed by cyclin 

B/CDK1 complex [27, 28]. CDK7 in complex with cyclin H functions as CDK activating 

kinase (CAK) [29]. These cyclins undergo ubiquitin-mediated proteolysis after 

completion of the respective cell cycle phase [30]. A list of the different cyclin-CDK 

complexes involved in the cell cycle is tabulated below (Table 1.1). 

Besides the interaction with cyclins, phosphorylation of conserved threonine residues in 

the T loop by CDK activating kinases (CAKs) also controls CDK activity. CDK is 

phosphorylated at Thr161 by CDK7-cyclin H complex. The Wee1 (Wee1 G2 checkpoint 

kinase) and Myt1 (Myelin transcription factor1) kinases phosphorylate CDK1 at Tyr15 

and Thr14. The phosphorylation leads to conformational changes, thereby increasing the 

affinity to bind to the cyclins [31]. CDK1 binds to cyclin B during S phase to form an 

inactive mitosis-promoting complex (MPF). During the G2/M transition, 

dephosphorylation at Tyr15 and Thr14 by Cdc25 phosphatase is required for the activation 

of the MPF and further progression through the cell cycle [32-34]. 

A group of cell cycle inhibitory proteins known as CDK inhibitors (CKI) function to 

counteract CDK activity. Presently, two distinct groups of CKIs are known, namely, the 
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INK4 (Inhibitors of CDK4) family and Cip/Kip (CDK interacting protein/kinase 

inhibitory protein) family [35]. The INK4 family consists of p15 (INK4b), p16 (INK4a), 

p18 (INK4c), p19 (INK4d). These CKIs form a stable complex with CDK4 and CDK6 

prior to cyclin binding, thereby inhibiting the association with cyclin D [36]. The Cip/Kip 

family includes p21 (Cip1), p27 (Cip2), p57 (Kip2) and they inactivate the CDK1-cyclin 

B complex [37-39].  

The intracellular localization of cell-cycle regulating proteins is essential for the proper 

cell cycle progression. Cyclin B is primarily cytoplasmic during interphase. It contains a 

nuclear exclusion signal and is exported out of the nucleus till the commencement of 

prophase [40, 41]. Cyclin B is transported to the nucleus, where it associates with the 

mitotic apparatus at the end of prophase. Wee1 located in the nucleus inhibits the 

premature activation of CDK1 before mitosis [42]. Myt1 located in the Golgi complex 

also blocks the CDK1-cyclin B complex [43]. Additionally, 14-3-3 group of proteins also 

control the intracellular trafficking of the cell cycle regulatory proteins. Cdc25 is present 

in the cytoplasm due to its interaction with 14-3-3. Sequestration of the CDK1-cyclin B 

complex in the cytoplasm after DNA damage also involves 14-3-3 proteins [44, 45].  

 

Figure 1.3 CDK-cyclin complexes during cell cycle. Cyclin D-CDK4 and cyclin D-CDK6 

stimulate the initiation of G1 phase and the start of the cell cycle. The progression 

towards the end of G1 phase is characterized by increasing levels of cyclin E -CDK2, 

which in turn triggers the onset of S phase. The reduction in cyclin E-CDK2 levels by 
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degradation is important in initiating the S phase. Cyclin A-CDK2 regulates the 

completion of the S phase and entry into G2 phase, where cyclin A -CDK1 is involved. 

The level of cyclin B increases during the start of mitosis and diminishes at end of the 

M phase. The inactivation of CDK1 due to decreasing cyclin B triggers the end of the 

cell cycle.  

Table 1.1 CDK-cyclin complexes in different phases of the cell cycle. 

1.2 Changes in cell shape during cell division 

The maintenance of cell shape plays a key role in various aspects such as organism 

growth, form and cell division. The adherent cells undergo a series of changes in cell 

shape at the onset of mitosis till cytokinesis. The cells abandon their flattened 

morphology and round up to become spherical at mitosis [46, 47]. This process termed as 

mitotic cell rounding is universal in metazoans and all eukaryotes lacking a cell wall. 

Extensive research is being carried out to unravel the molecular mechanisms and 

coordination of signaling pathways underlying this evolutionary conserved process. 

Earlier studies have shown that a reduction in the cell-surface adhesion and an increased 

surface tension both contribute to cell rounding [48]. The cell rounding involves de-

adhesion from the substrate, thereby disrupting the focal adhesion complexes [49]. This 

can be also be seen when the cultured cells treated with trypsin are forced to round up by 

the disassembly of focal adhesions [50] or when interphase cells forcibly round up upon 

treatment with antibodies against integrin β1 [51]. However, mitotic cells show retraction 

fibres and not all the focal adhesion complexes are disassembled [52]. Additionally, the 

force generated for mitotic rounding is higher compared to trypsin-mediated cell rounding 

CDK Cyclin Cell cycle phase activity 

CDK3 Cyclin C G0/G1 phase transition 

CDK4 Cyclin D1, D2, D3 G1 phase 

CDK6 Cyclin D1, D2, D3 G1 phase 

CDK2 Cyclin E G1/S phase transition 

CDK2 Cyclin A S phase 

CDK1 Cyclin A G2/M phase transition 

CDK1 Cyclin B Mitosis 

CDK7 Cyclin H All cell cycle phases 
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[53], suggesting that the disruption of the focal adhesion complex is not the only factor 

involved in cell rounding upon mitotic entry. Besides, the cells exhibit a concomitant 

increase in the intracellular hydrostatic pressure, causing them to swell up [53]. In parallel, 

the complete reorganization of the actin cytoskeleton is also essential to drive efficient 

cell rounding [54]. Interphase actin structures, namely stress fibres and lamellae are 

disassembled at the onset of mitosis and undergo extensive rearrangement and are 

enriched at the spherical cortex underlying the plasma membrane [54, 55].  

 

Figure 1.4 Cell shape changes associated with cell cycle. Cells remain attached to the 

substrate as they grow and replicate the DNA during Interphase. During mitosis, they 

dissociate from the substrate and undergo transition from the flat shape and round up , a 

process termed as mitotic cell rounding.  Upon mitotic entry, cells round up, leaving the 

retraction fibers (black) tethering them to substrate adhesion sites. The actomyosin 

network generates tensile forces in retraction fibres. These tensile forces enable the 

rearrangement and distribution of actin filaments (red) to the cell cortex. Interaction of 

the actin filaments with the astral microtubules (green) generates pulling forces on the 

mitotic spindle, essential for its bipolar alignment.  

1.2.1 Importance of mitotic cell rounding 

Several studies have been carried out to highlight the significance of mitotic rounding. 

The primary goal of mitosis is to ensure symmetrical and accurate segregation of 

chromosomes. It was shown that when HeLa cells with flattened shape induced by 
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overexpression of adhesion regulator Rap1 or by mechanical confinement which altered 

the cell geometry entered mitosis, they failed to round up, leading to chromosome 

segregation errors and aneuploidy [56]. This study showed that perturbation of mitotic 

rounding led to defects in chromosome capture and bipolar spindle assembly. In order to 

accomplish segregation of genetic material with high fidelity, all the chromosomes need 

to be captured by binding of microtubules to kinetochore, thereby forming a bipolar 

spindle. Any unattached kinetochore results in the activation of the spindle assembly 

checkpoint (SAC), a cell cycle surveillance pathway that delays chromosome segregation 

until all the chromosomes are attached [57]. Chromosomes in the flattened cells are 

scattered over a large area; thus some of the chromosomes are out of reach from the 

microtubules or can be reached by microtubules emanating only from one pole. In 

comparison with spherical cells, artificially flattened cells led to a significant delay in 

anaphase onset due to chromosome capture defects [56]. The spherical geometry of cells 

enables that all the chromosomes are captured effectively by spindle microtubules in a 

limited space, thus affirming the significance of cell rounding during mitosis [56, 58]. 

Flattened interphase-like cell shape decreases cell height and this in turn affects mitotic 

spindle assembly, characterized by splitting of spindle poles and subsequent formation of 

ectopic poles resulting in multipolar spindles and aneuploidy [56]. Additionally, rounding 

plays a crucial role in enabling the spindle to locate the center of the cell. The position of 

the cleavage furrow during cytokinesis and the distribution of the cellular contents 

between the daughter cells are determined by the location of the mitotic spindle [11]. The 

spindle is positioned at the center of a round metaphase cell, which is achieved by the 

balance of cortical pulling forces on astral microtubules radiating from the spindle poles 

[58]. On the other hand, in flat cells possessing an elongated axis, astral microtubules fail 

to establish contact with the cortex, causing spindle-positioning defects.  
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The mitotic spindle in the flat cells is unable to form at the center and this results in 

asymmetric division of daughter cells following cytokinesis. As a result, one of the 

daughter cells is of larger size as compared to other [59]. Since the mechanisms 

underlying the symmetry of division are precisely regulated, asymmetries in the cell size 

of the daughter cells might have certain severe consequences that need future exploration. 

However, there are examples of asymmetric divisions wherein the two daughter cells 

have different fates [60]. For instance, oocytes undergo asymmetric meiotic divisions to 

form a large gamete, which inherits all the cellular content and a small polar body [61, 

62]. Caenorhabditis elegans zygote also divides asymmetrically to give rise to a small 

germline-precursor cell and a larger anterior somatic cell [63, 64]. Another example is 

seen in the Drosophila neuroblasts when they divide to produce a large self-renewing 

apical daughter and a small basal daughter cell. Since the mechanism governing off 

centering of the mitotic spindle mainly depends on a balance of cortical pulling forces, 

investigating the exact role of the cell dimensions and shape during asymmetrical cell 

division provides an interesting avenue of future research. 

Mitotic rounding has been speculated to play a role in cancer progression. Cancer cells, 

characterized by chromosomal and centrosome aberrations face more challenges during 

the establishment of the mitotic spindle. High number of chromosomes forms a large 

metaphase plate and a subsequent loss of bipolarity [65]. HeLa cells subjected to 

mechanical confinement are unable to form a bipolar spindle and exhibit severe mitotic 

defects [56], thereby highlighting the notion that mitotic rounding provides the space 

required for a functional spindle assembly in aneuploid cancer cells. Moreover, cancer 

cells possessing a higher number of centrosomes can form a bipolar spindle only if they 

undergo efficient rounding possibly because a large metaphase plate imparts stronger 

force on the poles and counteracts clustering forces [66]. However, further studies on the 
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involvement of the mitotic cell size and shape in physiological milieu, in both normal 

developing tissue and cancer cells need to be done. 

1.3 Actin cytoskeleton: role in mitotic cell rounding 

The actin cytoskeleton undergoes profound remodeling upon mitotic entry, which 

primarily governs cell rounding. Actin filaments in interphase cells are arranged in 

distinct structures and the spatial organization of these structures determines the structural 

and functional polarity of the cell. Mitotic entry is achieved by a complete transformation 

of this arrangement, wherein the network of interphase actin filaments is disrupted and 

subsequently reformed [67]. The first step involves deconstruction of the adhesion protein 

complexes, followed by dissolution of stress fibres and enrichment of cortical actin at the 

cell periphery. The cell margins begin to move inward towards the cell center and remain 

connected via retraction fibres. These actin-rich fibers are linked to the mitotic cell at 

their proximal terminal and to the adhesion substrate via their distal end. This retrograde 

movement along with the reorganization of the cortical actomyosin network allows the 

cells to assume a spherical and rigid shape.  

An intact actin network is necessary to facilitate the onset of mitosis. Reports showing 

disruption of the actin cytoskeleton causes cell cycle arrest in different adherent 

mammalian cells further strengthen the aforesaid statement. Treatment of the cells with 

actin depolymerizing drugs like cytochalasin D and latrunculin B causes delay in mitotic 

progression [68, 69].  Cell cycle arrest triggered by the dissociation of the actin filaments 

can be attributed to several mechanisms including p53 activation, down-regulation of 

cyclin D1, retinoblastoma protein phosphorylation or deregulation of the p42/44 MAPK 

(Mitogen-activated protein kinase) pathway [70-80]. In addition to depolymerization of 

the actin network, excessive polymerization is also associated with defects in cell cycle 

progression. Presence of jasplakinolide, which enhances actin polymerization leads to 
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multinucleated cells and possible cytokinesis defects [81].  

The regulation of actin cytoskeleton dynamics and remodeling is primarily under the 

control of the Rho family of GTPases, namely RhoA (Ras homolog gene family, member 

A) Rac1 (Ras-related C3 botulinum toxin substrate 1) and Cdc42 (Cell division control 

protein 42) [82, 83].  Among these, RhoA (Ras homolog gene family, member A) 

mediates cortical retraction and rigidity, thereby promoting cell rounding during mitosis 

[84]. Many RhoA effectors have been implicated to affect actin cytoskeleton remodeling. 

RhoA-dependent Rho kinase (ROCK) leads to the phosphorylation of the Myosin light 

chain kinase (MLC) kinase, either by direct phosphorylation [85, 86] or by an inhibitory 

phosphorylation of MLC phosphatase, thereby elevating MLC phosphorylation [86]. 

MLC phosphorylation, in turn, promotes actomyosin contractility and contributes to the 

state of the cortical actin during mitosis [85, 86]. Besides, MLC is also implicated in 

centrosome separation and mitotic spindle assembly [87]. Besides MLC, other Rho-

kinase substrates are also involved in the regulation of the actin cytoskeleton. Rho-kinase 

phosphorylates LIM kinase (LIM domain kinase), which then phosphorylates and down-

regulates the actin-severing protein, cofilin [88]. Cofilin is known to bring about the 

depolymerization of filamentous (F-) actin. Cofilin levels have been shown to be lower in 

mitosis as compared to interphase and the levels decrease further during cytokinesis [89]. 

Thus, high levels of RhoA activity could likely mediate the down-regulation of cofilin 

during mitosis, thereby stabilizing the actin cytoskeleton and enhancing rigidity in mitotic 

cells. In addition, Rho-kinase phosphorylates Adducin, which acts as a spectrin-based 

linker of F-actin to the plasma membrane [90, 91]. This connection of the actin 

cytoskeleton with the membrane could possibly promote cortical rigidity and mitotic cell 

rounding.  

Previous reports have suggested that the ERM family proteins (Ezrin, Radixin and 

Moesin) act as linkers between the plasma membrane and actin filaments [92]. ERM 
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proteins have also been shown to be downstream effectors of RhoA [92, 93]. Recently, 

some studies have revealed that a positive feedback system governs the ERM protein 

activation, wherein the activated form of the ERM proteins directly binds to Rho-GDI, 

which suppresses the GDP-Rho release, concomitantly leading to Rho activation [94]. 

The role of ERM proteins in the organization of the cortex and mitotic cell rounding is 

discussed below in detail.  

 

Figure 1.5 Mitotic cell rounding. Flat, adherent interphase cells (A) undergo extensive 

remodeling of the actin cytoskeleton and assume a rounded shape during mitosis (B). 

The actin filaments (red), located towards the cell periphery during interphase are 

enriched in the spherical cortex. The phosphorylation and redistribution of the ERM 

proteins (yellow) to the cellular cortex favor the realignment of the actin filaments. 

Interaction between the actin filaments and microtubules (green) generates a pulling 

force on the mitotic spindle, ensuring proper spindle alignment.   

1.3.1 ERM proteins  

1.3.1.1 Structural organization of ERM proteins: 

The ERM family includes three closely related proteins, ezrin (82kDa), radixin (80kDa) 

and moesin (75kDa), collectively termed as ERM. The NH2-terminal halves of the ERM 

proteins are highly conserved, bearing around 85% identity [95]. The NH2-terminal 

domain of the ERM proteins associates with the plasma membrane. Integral membrane 

proteins and intercellular adhesion molecules (ICAM-2 and ICAM-3) directly bind to the 

NH2-terminal of the ERM proteins [96-98]. This is followed by an extended α-helical 
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region and terminates in a C-terminal domain, which contains the actin-binding site. The 

co-existence of both the plasma membrane binding and actin-filament binding domains 

enables the ERM proteins to serve as cross-linkers of the plasma membrane and the actin 

cytoskeleton [99]. These proteins exist in an inactive, closed conformation, wherein the 

C-terminal domain is sequestered in a negatively charged pocket, located within the N-

terminal domain [100]. Upon activation, this auto-inhibited structure undergoes a 

conformational change, allowing the ERM proteins to assume an open, active structure 

that enables membrane-cortical cross-linking.  

 

Figure 1.6 ERM family protein structure. Ezrin, radixin and moesin (ERM) proteins 

contain a highly conserved FERM domain in the amino terminal region (sequence 

identity to ezrin is shown above). This is followed by α -helical coiled coil domain. The 

carboxy terminal domain has a filamentous actin-binding site (ABD). Mammalian ezrin 

and radixin contain a polyproline rich region although the functional significance is 

unknown.   

 

1.3.1.2 Regulation of ERM proteins: 

The fundamental molecular event leading to the activation of ERM proteins is 

phosphorylation of the C-terminal threonine residue (T576 in ezrin, T564 in radixin and 

T558 in moesin) [101]. A potential candidate for the activation signal of these proteins is 

phosphatidylinositol 4,5-bisphosphate (PIP2). PIP2-rich membrane regions trigger the 
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membrane recruitment of the ERM proteins from the cytosolic pool [102]. This PIP2-

mediated recruitment makes the conserved threonine residue accessible to 

phosphorylation and is a pre-requisite step for the subsequent ERM protein 

phosphorylation [102-104]. Apart from Rho-kinase, mentioned earlier, a few other 

kinases have also been reported to bring about this phosphorylation. Studies in 

Drosophila melanogaster, which has a single ERM, namely Moesin (Moe) suggest that 

Slik kinase (Sterile 20-like kinase) is responsible for the phosphorylation at the conserved 

Thr (Thr559) residue [105]. Protein kinase Cα (PKCα) and PKCθ are also implicated in 

the ERM protein phosphorylation on this regulatory Thr residue [106]. 

 

Figure 1.7 ERM protein activation. ERM proteins are present in an inactive, closed 

conformation by the intramolecular association between the FERM domain and C -

terminal domain. PIP2 production enables the recruitment of the ERM proteins from 

the cytosolic pool to the plasma membrane, rendering a highly conserved threonine 

residue in the tail domain of ERM proteins more accessible to phosphorylation by 

kinases. Upon phosphorylation, these proteins undergo a change in the conformation 

and the open conformation favors the crosslinking of the membrane with the 

underlying actin filaments.   

1.3.2.3 ERM proteins in mitotic cell rounding: 

Apart from playing a pivotal role in cell rounding during mitosis, the ERM proteins are 

involved in a multitude of biological processes like, maintenance of Drosophila oocyte 

polarity, lumen morphogenesis and epithelial integrity [107-109]. 
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Upon mitotic entry, cells encounter increased cortical stiffening, a concomitant loss of 

stress fibres and an accumulation of actin filaments around the cortical region [103]. 

Recently, studies in Drosophila melanogaster cells have gained insight into the functional 

role of moesin during cell cycle progression. The Thr 559 phosphorylated form of moesin 

was observed only at the onset of mitosis, suggesting that functionally active moesin is 

implicated in mitotic processes. A reduction in the moesin levels by using RNA 

interference led to abnormalities during mitosis. Cells where moesin is knocked down 

failed to undergo normal cortical retraction, did not show increased cortical rigidity and 

remained flat during metaphase. Moreover, they showed defects in spindle 

morphogenesis and orientation, denoted by asymmetric, elongated spindles generating 

protrusions, resulting in a deformed cell cortex. [54]. Thus, active moesin is required for 

the assembly of the metaphase plate, proper chromosome segregation, generation of a 

well-organized spindle, and the establishment of cortical tension during mitotic cell 

rounding. The actin filaments, predominantly present in the cellular edges in the 

interphase cells are oriented perpendicular to the membrane. At the beginning of mitosis, 

the phosphorylation and distribution of moesin at the cortex, under the regulation of Slik 

kinase stimulates the alignment of the cortical actin filaments, whereby they assume a 

parallel orientation with plasma membrane plane. This arrangement promotes cell rigidity 

and cell rounding [54]. 

 

 

Figure 1.8 ERM proteins in mitotic cell rounding. During interphase, the cells are flat as 

shown in (A), the actin filaments (red) are concentrated towards the cell edge where 

they assume a perpendicular orientation relative to the cell membrane. During mitosis, 
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particularly metaphase (B), phosphorylation of ERM proteins (yellow) facilitated their 

redistribution to the cortex and induces alignment of the actin filaments, which are 

enriched in the spherical cortex. The actin filaments now assume an orientation parallel 

to the plasma membrane and this enhances cortical stiffening, thereby favoring a 

rounded morphology. During anaphase (C), decrease in the pERM levels at the spindle 

poles results in elongation of the spindle prior to cytokinesis.   

1.4 Osmotic pressure 

The pressure applied in order to prevent the inward movement of the solvent in a solution 

is defined as the ‘osmotic pressure’. When a cell is placed in a hypertonic environment, 

water flows out of the cell, leading to cell shrinkage. Conversely, introduction of a 

hypotonic environment enables water uptake and consequent volume increase of the cell. 

 

Figure 1.9 Different osmotic environments. When the solute concentration inside the cell is 

lower compared to environment, the medium is considered hypertonic and results in 

loss of water from the cells, leading to cell shrinkage. Conversely, a hypotonic medium 

has lower salt concentration compared to that of the cell. Exposure to hypotonic 

medium causes water influx and a concomitant cell swelling.  

1.4.1 Role of osmotic pressure in cell rounding during mitosis: 

In addition to the actomyosin contractility, the regulation of osmolarity is essential to 

drive cell rounding. Disruption of the osmotic gradient affects cell volume and rounding 

pressure during mitosis [53]. Exposure to a hypertonic environment, reflecting a drop in 

the osmotic pressure is accompanied by a decrease in rounding pressure and cell volume. 

Conversely, an increase in the osmotic pressure is associated with a higher rounding 

pressure and a concomitant increase in cell volume. During mitotic entry, dissociation 
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from the substrate aids rounding and simultaneously cells increase their intracellular 

pressure in order to enable effective rounding in a tissue environment. In order to 

establish a connecting link between osmotic pressure and actomyosin contraction, 

experiments showing the inhibition or stimulation of the actomyosin cortex have been 

done. These studies show that treatment of HeLa cells with blebbistatin, an inhibitor of 

myosin contraction, followed by latrunculin A, which depolymerizes actin filaments 

display an increase in cell volume and an abrogation in rounding pressure. On the other 

hand, stimulation of actomyosin contractility showed a rise in rounding pressure and a 

reduction in cell volume [53]. These findings reflect that the actomyosin contraction acts 

against an opposing intracellular pressure and the cross-linkers between the membrane 

and the underlying cortex couple these two phenomena. Thus, regulation of cortical 

tension along with an intracellular hydrostatic pressure will provide an impetus to alter 

cell shape, dynamics and administer the mechanics of mitosis.  

 

Figure 1.10 Actomyosin contraction is balanced by outward intracellular osmotic pressure. 

Proteins acting as cross-linkers of the membrane and cortex (purple) coordinate the 

outward directed intracellular osmotic pressure (black) and the actomyosin 

contractility (red) to enable cell rounding. Perturbation of the osmotic gradient or 

abrogation of actomyosin contraction affects cell rounding during mitosis.  Modified 

from [53].  
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1.4.2 Effects of hypertonic stress: 

Primarily, the cells in the renal medulla are exposed to high levels of sodium chloride 

(NaCl) and urea [110]. Under physiological conditions, the kidney-derived epithelial cells 

face marked fluctuations in osmolarity [111, 112]. Extensive studies about the 

consequences of hyperosmotic stress have been studied primarily on renal medullary cells 

because under physiological conditions, these cells are constantly exposed to high 

interstitial concentration of NaCl and urea, in comparison to other cells in the body. Since 

the effects are more pronounced in renal medullary cells, most of the studies have been 

carried out on these cells. Recent studies have shown that non-kidney-type cell functions 

are also modulated by hypertonic stress [113]. Several cellular functions other than of 

kidney cells have been shown to be affected by hypertonic stimulation. 

A wide variety of other types, including macrophages [114] endothelial cells [115], 

chondrocytes [116], astrocytes [117] and retinal pigmented epithelial cells (RPE) [113] 

are also exposed to hyperosmotic conditions.   

1.4.2.1 Cell cycle arrest: 

The perturbing effects of hyperosmotic stress include cell cycle arrest associated with 

DNA damage, high levels of reactive oxygen species and cytoskeletal rearrangement. 

Studies conducted on RPE cells subjected to 100mM NaCl or 200mM sucrose caused 

accumulation in the G1/S and G2/M phase pertaining to cell cycle arrest and 

consequently lower cell proliferation [113]. Cell cycle arrest allows the cells to adapt to 

the high osmolarity changes by accumulating protective osmolytes and higher expression 

of heat shock proteins. Arrest at the G1 and S phase depends on p53 activation [118] and 

G2 arrest in turn depends on p38 activation [119] following hypertonic shock. 
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1.4.2.2 DNA damage: 

DNA damage is one of the causes of cell cycle arrest. High concentration of NaCl induces 

DNA breaks in cells (ref 73,153 cellular responses to hypertonic stress); however, the 

underlying mechanism behind this induction and stress response is not well understood. 

Hypertonic stress activates several signaling cascades, including activation of p38, JNK 

and Plk3, which in turn trigger the transcription factor activating protein-1 (AP-1) [120-

124]. Studies reveal that hypertonic stress shows an upregulation in the Polo like kinase 

(Plk3)-mediated phosphorylation of H2AX levels at Serine 139 residue, thereby causing 

changes in cell fate [125]. The nucleosome core histone H2A variant, H2AX serves as a 

marker for double strand breaks (DSBs) in mammalian cells [126, 127]. Plk3 is 

implicated in the hypertonicity-induced activation of DNA damage response proteins, like 

p53 (tumor protein p53), ATM (Ataxia telangiectasia mutated) and Chk2 (Checkpoint 

kinase 2) [128, 129]. Hyperosmotic shock resulted in a higher population of cells in G2/M 

stage and apoptotic stage in corneal epithelial cells as well as mouse embryonic 

fibroblasts (MEFs) and this altered distribution was restored upon inhibition of Plk3 and 

H2AX activities [110]. Thus, hypertonicity-induced Plk3 mediated H2AX 

phosphorylation has essential functional roles in cell fate.  

1.4.2.3 Apoptosis: 

Cells exposed to extreme hypertonic conditions eventually undergo apoptosis in vitro and 

in vivo [110]. The cells subjected to cell death due to harsh hypertonic conditions 

encounter characteristic apoptotic features like, DNA fragmentation, nuclear 

condensation, activation of caspases, phosphatidylserine exposure at cell surface and 

formation of apoptotic bodies. Evidence of the role of an intrinsic pathway stems from the 

reported mitochondrial depolarization, decrease in the Bcl2/Bax ratio and rise in the 

ADP/ATP ratio [130] when cells are exposed to extreme levels of osmolality like 700 

mosmol/kg. Furthermore, HeLa cells subjected to 900 mosmol/kg resulted in 
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internalization of tumor necrosis factor-α (TNFα) receptors [123], validating the role of 

the extrinsic pathway. An osmolality of around 500 mosmol/kg is able to induce 

apoptosis in macrophages and B-lymphocytes, in association with higher TNF-α 

production [131]. Hence, both the intrinsic and extrinsic apoptotic pathways are involved 

in the hypertonicity- induced cell death. 

1.4.2.4 Transcription and translation inhibition: 

High salt concentration causes a reversible inhibition of DNA, RNA and protein synthesis 

in cells [132]. RNA synthesis is repressed when HeLa cells are subjected to osmotic 

shock [133]. Hypertonic stress also abrogates translation due to the accumulation of 

intracellular inorganic ions and this inhibition might possibly result in cell cycle arrest 

[134, 135]. But the underlying mechanism is not well established. Previous work suggests 

that hypertonic stress blocks translation initiation of proteins by activating eIF2α 

(Eukaryotic translation initiation factor 2). However, although the synthesis of most 

cellular proteins is repressed during hyperosmotic conditions, the translation of a few 

heat-shock proteins is increased.  

1.4.2.5 Oxidative stress: 

The reactive oxygen species (ROS) has the ability to alter DNA bases by the 

incorporation of 8-oxoguanine [136]. Besides the alteration of DNA bases, ROS is also 

involved in protein carbonylation. Carbonylated proteins show a compromised stability 

and function, significantly affecting enzyme activity [137].  Hypertonic treatment results 

in oxidative stress, with a concomitant rise in the ROS levels and subsequently protein 

carbonylation. The inner medullary cells of the kidney, experiencing elevated levels of 

NaCl and urea indeed have a higher proportion of carbonylated proteins [138]. Low level 

of oxygen tension in the renal medullary cells in turn might prove beneficial to curtail the 

oxidative stress-induced damage. Though the functional basis of the perturbing effects of 



                                                                     CHAPTER 1  INTRODUCTION 
 

 23 

the hypertonicity-induced carbonylation are yet to be unraveled, some observations throw 

light on the role of ROS in osmoprotective signaling. For example, the antioxidant N-

acetyl-L-cysteine (NAC) inhibits the hypertonic stress-induced levels of oxidative stress-

regulated transcription factor Gadd153 (Growth arrest and DNA damage inducible gene) 

[139]. Additionally, NAC also impedes the phosphorylation of ERK1/2 and p38, which 

play a role in cell cycle delays induced by hyperosmotic conditions [140].  

1.4.3 Adaptive response to hypertonic stress: 

The maintenance of an appropriate cell volume is necessary for survival. A perturbation 

of the cell volume as a result of the alteration of the osmotic gradient hampers the plasma 

membrane integrity and the cytoskeletal architecture. The cells employ several 

compensatory mechanisms to counteract the hazardous effects of osmotic imbalance and 

to restore its normal cell volume. The ion transporters at the plasma membrane function 

effectively in cell volume regulation and serve as the first line of adaptive response 

against osmotic imbalance [141]. In order to counteract the hypertonicity-induced cell 

shrinkage, cells activate transporters, resulting in an increased concentration of 

intracellular ions and a restoration of osmotic balance [110]. The role of the ion 

transporters in osmoprotective responses will be discussed later in detail.  

The cells are likely to encounter an imbalance of the intracellular ion homeostasis as a 

result of the compensatory ion influx. Therefore, as a second line of adaptive responses, 

organic compounds known as osmolytes are transported. Examples include creatine, 

myoinositol, glucose [142]; these compounds either function as osmolytes or aid in their 

synthesis. An integrated influx of water, ion and osmolyte is required for the 

establishment of osmotic balance. Aquaporins are a family of water channels, involved in 

the reabsorption of water in the epithelial cells of the renal medulla [143]. Aquaporin 1 

(AQP1) has been shown to be activated by hypertonic stress-mediated ERK, p38 and JNK 
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(c-Jun N-terminal kinase) kinase in renal medullary cells [143, 144] whereas, AQP4 and 

AQP9 is triggered by p38 activation in astrocytes [117], suggesting that induction of the 

AQP isoform is dependent on the cell type. Thus, the hypertonic stress-dependent 

activation of AQP1 requires all the three kinases of the MAPK pathway and is vital in 

eliciting an adaptive response against perturbation of the osmotic gradient. 

Another osmoprotective response is the activation of Cyclooxygenase 2 (COX2) in the 

liver, lung and kidney [145, 146]. COX2 plays a role in the production of prostaglandin E, 

which in turn acts as vasodilator in kidney cells [147]. Moreover, hypertonic stress-

mediated COX2 gene upregulation is implicated in the transactivation of the epidermal 

growth factor receptor (EFGR) and MAPK family members, including ERK, JNK2 and 

MAPK14 [110, 148]. 

As mentioned earlier, when the osmotic balance is disturbed, it leads to the production of 

ROS [149]. In order to negate the harmful effects of oxidative stress, antioxidant enzymes 

are stimulated. Hypertonic conditions lead to an elevated expression of several proteins 

with antioxidant properties like, heme oxygenase 1 (HMOX1), peroxiredoxin-2 (PRDX2), 

PRDX6 and lactate dehydrogenase [150, 151].  

Cells protect themselves from harsh hyperosmotic conditions via an increased expression 

of the osmoprotective genes [134]. The nuclear factor of activated T-cells 5 (NFAT5) aids 

in the induction of genes involved in osmolyte synthesis and transport, antioxidant 

response, unfolded protein response and cytoskeletal rearrangement [152, 153] NFAT5 is 

phosphorylated upon exposure to hypertonicity. Kinases known to phosphorylate NFAT5 

include cyclin-dependent kinase 5 (CDK5), ATM Kinase, phosphatidylionositol 3-kinase, 

protein kinase A and MAPK14 [110, 154, 155]. The phosphorylated form of NFAT5 

enters the nucleus and controls gene expression by binding to a conserved sequence in the 

promoter region of the target gene referred to as tonicity-responsive enhancer (TonE), 

also known as osmotic response element (ORE) [110]. NFAT5-mediated gene expression 
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of the osmoprotective genes safeguards the cells from the deleterious effects of 

hyperosmotic shock.  

Hypertonic stress is accompanied by a loss of water from the cells and corresponding cell 

shrinkage. The water efflux results in macromolecular crowding and as a result, the 

macromolecules encounter a mechanical stress. In order to counterbalance this stress, the 

cells show elevated expression of chaperones such as, heat shock proteins, HSP27, 

HSP70, HSP90 [110, 151]. These protein chaperones stabilize the protein structure and 

function and also prevent apoptosis, thereby allowing the cells to adjust to the altered 

cellular milieu [156]. 

In response to the cell shrinkage, followed by a hypertonic challenge, among the several 

adaptive and compensatory mechanisms employed by the cell to withstand the osmotic 

stress, the reorganization of the cytoskeleton plays a prominent role in the adaptive 

responses and the details are discussed below. 

1.4.3.1 Cytoskeletal rearrangements in response to hypertonic stress: 

Remodeling of the cytoskeletal architecture is one of key modifications in the 

compensatory mechanism against extracellular osmolarity. This rearrangement helps in 

the restoration of normal cell volume and maintains cellular integrity. Studies suggest that 

hyperosmotic stress activates the small Rho GTPases namely, Rac and Cdc42, leading to 

the activation of the Arp2/3 (Actin-related proteins 2/3) complex. Consequently, actin 

nucleation commences and cortactin is recruited at the cell periphery, thereby further 

promoting F-actin polymerization and branching. Cortactin accumulation serves as the 

indicator of the F-actin assembly at the periphery and its translocation results in the 

stabilization of the peripheral actin network [157, 158]. This cortical remodeling may act 

as a protective response against osmotic stress. 
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Secondly, hypertonicity induces PIP2 levels via the dephosphorylation of 

Phosphatidylionositol phosphate 5-kinase (PIP5K). PIP2 is synthesized by the 

phosphorylation of PI4P (phosphatidylionositol 4-phosphate) at the 5th position of the 

inositol ring to generate PIP2, catalyzed by PIP5K [159]. Elevated PIP2 levels stimulate 

regulatory proteins that mediate actin nucleation and assembly and inhibit filament 

severing and depolymerizing proteins, thereby reorganizing the actin cytoskeleton. 

Cofilin is a F-actin severing protein and is regulated by phosphorylation [160]. The 

cofilin phosphorylation inhibits its filament severing property and thus stabilizes and 

brings about a net increase in the F-actin network. Introduction of the hyperosmotic stress 

activates Rho. The downstream Rho-kinase ROK phosphorylates LIM Kinase, which in 

turn is responsible for cofilin phosphorylation [161, 162]. This osmoprotective 

phenomenon has been observed in kidney tubular cells.  

Further, hyperosmotic stress also has the ability to induce the Myosin light chain (MLC) 

phosphorylation via the Rho/ROK pathway [163]. The role of the MLC in the 

reinforcement of the cytoskeleton has been mentioned earlier. 

Finally, osmotic stress triggers ERM protein phosphorylation; the upstream effectors 

being the elevated levels of PIP2 and RhoA [164]. The increased level of phosphorylation 

promotes the translocation of the ERM proteins to the plasma membrane and enables 

their colocalization with the F-actin in the cortical region. 

1.5 Ion channels in cell volume regulation 

The cells readjust the perturbations in cell volume, caused by anisotonic conditions 

through the concerted action of the ion transporters, resulting in the net movement of 

osmolytes and water [165] 

A majority of the animal cell types confront the hypertonicity-induced cell shrinkage via 

a compensatory mechanism termed regulatory volume increase (RVI). RVI results in the 
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uptake of ions and organic solutes, thus reviving the intracellular osmolarity. RVI is 

brought about the combined activation of the Na+/H+ exchanger (NHE) and Cl-/HCO3
- 

antiporter and Na+ -K+ -2Cl- symporter (NKCC), depending on the cell type [166-168]. 

NKCC is activated by protein kinase C (PKC) dependent and MLC kinase mediated 

phosphorylation [169, 170] H+ and HCO3
- ions are extruded by the Na+/H+ exchanger 

(NHE) and Cl-/HCO3
- antiporter respectively with the concomitant NaCl entry. Since, 

these ion transporters restore the cellular volume and increase the intracellular osmotic 

pressure immediately after hypertonic exposure, they are likely to contribute to mitotic 

cell rounding.  

On the other hand, the hypotonicity-induced cell swelling is counter-balanced by efflux of 

ions, release of osmolytes and compensatory cell shrinkage, termed as regulatory volume 

decrease (RVD).  The K+-Cl- symporter (KCC) is activated by upon cell swelling in many 

cell types [165] KCC activation leads to KCL efflux from cells. Besides KCC, several K+ 

channels are also implicated in RVD in many cell types. 

 

Figure 1.11 Ion channels act as molecular mediators of cell volume regulation following osmotic 

shock. Ion transporters and channel are actively involved in the homeostatic counter -

responses during osmotic gradient disruption. Hypertonicity -induced cell shrinkage is  

balanced by regulatory volume increase (RVI), promoted by activation of Na+ -K+ -

2Cl- symporter (NKCC), Na+/H+ exchanger (NHE) and Cl -/HCO3- antiporter. The net 

effect is the influx of Na+ and Cl-, thus restoring osmotic balance. On the other hand, 

cell swelling is balanced by regulatory volume decrease (RVD), carried out by t he 

activation of the K-Cl cotransporters and potassium and chloride channels.   
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1.5.1 Na+/H+ exchanger 

1.5.1.1 Regulation: 

A wide range of cell-surface receptors, like receptor tyrosine kinases, integrin receptors 

and G protein-coupled receptors regulate the activity of NHE1 [171]. Ras-mediated 

activation of NHE1 by ERK signaling cascade is an example of the receptor tyrosine 

kinase dependent pathway [172]. Among the G protein-coupled receptors, Gαq and Gα13 

stimulate NHE1 activity [173-175] Gαq triggers NHE1 with the help of Protein Kinase C 

whereas Gα13 dependent NHE1 activation involves RhoA [176]. The downstream kinase 

ROK phosphorylates C-terminal serine residues in the cytoplasmic domain of NHE1 

[177], enabling actin stress fiber assembly [178]. Thirdly, treating cells with fibronectin 

or plating cells on a fibronectin coated surface activates integrin, which leads to NHE1 

induction [177] . The cytoskeletal action of integrins is controlled by NHE1, which 

functions in anchoring the cortical cytoskeleton to the membrane. Apart from the above-

mentioned processes, NHE1 function can also be governed by hypertonic stress. 

Hyperosmolarity-induced activity of NHE1 acts as a compensatory response to administer 

volume restoration against cell shrinkage. An intriguing question is how this exchanger 

detects changes in the cell size. Regulation of NHE1 antiporter by osmotic stress is 

independent of NHE1 phosphorylation [168] or MAPK signaling [179]. The dynamic 

changes in the actin cytoskeleton can be a possible candidate for this activation. A recent 

study has determined a direct interaction between NHE1 and the ERM proteins [180]. 

This association is necessary in the rearrangement of cortical actin and also modulates the 

transporter activity [180]. Other studies showing that serum triggers NHE1 function by a 

filamentous actin-dependent mechanism [181] and inhibition of myosin light chain kinase 

abrogates shrinkage-induced stimulation of the antiporter further validate the role of the 

cytoskeleton-mediated NHE1 induction [182].  
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1.5.1.2 Cellular functions of NHE1: 

Since changes in the intracellular pH exert pleiotropic effects, leading to a wide variety of 

altered cellular functions, NHE1 has also been shown to regulate cell proliferation, 

survival, adhesion and migration [171, 183]. The expression of this ion channel conferred 

an increased proliferative response and the ion translocation function was fundamental in 

driving the rise in proliferation [180]. However, the underlying mechanistic details 

remain elusive. A conceivable interpretation could be that since the cell cycle progression 

is accompanied by increase in cell volume and NHE1 acts to accomplish a critical cell 

size, this ion transporter is perceived to regulate mitotic entry [184]. The observation 

showing cells expressing a translocation-defective NHE1 mutant facing a delayed G2/M 

transit with a concomitant aberrant expression of G2/M-checkpoint regulatory genes, 

namely Wee-1 kinase and 14-3-3 tau/theta further asserts the role of NHE1 in cell cycle 

[183]. 

Moreover, the rise in cell proliferation brought about by this exchanger may also be 

administered by cell survival of prevention of apoptotic cell death [185]. The intracellular 

acidification and volume decrease, which are characteristic features of apoptosis, are 

negated by osmoprotective function of NHE1, thereby, exhibiting an anti-apoptotic signal. 

Studies showing fibroblasts expressing an ion-translocation defective NHE1 mutant are 

less tolerant to serum deprivation as compared to wild type affirms its role in cell survival 

[186].  

Elucidation of NHE1 functions in controlling actin cytoskeleton and cell migration is an 

emerging field of research. As mentioned earlier, the anchoring property of NHE1, 

through its association with ERMs and other effectors downstream of integrin receptors 

drive many cytoskeletal events, including cell adhesion, regulation of cell shape and actin 

filament assembly.  
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The presence of this transporter in lamellipodia suggests a possible role in cell migration 

[187]. Pharmacological inhibition of NHE1 impedes migration of endothelial [188] and 

Madin-Darby canine kidney (MDCK) cells [170, 189]. Also, fibroblasts expressing ion 

transporter defective NHE1 mutant were unable to move in a polarized fashion as 

observed in wound-healing assays [186]. Thus, if the ion translocation function is 

necessary for membrane protrusion, the molecular details need to be investigated. The 

current model governing membrane projection is actin polymerization [190]. In that case, 

it is possible that the Na+/H+-exchanger could control actin nucleation by modulating pH-

sensitive proteins, such as cofilin [191]. Changes in the actin network in response to a 

localized rise in osmotic pressure could be another direct consequence of NHE1 function 

in driving membrane protrusion [192]. Thus, findings pertaining to the contribution of 

NHE1 in migratory functions and how actin polymerization might be modulated by 

changes in osmotic pressure and intracellular pH require additional reevaluation.  

1.6 The mitotic spindle 

The mitotic spindle is a macromolecular machine, which plays an instrumental role in 

chromosome segregation during mitosis. Improper segregation of chromosomes results in 

aneuploidy thereby causing genomic instability and cancer [193]. Hence, it is essential to 

understand the function of the mitotic spindle. 

1.6.1 Components of the bipolar mitotic spindle: 

1.6.1.1 Microtubules 

The primary structural and dynamic components of the spindle are the microtubule 

polymers, whose innate polarity and dynamicity are imperative for bipolar spindle 

assembly. These polarized filaments grow and shrink by the addition and loss of tubulin 

dimers at the polymer ends [194]. A group of proteins, called the microtubule-associated 

proteins (MAPs), improve the stability of microtubules and are subjected to spatial and 
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temporal regulation within the spindle [195]. The microtubules are arranged in a bipolar 

array; each half consisting of uniformly oriented structures, with the minus ends at the 

poles and the plus ends towards the central spindle. The first stage of mitosis, prophase, is 

characterized by a cascade of steps, which include nuclear envelope breakdown, 

chromosome condensation and centrosome duplication and separation. Additionally, a 

high rate of catastrophes, resembling microtubule shrinkage and lower levels of growth 

disassembles the interphase array of microtubules, promoting interaction between the 

dynamic plus ends and chromosomes [196, 197]. Prometaphase marks the attachment of 

the microtubules radiating from one centrosome to the kinetochore of the duplicated 

chromosomes, followed by attachment of the sister kinetochore to the microtubules 

emanating from the other centrosome. Finally during metaphase, all the chromosomes are 

aligned at the equatorial plate. There are three subsets of microtubules present at the 

spindle during this phase. Firstly, the kinetochore microtubules which extend to the 

kinetochores of the paired chromatids with the minus ends at the poles, secondly the 

interpolar microtubules which extend towards the central spindle, forming an overlapping 

antiparallel network and the third subset includes the astral microtubules which emanate 

from the poles towards the cell cortex away from the spindle and are engaged in 

anchoring and positioning the spindle in the cell [10, 198, 199]. The dynamic polarity and 

antiparallel organization of the microtubules is pivotal for mitotic spindle assembly. 

1.6.1.2 Centrosomes 

The centrosomes act as the major site of microtubule nucleation and define the spindle 

poles [200]. It is the fundamental microtubule-organizing centre (MTOC) in mammalian 

cells, enabling the polymerization of microtubules and acting as an anchor to the astral 

microtubule filaments, which extend towards the cell periphery. The centrosome consists 

of a pair or centrioles surrounded by periocentriolar material (PCM), where nucleation 

occurs thereby producing polarized microtubule filaments with their plus ends radiating 
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outwards. γ-tubulin and pericentrin are the major components of PCM, which assembles 

to form a multi-subunit γ-tubulin ring complex (γ-TURC) [201]. During mitosis, more -

TURC and other additional components are recruited to the centrosome, resulting in an 

elevated nucleation capacity of the centrosomes [202, 203]. This aids in the attachment of 

the microtubules with the chromosomes and leads to the establishment of a stable spindle 

structure.  

1.6.1.3 Chromosomes 

The chromosomes are active players of the mitotic process and contribute significantly to 

the nucleation and stabilization of microtubules during mitotic spindle assembly. Each 

sister chromatid of a replicated chromosome contains a kinetochore. This macromolecular 

complex is the site of end-on attachments with a subset of spindle microtubules and is 

crucial for chromosome segregation [204]. The kinetochore further regulates the spindle 

assembly checkpoint (SAC), which administers the proper attachment of chromosomes to 

the spindle and pauses mitosis until the attachment is accomplished with the sister 

chromatids oriented towards opposite spindle poles [205]. Hence, the kinetochore serves 

as an important component of the spindle machinery.  

1.6.1.4 Motor proteins 

The motor proteins are an integral component of the mitotic spindle. Motor proteins 

belonging to the kinesin and dynein superfamilies both participate in several aspects of 

spindle formation [3]. Kinesin family members have the ability to drive transport along 

spindle fibers [3, 6]. The motor domain of the kinesin-related proteins is highly conserved. 

KIN-N has the N-terminal motor domain and migrates towards plus end of the 

microtubules whereas, KIN-C containing C-terminal motor domain move towards minus 

end, KIN-I motors contain intrinsically located motor domains that seemingly destabilizes 

microtubule ends [194, 206]. Cytoplasmic dynein moves towards the minus end of the 
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microtubules using energy from ATP hydrolysis. Both motors have been implicated in 

participation of spindle assembly. Separation of the duplicated chromosomes is one of the 

early events in spindle assembly. The cytoplasmic dynein present at the cell cortex 

functions to pull the centrosomes apart and kinesin C and kinesin N cross link 

microtubules emanating from the two centrosomes, forming strong bundles to conserve 

centrosome separation and spindle bipolarity [207, 208]. 

The spindle pole is the site of origin for most of the spindle microtubules. The integrity of 

the spindle pole is essential for the stability of the spindle structure and chromosome 

segregation. Cytoplasmic dynein is localized to the spindle poles and kinetochores in 

higher eukaryotes [207]. Disruption of dynein resulted in abnormal spindles in frog egg 

extracts [209] and impaired the formation of astral microtubules in mammalian cell 

extracts [210, 211]. Further, the centrosome dissociates from the spindle body upon 

perturbation of dynein [210]. These observations reveal that the minus-end directed motor 

activity governs the convergence of microtubule minus ends at the spindle poles. 

Additionally, dynein helps in the recruitment of structural proteins, which are engaged in 

spindle architecture. One of the key proteins recruited by dynein include NuMA (nuclear 

mitotic apparatus). It is sequestered in the nucleus during interphase and upon nuclear 

envelope breakdown at the onset of mitosis; NuMA interacts with microtubules of the 

mitotic spindle and eventually becomes concentrated at the spindle poles [212].  The 

globular head region of NuMA interacts with dynein and the C-terminal tail domain 

contains microtubule and LGN binding sites [213].  During metaphase, NuMA is present 

at the cortical region above the spindle poles, where it forms a ternary complex with LGN 

and G-α and this cortical distribution increases as the cell progresses to anaphase [213-

215]. This complex is essential to anchor the dynein at the cortex and the cortical 

enrichment of NuMA and dynein is vital for proper spindle elongation [58, 216]. The 
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cortically anchored dynein exerts a pulling force on the plus ends of astral microtubules, 

thereby regulating spindle positioning [216].  

 

Figure 1.12 Mitotic spindle architecture during metaphase. The microtubules emanate from 

the centrosomes with their minus ends tethered at the spindle poles.  Some microtubules 

attach with the kinetochore of paired chromatids, known as spindle microtubules or 

kinetochore fibres, some form an overlapping antiparallel array termed as interpolar 

microtubules and another subset extend from the poles towards to the cell cortex called 

astral microtubules. Minus-end directed motor proteins like dynein exert pulling forces 

on the astral microtubules, which help in proper spindle positioning. Another group of 

motor proteins called chromokinesins promotes the plus -end directed movement.   

1.6.2 Mechanisms underlying mitotic spindle assembly 

The “search and capture” is the most prevailing model in a majority of vertebrate cells for 

the correct chromosome attachment and alignment on the spindle [199] According to this 

model, the dynamic growing and shrinking microtubules that project from the 

centrosomes search the three-dimensional space between the poles until they are captured 

by one of the sister kinetochores on a chromosome [217]. The mono-oriented 

chromosomes then oscillate until a pair of sister chromatids is attached to both poles and 

thus bi-orientation is accomplished. The probability of kinetochore capture is elevated by 

enhanced nucleation of centrosomal microtubules. The activity of Aurora A kinase is 
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triggered during mitosis and is shown to coordinate this increased microtubule growth 

[218]. However, this model alone is insufficient to align all the chromosomes in the 

mitotic spindle. 

A second possibility is the “self-assembly” model wherein the microtubules in the 

vicinity of the sister chromatids are arranged into a bipolar network, primarily depending 

upon the motor proteins [219]. The motor proteins including dynein and kinesin help to 

organize the microtubules into two antiparallel arrays, in which the plus ends of the arrays 

overlap in the center and the minus ends form a pair of spindle poles. As the microtubules 

grow, some plus ends are attached to the kinetochores, thereby linking chromatids to the 

poles. This mechanism of spindle assembly is usually seen in cells lacking centrosomes. 

The GTPase Ran mediates another mode of regulation that has been studied mainly in 

Xenopus egg extracts. RanGTP is present in the nucleus and is hydrolyzed to Ran-GDP in 

the cytoplasm and drives nucleocytoplasmic transport in interphase [220]. The cargoes 

containing a nuclear localization signal (NLS) bind to import receptors called importin β 

and are transported through the nuclear pore and in the presence of RanGTP, the cargo is 

released [221]. Similar functions of Ran have been observed during mitosis. The 

chromatin association of its guanine nucleotide exchange factor RCC1 and the 

cytoplasmic localization of RanGAP that promotes hydrolysis of RanGTP establish a 

RanGTP gradient surrounding the chromosomes. This RanGTP in the vicinity of 

chromosomes provides a favorable niche for microtubule growth and bipolar spindle 

organization. The gradient is disrupted as the distance from the chromosomes increases. 

The presence of this gradient has been observed in Xenopus egg extracts [222, 223] and in 

cells [224]. The RanGTP gradient functions to release cargoes like microtubule-

associated proteins (MAPs) and motor proteins [225] that participate in spindle assembly, 

thus affirming its role in the maintenance of a bipolar spindle. 
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1.7 Perspectives of the study 

Adherent cell types are flat during interphase. The onset of mitosis is characterized by a 

loss of adhesion from the substrate to form rounded cells with higher cortical rigidity.  

This process, termed as mitotic cell rounding depends on the extensive remodeling of the 

actin cytoskeleton and regulation of osmotic pressure. The cells gain a defined geometry 

and proper orientation of a bipolar mitotic spindle by rounding up. Earlier studies have 

shown the involvement of RhoGTPases namely RhoA and ROK in the maintenance of 

mitotic spindle assembly [226] and cell cycle progression. However, not much has been 

explored about the role of the osmotic pressure during mitotic progression.  

During mitotic cell rounding, the cells increase their intracellular osmotic pressure. 

Exposure of metaphase cells to hypotonic medium leads to an immediate increase in cell 

volume and rounding pressure; whereas, an opposite effect is seen when cells are 

subjected to hypertonic shock [53]. The decrease in the rounding pressure is recovered by 

the influx of osmolytes during regulatory volume increase [185]. The Na+/H+ antiporter 

has also been shown to increase mitotic rounding pressure since ion channels are involved 

in compensatory volume regulation upon hypertonic challenge [53]. Thus, cells need to 

maintain a proper osmotic balance for effective rounding during mitosis.  

Under physiological conditions, the cells in our renal medulla are constantly exposed to 

interstitial higher concentration of NaCl [227]. Hyperosmotic conditions are stressful to 

cells and lead to cell cycle arrest, DNA damage, cytoskeletal rearrangement and even 

apoptosis [110]. Recent studies have shown that the effects are not restricted to kidney 

cells alone and the effects of osmotic stress have been examined in many other 

mammalian cell types. Fluctuations in the osmolarity may lead to several disorders like 

dehydration, diabetes mellitus, diabetes insipidus, uremia, retinopathy, asthma, cystic 

fibrosis and cancer [228-231]. For example, hypertonicity has been reported to stimulate 

vascular endothelial growth factor (VEGF) production in colon cancer cells. The 
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expression of VEGF is directly correlated with increased metastatic potential [232]. 

Additionally, prolonged exposure to hypertonic stress also leads to cell death while some 

cells undergo mitotic slippage to form polyploid cells, which serve as one of the 

hallmarks of cancer. Defects in proper spindle morphogenesis and positioning account for 

improper cell division, which in-turn, leads to aneuploidy and eventually cancer [233]. 

Thus, the association between hypertonic stress and cancer underscores the need for a 

detailed understanding of the cytoprotective mechanisms in response to this stress, which 

will enable us to treat and prevent the disease effectively.  

As mentioned before, hypertonic stimulation causes a decrease in mitotic rounding 

pressure. Defects in cell rounding in turn is associated with spindle morphogenesis 

defects, delay in mitotic progression [56] and eventually aneuploidy. Therefore, it is 

worthwhile to explore the effects of osmotic stress directly on the assembly and 

orientation of the mitotic spindle apparatus. 

1.8 Hypothesis of the study 

Osmostress response has a broad impact on a wide variety of cell type behavior and 

modulates the expression of several proteins. Among the several adverse effects of 

hypertonic stress, cells encounter defects in cell cycle progression. RPE (retinal 

pigmented epithelial) cells subjected to hypertonic conditions accumulated at the G0/G1 

and G2/M phases of the cell cycle [113]. Since most of the studies to study the effects of 

hyperosmotic changes have been carried out in renal medullary cells, this study supported 

the idea that hypertonic stress also affects cellular functions of non-kidney-type cells. 

Exposure to hypertonic stress (100mM NaCl or 200mM sucrose) for 4 hours altered the 

expression of genes involved in transcriptional regulation and cell proliferation. This is 

presumably because cells induce changes in transcription and cell cycle progression as an 

early osmoadaptive response. Exposure to hypertonic stress led to an accumulation in 
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G1/S and G2/M phases of the cell cycle in retinal pigmented epithelial (RPE) cells [113]. 

Since in cancer cells, the cell cycle checkpoints and apoptotic mechanisms are less 

effective as compared to diploid cells, we intended to examine whether osmotic stress 

affected cancer cells, such as HeLa. Based on the above-mentioned observation, we 

hypothesized that hypertonic stress might affect cell cycle progression in non-kidney-type 

cells, like HeLa. As expected, our results showed a delay in cell cycle progression under 

hypertonic conditions. 

Moreover, it has been shown that cells assume a spherical shape upon mitotic entry [234]. 

This mitotic cell rounding is important for proper chromosome segregation with high 

fidelity. Cell rounding during mitosis is primarily driven by actomyosin cytoskeleton and 

osmotic pressure. Upon mitotic entry, de-adhesion from the substrate enables the cells to 

round up. Simultaneously, the cells increase their intracellular hydrostatic pressure to 

facilitate rounding in tissue environment. Disruption of actomyosin activity by using 

inhibitors of myosin contraction and actin depolymerizing drugs show a reduction in 

rounding pressure [53]. Earlier work from our lab has shown that an intact actin 

cytoskeleton is required for proper spindle assembly at the early stage of mitosis. 

Perturbation of the actin cytoskeleton resulted in a less-defined mitotic spindle with an 

aberrant increase in astral microtubules emanating from the spindle pole towards the 

cortex. Cells treated with inhibitors of Rho GTPase pathway to perturb the actin 

cytoskeleton showed centrosome defocusing and spindle misorientation, thereby 

suggesting that actin cytoskeleton plays an essential role in mitotic spindle assembly 

[226]. Perturbation of the osmotic gradient also led to changes in rounding pressure and 

volume [53]. However, not much has been explored about the role of osmotic pressure in 

the assembly and maintenance of a bipolar mitotic spindle. On the basis of this study, we 

hypothesized that since cells exposed to hypertonic stress show defects in mitotic 

rounding, they might experience defects in mitotic progression upon hypertonic 
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challenge. After we established that cells indeed show a delayed mitotic progression and 

metaphase arrest during hypertonic stress, we next examined whether the observed 

metaphase arrest was due to defects in mitotic spindle assembly and proposed a possible 

mechanism underlying these defects. 

1.9 Aim of the study 

Mitotic cell rounding is imperative for proper spindle morphogenesis, assembly and 

correct segregation of parental chromosomes into daughter cells. This rounding force is 

controlled by an outward osmotic force and opposed, inward actomyosin contractility 

[53]. The remodeling of the filamentous actin network is required for effective mitotic 

cell rounding. Previous studies from our lab have shown that disruption of the actin 

cytoskeleton is implicated in defects in spindle orientation and centrosome integrity [226]. 

However, the contribution of the osmotic pressure changes remains elusive. Since cells 

undergoing mitosis experience fluctuations in osmotic pressure and osmotic stress is 

implicated in a wide variety of cellular functions, including cell cycle arrest, the emphasis 

of the project is to study the impact of hyperosmolarity on  

(1) the control of different stages of cell cycle, and  

(2) assembly and orientation of the mitotic spindle. 
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Chapter 2  

MATERIALS AND METHODS 

The materials and methods used in this study are mentioned in this chapter. 

2.1 Materials 

2.1.1 Chemicals and reagents 

 
Table 2.1 List of chemicals and reagents 

Name of chemical and reagents Company 

Acrylamide Bio-Rad 

Agarose Bio-Rad 

Ammonium persulfate (APS) Bio-Rad 

Ampicillin Calbiochem 

Bisacrylamide Bio-Rad 

Bromophenol blue Sigma Aldrich 

C3-Transferase (Rho inhibitor) Cytoskeleton Inc 

Dimethyl sulfoxide (DMSO) Sigma Aldrich 

Dithiothreitol (DTT) Sigma Aldrich 

Ethanol Merck 

Ethidium bromide Bio-Rad 

5-(N-Ethyl-N-isopropyl) amiloride (EIPA) Sigma Aldrich 

Ethylenediaminetetraacetic acid (EDTA) Bio-Rad 

Fibronectin (0.1% solution) Sigma Aldrich 

Glycine 1st Base 

Hydrochloric acid Merck 

Kanamycin Gibco 

LipofectAMINE® 2000 Invitrogen 

Methanol Merck 

5-Nitro-2-(3-phenylpropylamino)benzoic acid 

(NPPB) Sigma Aldrich 

N,N,N',N'-Tetramethylethylenediamine (TEMED) Bio-Rad 

Paraformaldehyde Merck 

Phalloidin-Alexa 546 Sigma Aldrich 

PhosSTOP phosphatase inhibitor cocktail tablets Roche 

Ponceau S Sigma Aldrich 

Propidium Iodide Sigma Aldrich 

Protease inhibitor cocktail tablet Roche 

Sodium bicarbonate Merck 

Sodium chloride Merck 

Sodium dodecyl sulfate (SDS) USB 

Tris Base Promega 

Triton X-100 Bio-Rad 
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Trizol Invitrogen 

Tween 20 Bio-Rad 

Vectashield® with DAPI Vector Labs 

Xylose Sigma Aldrich 

Y27632 (ROCK inhibitor) Calbiochem 

 

2.1.2 Primary Antibodies 

 

Table 2.2 List of primary antibodies 

 

Antibody Species Clonal Company 

Anti-Actin mouse monoclonal Chemicon   International 

Anti-BubR1 mouse monoclonal Abcam 

Anti-Cyclin A rabbit polyclonal 
Santa Cruz 

Biotechnology 

Anti-Cyclin B1 rabbit monoclonal 
Santa Cruz 

Biotechnology 

Anti-Cyclin D1 mouse polyclonal 
Santa Cruz 

Biotechnology 

Anti-Cyclin E mouse polyclonal 
Santa Cruz 

Biotechnology 

Anti-EB1 mouse monoclonal 
Santa Cruz 

Biotechnology 

Anti-

Ezrin/Radixin/Moes

in (ERM) 

rabbit polyclonal 
Cell Signaling 

Technology 

Anti-GAPDH mouse monoclonal Ambion 

Anti-Gα mouse monoclonal 
Santa Cruz 

Biotechnology 

Anti-LGN rabbit polyclonal Abcam 

Anti-NuMA rabbit polyclonal 
Cell Signaling 

Technology 

Anti-Mad2 rabbit polyclonal Covance 

Anti-p150Glued mouse monoclonal 
BD Transduction  

laboratories 

Anti-Pericentrin rabbit polyclonal Abcam 

Anti-phospho-

Ezrin(Thr567)/Radi

xin(Thr564)/Moesin

(Thr558) (pERM) 

rabbit polyclonal 
Cell Signaling 

Technology 

Anti-phospho-

histone H3(Ser10) 
rabbit polyclonal 

Santa Cruz 

Biotechnology 
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Anti-PLK1 mouse monoclonal Abcam 

Anti-α-tubulin mouse monoclonal Sigma-Aldich 

 

2.1.3 Secondary Antibodies 

Table 2.3 List of secondary antibodies 

Antibody Company 

Goat anti-mouse IgG, HRP conjugated Dako Cytomation 

Goat anti-rabbit IgG, HRP conjugated Dako Cytomation 

Goat anti-mouse IgG, Alexa Flour 488 Molecular Probes 

Goat anti-mouse IgG, Alexa Flour 546 Molecular Probes 

Goat anti-rabbit IgG, Alexa Flour 488 Molecular Probes 

Goat anti-mouse IgG, Alexa Flour 556 Molecular Probes 

2.1.4 Mammalian cell culturing materials 

Table 2.4 List of cell culture reagents 

Material Company 

Dulbecco's modified Eagle's medium (DMEM) Sigma Aldrich 

Fetal Bovine Serum (FBS) 
PAA Laboratories Cell 

Culture company 

L-Glutamine Gibco 

Minimum Essential Medium Eagle (MEM) Sigma Aldrich 

Trypsin Sigma Aldrich 

 

2.1.5 Commercial Kits 

Table 2.5 List of commercial kits 

Name of commercial kit Company 

AxyPrep™ Plasmid Miniprep Kit Axygen 

Novex® ECL Chemiluminescent Substrate Reagent 

Kit 
Invitrogen 

QIAquick® Gel Extraction Kit QIAgen 

 
 

2.1.6 Bacteria strains and mammalian cell lines 

Table 2.6 List of cell lines 

Strain/Cell Line Description 

DH5α Chemically competent Escherichia coli (Invitrogen) 

BL21 Chemically competent Escherichia coli (Invitrogen) 
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HeLa 
Human cervix adenocarcinoma epithelial (ATCC-CL-

2) 

2.1.7 Buffers 

Table 2.7 List of buffers 

Buffer Components 

Lysogeny Broth (LB) 

10 g bacto-tryptone 

5 g bacto-yeast extract 

10 g NaCl 

1000 mL MilliQ water 

Lysogeny Broth (LB) 

Agar 

10 g bacto-tryptone 

5 g bacto-yeast extract 

20 g bacto Agar 

10 g NaCl 

1000 mL MilliQ water 

Mammalian cell lysis 

buffer 

25 mM Hepes, pH 7.5 

0.25 M NaCl 

1 mM MgCl2 

1 mM EGTA 

20 mM p-glycerol phosphate 

1 mM sodium vanadate 

10 mM NaF 

5% glycerol 

0.5% Triton X-100 

5 mM DTT 

Protease inhibitor cocktail tablet (Roche) 

Phosphatase inhibitor cocktail tablet (Roche) 

Nitrocellulose transfer 

buffer, 10x 

30.3 g Tris base 

144 g glycine 

1000 mL water 

Nitrocellulose transfer 

buffer, 1x 

100 mL 10X nitrocellulose transfer buffer 

100 mL methanol 

800 mL MilliQ water 

Phosphate Buffered 

Saline (PBS), 1x 

137 mM NaCl 

2.7 mM KCl 

10 mM Na2HPO4 

2 mM KH2PO4 

1000 mL MilliQ water 

Adjusted to pH 7.4 

SDS sample buffer, 6x 

5 mL 4X Tris-Cl/SDS pH 6.8 

5 mL glycerol 

1 g SDS 

0.93 g dithiothreitol (DTT) 

0.15 mg bromophenol blue 

SDS-PAGE 

electrophoresis buffer, 

30.2 g Tris base 

144 g glycine 
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10x 10 g SDS 

1000 mL MilliQ water 

SDS-PAGE 

electrophoresis buffer, 

1x 

100 mL 10X SDS-PAGE electrophoresis buffer 

900 mL of MilliQ water 

Tris-Cl/SDS pH 6.8, 4x 

6.05 g Tris base (0.5 M Tris-Cl) 

0.4 g SDS (0.4% SDS) 

100 mL of MilliQ water 

Adjusted to pH 6.8 

Tris-Cl/SDS pH 8.8, 4x 

91 g Tris base (1.5 M Tris-Cl) 

0.4 g SDS (0.4% SDS) 

100 mL of MilliQ water 

Adjusted to pH 8.8 

Trypsin-EDTA solution 
0.25% (w/v) Trypsin 

0.53 mM EDTA 

 
 

2.1.8 Stealth siRNA 

Table 2.8 List of siRNA 

siRNA Name RNA Sequence (5’ to 3’) 

Luciferase siRNA sense ACAUCACGUACGCGGAAUACUUCGA 

Luciferase siRNA antisense UCGAAGUAUUCCGCGUACGUGAUGU 

NHE1 siRNA-1 sense CCCUGUUAAUCAUUCCGUCACUGAU 

NHE1 siRNA-1 antisense 
AUCAGUGACGGAAUGAUUAACAGG

G 

NHE1 siRNA-2 sense 
UCAAGAAGGAUCUUUGUACUGUGA

U 

NHE1 siRNA-2 antisense AUCACAGUACAAAGAUCCUUCUUGA 

 

 

2.1.9 Site-directed mutagenesis primers 

 

Table 2.9 List of site-directed mutagenesis primers 

Primer name DNA sequence (5’ to 3’)-(mismatch sites 

highlighted in red) 

MSN T558D sense GCC GAG ACA AAT ACA AGG ACC TGC GCC 

AGA TCC G 

MSN T558D antisense CGG ATC TGG CGC AGG TCC TTG TAT TTG 

TCT CGG C 
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MSN T558A sense GCC GCG ACA AAT ACA AGG CCC TGC GCC 

AGA TC 

MSN T558A antisense GAT CTG GCG CAG GGC CTT GTA TTT GTC 

TCG GC 

 

 

2.1.10 Plasmids 

Table 2.10 List of plasmids 

Plasmid Tag Name Amino acid Mutation(s) 

pEGFP-MSN EGFP Moesin 1 to 577  

pEGFP-MSN 

T558D 

EGFP Moesin 1 to 577 T558D 

pEGFP-MSN 

T558A 

EGFP Moesin 1 to 577 T558A 
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2.2 Methods 

2.2.1 Tissue culture, cell cycle synchronization and drug treatment 

HeLa cells were maintained in Minimum Essential Media (Sigma), supplemented with 

10% (v/v) FBS and cultured in a humidified incubator supplemented with 5% CO2 at 

37°C.  

For routine sub-culturing, cells were washed once with PBS (137mMNaCl, 2.7mM KCL, 

10mM Na2HPO4, 2mM KH2PO4, pH 7.4) and treated with 2ml of 0.25% (w/v) trypsin in 

0.53mM EDTA at 37° C till the cells round up. 8mL of complete MEM was added to 

inhibit the reaction and cells were gently flushed off the culture dish. Cells were pelleted 

by centrifugation at 1200 rpm for 2 minutes and re-suspended in fresh complete growth 

media. 

For preparation of frozen stock of cells for preservation, cells were trypsinized and re-

suspended in FBS containing 10% DMSO at 1.5x106 cells/mL densities. The cells were 

then cooled at the rate of 1⁰C/minute until -80⁰C and maintained in liquid Nitrogen 

gaseous phase for long-term storage. During thawing, the frozen vial of cells were kept at 

37⁰C and washed with complete growth media before culturing as mentioned above.  

Cell cycle synchronization at the G1/S border was achieved by double thymidine block. 

Cells were arrested with freshly prepared 2mM thymidine (Sigma) for 17 hours, released 

into fresh media (thymidine free media) for 12 hours, followed by a second block with 

2mM thymidine for 17 hours. This method helped to obtain a highly synchronized cell 

population at the G1/S transition. Cells were arrested at the G1/S border and also the S 

phase at the end of the first thymidine block, owing to the inhibition of DNA synthesis. 

The cells that were arrested at the G1/S transition progressed to the G2/M phase during the 

12 hour release. The cells that were arrested in the late S phase progressed into G1 during 

the first block. During the second thymidine treatment, cells that were in G2/M phase 
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progressed into G1 and were blocked at the G1/S border. The cells that were already in the 

G1 phase will also be arrested at the G1/S transition, thus enabling a highly synchronized 

cell population at the G1/S phase border. Mitotic cells were harvested 10-12 hours post 

release. The cells were washed thrice with the complete growth media during release 

from the thymidine block. 

In all the experiments performed in the thesis, where osmotic balance was perturbed, 

three different set of media was used. MEM (Minimum Essential Salts Medium), 

supplemented with 10% FBS (Foetal bovine serum) and 100% Glutamine was used as an 

isotonic control. Hypertonic conditions were stimulated by two different sets of media. 

i. MEM media supplemented with 0.15M NaCl. 

ii. MEM media supplemented with 4% Xylose. 

The osmolality of the media was measured using a vapor pressure osmometer (Vapro) 

before the commencement of the experiments. Earlier studies have also used medium 

containing 100-150mM NaCl [113] or 3% xylose [53], with a +∆ 200 change in 

osmolality as hypertonic. We have also used the similar osmolality range in our 

experiments. 

 

Unless otherwise stated, cells were treated with 50μM EIPA (5-(N-Ethyl-N-isopropyl) 

amiloride) (Sigma) and 50μM NPPB (5-Nitro-2- (3-phenylpropylamino) benzoic acid) 

(Sigma).   

Media Osmolality (mOsm/kg) 

 

Isotonic control (Complete MEM medium) 290-300 

Hypertonic MEM (MEM and 0.15M NaCl). 

 

+∆ 200 (~496) 

Hypertonic MEM (MEM and 4% xylose).  

 

+∆ 200 (~496) 
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2.2.2 Molecular cloning 

Total RNA were isolated from cells using Trizol (Invitrogen) and used to synthesize 

cDNA using Superscript VILO cDNA Synthesis Kit (Invitrogen) according to the 

manufacturer’s protocol. Primers with appropriate restriction enzyme recognition site 

were designed to amplify desired DNA sequence from synthesized cDNA by polymerase 

chain reaction (PCR) using TaKaRa Ex TaqTM polymerase (TaKaRa). Amplified 

products were subjected to agarose gel electrophoresis and purified with QIAquick Gel 

Extraction Kit (QIAGEN) according to manufacturer’s protocol. Plasmid vectors and 

purified PCR products were incubated with the appropriate restriction enzymes (New 

England Biolabs) at 37oC for 2 hours. Digested plasmid and PCR products were subjected 

to agarose gel electrophoresis and purified with QIAquick Gel Extraction Kit (QIAGEN) 

according to the manufacturer’s protocol. 

Gel purified plasmid vector and PCR product were mixed at a molar ratio of 1:3 for 

ligation reaction using T4 DNA ligase (New England Biolabs). Ligation mixtures were 

then incubated in 16oC for at least 8 hours. After incubation, the ligation reaction were 

transformed into chemical competent DH5α cells by heat-shock method, plated on 

Lysogeny Broth (LB) agar plates supplemented with either 100 µg/ml ampicillin or 50 

µg/ml kanamycin. The agar plates were then incubated at 37oC for at least 12 hours 

before checking for colony growth. Colonies were picked, inoculated in LB broth 

supplemented with appropriate antibiotics selection and plasmids were purified using 

AxyPrep™ Plasmid Miniprep Kit (Axygen) according to the manufacturer’s protocol.  

Purified plasmids were subjected to restriction enzyme digestion and agarose gel 

electrophoresis to screen for plasmids with the appropriate insert size ligated. The 

identities of the inserts were verified by DNA sequencing and positive constructs were 

selected for large-scale purification using HiSpeed Plasmid Maxi Kit (QIAGEN) 

according to manufacturer’s protocol. 
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2.2.3 In-vitro site-directed Mutagenesis 

The respective phospho-dead or phospho-mimic mutants were generated using the 

QuikChange Site-Directed Mutagenesis Kit (Stratagene). Mutagenic oligonucleotide 

primers were designed using the QuikChange Primer Design Program. Mutagenesis 

reactions were carried out using the thermal cycling parameters as stated in the 

manufacturer’s protocol. Parental DNA templates were removed by incubating the 

mutagenesis reaction with DpnI at 37°C for 1 hour. 5 µl of the DpnI-digested mutagenesis 

reaction was used for transformation into DH5α competent cells using the heat shock 

method and plated on suitable antibiotic selection agar plates. Agar plates were then 

incubated at 37°C for at least 12 hours before checking for colony growth. Colonies were 

picked, incubated in LB broth with suitable antibiotics, and plasmids were purified using 

AxyPrep™ Plasmid Miniprep Kit (Axygen) as described by manufacturer’s protocol. 

Purified plasmids were then sequenced to verify for mutation and positive constructs were 

selected for large-scale purification using HiSpeed Plasmid Maxi Kit (QIAGEN) 

according to manufacturer’s protocol. 

2.2.4 siRNA and plasmid transfections 

For all transfections, cells were seeded onto 35-mm dishes 24 hours prior to transfection. 

For siRNA transfection, 200 picomole of Stealth siRNA (Invitrogen) were mixed with 3 

μl LipofectAMINE-2000 (Invitrogen) and incubated at room temperature for 20 minutes. 

The siRNA/Lipofectamine mixture was then added to and incubated with the cells for 48 

hours. For plasmid transfection, 1 μg of plasmid were mixed with 3 μl LipofectAMINE-

2000 and incubated at room temperature for 20 minutes. If two or more plasmid 

constructs were transfected into cells, the amount of plasmids was adjusted such that the 

total amount of plasmids transfected would be 1 μg. The DNA/Lipofectamine mixture 

was then added to and incubated with the cells for 24 or 48 hours as described. For rescue 
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experiments, cells were first transfected with siRNA for 24 hours and subsequently 

transfected with respective plasmid constructs. 24 hours after plasmid transfection, cells 

were processed for subsequent experiments. 

2.2.5 Indirect immunofluorescence microscopy  

Cells were seeded at a density of 2 x 105 cells/ml on glass cover slips. The cells were 

fixed with 4% PFA (paraformaldehyde) in 0.1 % Triton-X/PBS for 20 minutes and 

washed once with PBS. The cells were then permeabilized using 0.2% Triton-X/PBS for 

10 minutes and blocked with 4% BSA in 0.1% Triton/PBS for 30minutes. After blocking, 

100μl of the appropriate primary antibody was added and incubated overnight at 4°C 

humidified chamber. The coverslips were then incubated with 100μl of Alexa Flour 488- 

or Alexa Flour 546-labelled secondary antibodies (Invitrogen) and/or phalloidin (Sigma) 

for 1 hour in dark at 25°C humidified chamber. The coverslips were washed using 0.1% 

Triton X-100 in PBS. The immuno-stained samples were dried and mounted on a clean 

glass slide with the Vectashield mounting medium containing DAPI (Vector 

Laboratories).  

The samples were then viewed using the Axio Observer microscope (Carl Zeiss), 

equipped with Zeiss EC Plan-neofluar 40x/1.3 oil (for interphase cells) or Zeiss EC Plan-

neofluar  63x/1.25 oil (for mitotic cells) objective lens coupled to CoolSNAP HQ2 camera 

(Photometrics). Immunofluorescence images were analyzed using ImageJ software and 

processed in red/green/blue (RGB) colour mode. 

For centrosome and spindle staining intensity representation, integrated intensity was 

measured in an area of 50 by 50 pixel box surrounding each individual centrosome and 

the spindle pole. Intensities were corrected for signal to noise ratio. 

For calculation of cell surface area, the cells were then fixed and stained with DAPI and 

anti-pericentrin to visualize DNA and centrosomes respectively. Brightfield images were 
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captured to obtain the cell boundary. Boundary of the cells was outlined using the ImageJ 

tool from the brightfield images and the surface area was measured using the software. 

The surface area of the cells served as a measure of the cell size.  

2.2.6 Astral microtubule measurement 

Following fixation, the cells were immuno-stained with α-tubulin antibody (1:100 

dilution in 1%Triton-X/PBS). The total fluorescence intensity of the tubulin stain and the 

fluorescence intensity of the central spindle were measured using ImageJ software. The 

average background fluorescence was subtracted from the total (i) and the central spindle 

fluorescence (ii) to obtain the normalized intensity values. The normalized central spindle 

fluorescence (ii) was subtracted from that of the total fluorescence (i) to obtain the 

fluorescence contributed by the astral microtubules. The ratio of the normalized astral 

microtubule fluorescence/normalized total fluorescence was used to compare the astral 

microtubule changes between the control and treated cells.  

2.2.7 Spindle orientation assay 

Cells were cultured on coverslips, coated with fibronectin (Sigma-Aldrich) at a density of 

3μg/cm2, prior fixation. Post various treatments, the cells were fixed and immune-stained 

with anti-pericentrin and DAPI. Z-stack images of metaphase cells at 0.5μm apart were 

captured. DAPI stained the DNA, which was used as a reference for cell cycle stage. 

Spindle angle was calculated using inverse trigonometric function, α=tan-1 (A/B), where 

α denotes the spindle angle during metaphase, in degrees, relative to the substratum. A 

represents the z axis distance between spindle poles in μm; and B denotes the x-y axis 

distance between spindle poles in μm. ImageJ software was used for analysis. 



                  CHAPTER 2 MATERIALS & METHODS 
 

 52 

2.2.8 Live cell imaging 

For fluorescence live cell imaging, HeLa cells were stably transfected with GPF-tagged 

H2B for viewing the DNA. Cells were cultured in glass-bottom dishes and images were 

acquired using Axiovert 200 microscope (Carl Zeiss) with Zeiss LD Plan-neofluar 

20x/0.6 Corr F objective lens coupled to CoolSNAP HQ camera (Photometrics). Cells 

were maintained in a humidified chamber at 37°C supplemented with 5% CO2 during 

imaging. Temperature was controlled with the help of temp control 37-2 digital (Carl 

Zeiss) and CO2 levels are controlled by CO2-controller (Carl Zeiss) or by suspending the 

cells in Leibovitz’s L-15 media (Gibco) supplemented with 20% FBS. For phase-contrast 

live imaging, cells were grown in glass-bottom chambers and images were taken using 

Axiovert 200 microscope (Carl Zeiss) with Zeiss LD Plan-neofluar 40x/0.6 Corr Ph2 

objective lens coupled to CoolSNAP HQ camera (Photometrics). 

2.2.9 Confocal microscopy 

For detecting cortical localization of Gα, NuMA and p150Glued, cells were pre-extracted 

the cells in PHEM buffer containing 25 mM HEPES, 60 mM 1,4-

piperazinediethanesulfonic acid, 10 mM ethylene glycol tetraacetic acid, 2 mM MgCl2, 

pH 6.9 containing 0.2% Triton X-100 and fixed in 4% PFA in 0.1 % Triton-X/PBS for 20 

minutes and washed once with PBS. The cells were then permeabilized using 0.2% 

Triton-X/PBS for 10 minutes and blocked with 4% BSA in 0.1% Triton/PBS for 

30minutes. After blocking, 100μl of the appropriate primary antibody was added and 

incubated overnight at 4°C humidified chamber. The coverslips were then incubated with 

100μl of Alexa Flour 488- or Alexa Flour 546-labelled secondary antibodies (Invitrogen) 

and/or phalloidin (Sigma) for 1 hour in dark at 25°C humidified chamber. The coverslips 

were washed using 0.1% Triton X-100 in PBS. The immuno-stained samples were dried 
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and mounted on a clean glass slide with the Vectashield mounting medium containing 

DAPI (Vector Laboratories). 

The cells were then viewed using Zeiss LSM 710 Meta Scanning confocal microscope. 

Immunofluorescence images were analyzed using ImageJ software and processed in 

red/green/blue (RGB) colour mode. 

2.2.10 SDS-polyacrylamide gel electrophoresis gel electroporation and 

Western blot 

For Western blot analysis, cells were washed once with ice-cold IX PBS and lysed in 

protein lysis buffer (50mM HEPES, pH 7.5, 300mM NaCl, 1mM MgCl2, 10mM β-

Glycerophosphate, 10mM NaF, 1mM Sodium Vanadate, 5% Glycerol, 5mM DTT and 

0.5% Triton X-100). The protein lysis buffer was supplemented with 1X Protease 

inhibitor (Roche) and 1X Phosphatase inhibitor (Roche). The cell lysates were then 

centrifuged at 14,000 rpm for 10 minutes at 4°C. The supernatant was collected and the 

protein concentration was determined using Bradford reagent assay (BioRad). 6X SDS 

sample buffer was added to equal amount of the lysates. Lysates were heated at 100°C for 

5 minutes and subjected to sodium dodecyl sulphate-polyacrylamide gel electroporation 

(SDS-PAGE) and transferred to nitrocellulose membrane 0.45μm (BioRad) at 80V, 4°C 

for 2 hours. The nitrocellulose membrane was subjected to 1X Ponceau staining and then 

blocked with 2% BSA in TBS for 1 hour and incubated with primary antibodies at 25°C 

for 2-3 hours or 40C, overnight. The membrane was washed thrice for five minutes each 

and incubated with horseradish peroxidase (HRP)-conjugated anti-mouse 

(DakoCytomation) or anti-rabbit (Amersham Biosciences) secondary antibodies at 25°C 

for 1 hour. All the antibodies were prepared in 2% BSA in TBS. The membrane was 

washed with 0.05% Tween20 in TBS. Following the secondary antibody incubation, the 

membrane was subjected to chemiluminiscence detection with the ECL Plus Detection 
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Kit (Amersham) and exposed to Super RX Fuji medical X-ray film (Fuji) and developed 

with the Kodak X-OMAT ME-1 processor. 

2.2.11 Flow cytometry 

Cells were trypsinized and washed with PBS at 1000rpm for 5 minutes. The cell pellet 

was re-suspended in 1mL PBS at 4°C and fixed in 4mL of ice-cold absolute ethanol, 

added dropwise while vortexing the cells. The cells were fixed overnight at 4°C. The cells 

were then washed once with PBS at 1300 rpm for 5 minutes and re-suspended in 500μL 

0.05% Triton-X 100 in PBS containing 50μg/mL Propidium Iodide (Sigma), to stain the 

DNA and 0.1mg/ml RNase Atype IIIA (Sigma). The staining was performed for 2 hours 

at 25°C. Samples were then transferred to the polystyrene FACS tubes and subjected to 

flow cytometric analysis using the Fortessa –X. Data was analyzed using the FlowJo 

software. 

2.2.12 Micropipette aspiration assay 

Cells were cultured to 70% confluency in 25cm2 flasks. The mitotic cells were collected 

by a mechanical shake-off and re-suspended in 500μl complete growth media at 37°C. 

The cell suspension was placed between a coverglass chamber and subjected to aspiration 

by the micropipette. 

The micropipettes were made with borosilicate glass capillaries (World Precision 

Instruments, USA) with outer diameter of 1.0mm and inner diameter of 0.75mm. The 

diameter of the micropipette ranged from 7.8μm to 13.1μm with the help of a 

micropipette puller and micro forge (ALA Scientific Instruments, Inc., USA). The 

micropipettes were coated with 1% BSA and stored at 4°C.  A gentle suction was applied 

to bring the mitotic cells in contact with the micropipette. The movement of the 

micropipette was controlled with the help of a micromanipulator (Eppendorf AG, 

Germany). The suction pressure was then increased and images were taken at an interval 
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of 9 seconds using the 100x objective brightfield microscope (Leica). The suction 

pressure was controlled using a precision pump (Cole-Parmer) with a flow rate between 

20 to 60 ml/hr. 

MetaMorph software (Molecular Devices) was used to measure the cortical deformation. 

Young’s modulus was calculated using the formula, ∆P = (2π/3) E (Lp / Rp) φ, where ∆P 

is the change in pressure, calculated by ∆P= ∆hρg; ∆h denotes change in liquid height in 

mm; ρ represents water density, 1000kg/m3; g denotes the gravitational force, 9.8m/s2; φ 

represents ratio of the pipette wall thickness to lumen radius, approximately 2.1, Lp 

denotes deformation in length in μm and Rp represents the radius of the pipette in μm. 

2.2.13 Statistical analysis 

Graphpad Prism software was used for statistical analysis. Unpaired student’s t-test was 

performed for all statistical analysis. A p-value of less than 0.05 was considered to be 

statistically significant. All results were represented by mean ± standard error of at least 

three independent experiments. 
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Chapter 3  

Effect of hypertonic stress on temporal control of 

mitosis 

Earlier studies have reported that besides kidney cells, non-kidney-type cellular functions 

are also affected by hypertonic stress. Exposure to a hypertonic challenge alters cell 

proliferation and as an early adaptive response, the cells induce changes in transcription, 

translation and also cell cycle. In this chapter, we describe our study on the effects of 

hyperosmotic stress on cell cycle progression. 

3.1 Results 

3.1.1 Hypertonic stress resulted in a higher percentage of cells in G2/M 

phase 

As disruption of the osmotic balance is associated with changes in cell proliferation, we 

examined the distribution of cells in different phases of the cell cycle in the presence of 

hypertonic environment. HeLa cells were chosen for this study since the mitotic events 

are well documented in this cell line. 

Since earlier reports suggest that cells exposed to extreme hypertonicity undergo 

apoptosis and cell death [235], we selected the optimum concentration of the hypertonic 

media the cells were able to withstand and measured the osmolality using a vapour 

pressure osmometer (Vapro) before the commencement of the experiments. Osmolality of 

the isotonic medium was 290-300 mOsm/kg and the osmolality of the hypertonic media 

containing 0.15M NaCl and 4% xylose were around 496 mOsm/kg. 
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 In order to study the effects of osmotic stress on the distribution of cell cycle phases, 

asynchronized HeLa cells were treated with 0.15M NaCl or 4% xylose for 24 hours and 

subjected to DNA profiling by FACS. Cell cycle analysis revealed a significant decrease 

in the percentage of cells in G0/G1 and a concomitant increase in percent of cells in G2/M 

phase (Figure 3.1 A). Compared to the isotonic control which showed about 20 % of cells 

in G2/M phase, almost 40 % of cells were present in G2/M for cells exposed to 0.15M 

NaCl (Figure 3.1 B).  

 

 

Figure 3.1 Hypertonic stress led to a significant decrease in G0/G1 and increase in G2/M phases. 
(A) Asynchronized HeLa cells treated with 0.15M NaCl or 4% xylose for 24 hours were 

subjected to PI (Propidium iodide) staining and analyzed by FACS. The plots are 

representative DNA content plot for each condition. (B) The percentage of cells 

present in each cell cycle stage was analyzed using FlowJo software. The mean 

percentage of cells from four independent experiments was  calculated and plotted using 

Graphpad Prism software. Error bars represent mean (±SEM). *** p=0.0001, * p=0.01.                  
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3.1.2 Synchronisation of cells by double thymidine block 

Since quantification of the cell cycle phases showed a higher percentage of cells in G2/M 

phase in response to osmotic stress, it could possibly due to an arrest at this stage of the 

cell cycle or a delay in cell cycle progression. In order to gain insight into this, we first 

proceeded with synchronization of cells using double thymidine block (Figure 3.2 A). 

Following the second release from thymidine, cells were harvested for FACS and 

Western blot analysis every two hours for a period of 18 hours to track the cell cycle 

progression timings. FACS data showed that the majority of cells were synchronized at 

the G1/S boundary post second release from thymidine (Figure 3.2 B). This was further 

confirmed by the presence of cyclin E (late G1 and early S phase marker) in the Western 

blot data during 0-2hours (figure 3.2 C). At 4-6 hours of release, the 2N DNA peak 

shifted to 4N, indicating entry and progression through S phase. The Western Blot 

showing an increase in cyclin A (S and G2 phase marker) levels with a simultaneous drop 

in cyclin E levels provides additional evidence for entry into S phase. Following this, a 

G2/M peak is observed from 8 hours onwards and phosphorylated histone H3 levels 

(mitosis marker) are also observed during 10-12 hours post release, confirming entry into 

mitosis. From 14 hours onwards, the synchronized cells re-enter G1, as shown by the 

decrease in the G2/M peak and reappearance of the 2N peak in FACS and cyclin D levels 

in Western Blot. During 16-18 hours, majority of the cells show the reappearance of the 

2N peak, suggesting successful completion of mitosis and entry into mitosis. Since, the 

cells released after double thymidine block are arrested at G1/S boundary (0hour) and 

cells after 18hours of release enter G1 phase of the next cycle, the 2N DNA peak is 

observed in both cases. However, the Western Blot data showing high cyclin E level at 

0hour and reduced level at 18hours suggests that the cells at 0 hours post release are 

arrested at G1/S boundary. Moreover, the high levels of cyclin D1 (G1 phase marker) 

observed at 18hours further affirm that entry into G1 phase of the next cycle. The FACS 
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and Western Blot data using several cell cycle markers, taken together suggested that 

synchronization of cells using double thymidine block was successful. 
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Figure 3.2 Mitotic cells were obtained 8 to 10 hours post release of double thymidine block. (A) 

Timeline showing the workflow of double thymidine block. (B) HeLa cells were 

synchronized using double thymidine block and released into fresh media. Cells were 

harvested after every two hours for a period of 18 hours and subjected to FACS DNA 

profiling. The plots are representative DNA content plot for each condition. (C) Cells 

harvested every 2 hours were immunoblotted with various cell cycle markers. 

Endogenous cyclin-D (G1-phase marker), cyclin-E (G1/S-phase marker), cyclin-A (S- 

and G2-phase marker), cyclin-B (M-phase marker) and phospho-Ser10 Histone 3 (M-

phase marker) levels were probed to track the cell cycle progression after second 

thymidine release. Asyn denotes asynchronized cells. GAPDH was used as a loading 

control. (D) Densitometric analysis of the different cyclin levels was performed using 

ImageJ software and plotted in the graph shown. Values obtained are from two 

independent experiments. Error bars represent mean (±SEM).  
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3.1.3 Hypertonic stimulation of cells caused a delay in cell cycle 

progression 

After obtaining the timeline of the cell cycle synchronization using double thymidine 

block, we next ventured to study the effects of osmotic imbalance on the timing of entry 

into the various stages of the cell cycle.  

As mentioned above, HeLa cells were synchronized using double thymidine block and 

released into fresh isotonic media. Similar to the control set, synchronized cells were 

released into media containing 0.15M NaCl or 4% xylose and harvested for tracking the 

progression through cell cycle. Data from the FACS experiment showed that in control 

cells the peak shifted from 2N to 4N within 4-10 hours post release (Figue 3.3 A). During 

12 to 16 hours, the 4N peak gradually decreased and 2N population returned, denoting 

that cells proceed to the next cell cycle after successfully completing mitosis (Figure 3.3 

A). Contrary to this, when cells were released in media containing 0.15M NaCl, cells 

failed to progress efficiently through the cell cycle. The DNA content remained 2N for 

almost 6 hours post-release (Figure 3.3 B). At 8 hoursabout 60% of cells  entered S phase, 

however, the entry into the G2/M phase could only be observed from 14 hours post-

release. About 36.3% cells entred G2/M phase and about 50% of the population was 

arrested at this phase till 22 hours post release. Once, the cells entered G2/M phase, they 

(34.5% of cells) remain arrested for a period of 24 hours, indicating a delay in mitotic 

progression. When cells were released in media containing 4% xylose, a distinct 4N DNA 

peak was observed at 6 hours post-release, indicating that cells undergo proper DNA 

replication and progress through S phase. However, from 14 hours, the cells began entry 

into the G2/M phase. The 2N DNA peak returned from 22 hours post-release, however, a 

considerable proportion of cells still remained in the G2/M phase, thus affirming the delay 

in cell cycle progression (Figure 3.3 C). In comparison to the control cells that entered 
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G2/M phase after about 8 hours and took only about 2 to 3 hours to complete the G2/M 

phase, the cells treated with hypertonic media exhibited a delayed entry into G2/M stage 

and also spent a greater duration of almost 8 to 10 hours, affirming a prolonged delay in 

the progression of the cell cycle.  

Taken together, these results reveal a lag in the cell cycle, corroborating with the 

observed decrease in G0/G1 and increase in the percentage of G2/M cells upon 

hyperosmotic challenge.  
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Figure 3.3 Hypertonic stress results in a delay in cell cycle progression. HeLa cells were 

synchronized using double thymidine block and released into (A) fresh media, media 

containing (B) 0.15M NaCl or (C) 4% xylose. Cells were harvested after every two 

hours for 24 hours and FACS DNA profiling was performed. The plots are 

representative DNA content plot for each condition for each time point. Asyn denotes 

asynchronized cells. This experiment was performed in triplicates.   

3.1.4 Cell cycle proteins show altered expression during hypertonic 

stress 

As shown above, since HeLa cells subjected to hypertonic shock show defects in cell 

cycle progression, the expression of various cell cycle proteins in response to osmotic 

stress was studied. It is known that timely progression of the cell cycle depends on the 

sequential activation of the cyclins and their association with the respective cyclin 
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dependant kinases (CDKs) [236]. Therefore, studies were done to examine the expression 

of various cyclins under early and prolonged duration of osmotic stress.  

Upon exposure to osmotic stress induced by 0.15M NaCl or 4% xylose, HeLa cells 

showed a decrease in the cyclin D1 protein levels. The expression of cyclin B1 was also 

suppressed upon exposure to hypertonic stress for 4 hours (Figure 3.4 A).  This decreased 

expression of cyclin D1 and cyclin B1 further strengthened the previously observed cell 

cycle delay. 

Taken together, these results show lower protein levels of cyclin D1 and cyclinB1 and no 

apparent changes in the SAC proteins, thereby suggesting that this checkpoint may not be 

triggered by osmotic stress-activated signaling cascade in HeLa cells. 

 

 



                                                      CHAPTER 3        RESULTS &  

                                                                                                      DISCUSSION PART I 
 

 66 

 

Figure 3.4 Hypertonic stimulation results in downregulation of cyclin D1 and cyclin B1 protein 

levels. (A) Hela cells were treated with hypertonic 0.15M NaCl or 4 % xylose for 4 

hours and 18 hours and subjected to immnuoblotting with cyclin D1 and cyclin B1 

antibodies (4 hours). GAPDH was used as a loading control. Densitometric analysis of 

(B) cyclin D1 and (C) cyclin B1 levels were performed using ImageJ software. The 

values from three independent experiments were plotted and the graph shows a 

decrease in cyclin D1 and cyclin B1 protein levels. Error bars represent mean (±SEM). 

*** p=0.0001, ** p=0.001.  

A possible reason for the changes in cell cycle progression upon hyperosmotic exposure 

may be attributed to osmo-adaptation mechanisms. Hypertonic milieu is responsible for 

the activation of G1/S and G2/M checkpoints [119, 237]. G1/S checkpoint activation is 

p53 dependant and G2/M checkpoint activity is governed by stress-activated MAP kinase 

signaling cascades [238]. The p38 MAP kinases are involved in early and long-term 

adaptive responses to osmotic stress [239] and are known to delay progression through G2 

phase [134, 240]. Therefore, in order to determine the involvement of p38 MAP kinase in 

the osmotic stress response of HeLa cells, we investigated p38 activation in HeLa cells. 

Activated p38 was detected by a specific antibody which recognizes phosphorylated p38 

MAP kinase. Our results show the presence of phosphorylated p38 at 30 minutes, 4hours 

as well as 18 hours post-hypertonic treatment (Figure 3.5 A), thereby affirming it’s role in 

early as well long-term osmoadaptation in HeLa cells. 
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Figure 3.5 Hypertonic stress results in an activation of p38 levels. (A) HeLa cells were 

subjected to hypertonic media and harvested at different time points for Western 

Blotting with phoshorylated p38 and p38 antibodies to examine the activation of p38 

during early and late osmoprotective response. (B) Densitometric analysis of phospho  

p38 levels was performed using ImageJ software. Endogenous GAPDH levels was used 

as a loading control. Phospho p38 and p38 levels were normalized to their respective 

GAPDH levels and the adjusted phospho 38 was then normalized to adjusted p38 levels.  

Values are expressed as mean (±SEM) of three independent experiments.  *** 

p<0.0001, ** p<0.001.  

3.1.5 Exposure to hyperosmotic media results in mitotic delay 

Since we observed a delay in cell cycle progression and a prolonged duration of cells in 

G2/M phase upon hypertonic exposure, we next investigated the effects of the osmotic 

stress on the progression timing of each mitotic stage.  

In order to study this, HeLa cells were synchronized in early mitotic stage using 

nocodazole. Nocodazole is frequently used to arrest cells during early mitosis, 
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specifically at prometaphase by depolymerisation of microtubules in vivo [241]. The 

effect of hypertonic stress on the progression timing of each mitotic stage was studied. 

HeLa cells were synchronized by nocodazole for a period of 12 hours and released into 

isotonic, 0.15M NaCl or 4% xylose containing media. Since the average time taken by 

HeLa cell to complete mitosis is about 60-75 minutes, the cells were released from 

nocodazole and imaged at 30, 60 and 90 minutes post release to study the progression 

timing through the mitotic stages. Mean percentages of cells in each phase were plotted. 

During 30 minutes, most of the cells (75%) are stuck in early mitotic stage and gradually 

progress towards metaphase, as seen by their chromosome structure, suggesting that the 

cells were synchronized since nocodazole is a well-established drug routinely used to 

induce arrest at early mitotic stage. The values suggest that by 60 minutes post release, 

around 30% cells enter metaphase and 15% enter anaphase and by 90 minutes release, 

23% enter anaphase and about 31% are in telophase, suggesting recovery from 

nocodazole arrest and successful completion of mitosis. Our data showed that at 30 

minutes post-nocodazole release, there were very few or hardly any cells at metaphase in 

the hypertonic milieu compared to the control cells (Figure 3.6), suggesting that cells 

present in hypertonic environment were unable to recover from the nocodazole-induced 

disruption of mictotubules and mitotic arrest. By 90 minutes post-nocodazole release, 

most of the control cells were present in anaphase (23%) and progressed to telophase 

(31%) whereas in 0.15M NaCl treated condition, a large proportion of cells (~60%) were 

still arrested in prometaphase and cells released in xylose exhibited a slow progression to 

metaphase.  

These data validated the prolonged duration of M phase observed in FACS (Figure 3.3), 

which could be primarily attributed to prometaphase and metaphase arrest in response to 

osmotic stress. Our results thus show that the recovery of microtubule structures after 

nocodazole release, which is essential for alignment of chromosomes at the metaphase 
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plate and the subsequent chromosome separation during anaphase are impaired under 

hyperosmotic conditions.  

 

Figure 3.6 Exposure to hypertonic stress delayed recovery from nocodazole arrest. HeLa cells 

were synchronized by nocodazole for 12 hours and released int o isotonic media, media 

containing 0.15M NaCl or 4% xylose. Cells were imaged at regular intervals of 30, 60 

and 90 minutes. Mean percentage of cells  in each mitotic phase from two independent 

experiments were scored and plotted. Error bars represent mean (±SEM). n≥300. 

3.1.6 Hypertonic stress perturbed progression through mitosis 

So far, the results obtained show hypertonic stress induced arrest at the G2/M phase and 

probably during the metaphase stage of mitosis. Confirmatory results can be obtained 

only by time-lapse microscopy to visaulaize the progression of cells though mitosis. 

In order to accomplish this, HeLa cells synchronized by double thymidine block were 

released into isotonic, 0.15M NaCl or xylose containing media respectively and subjected 

to time-lapse phase contrast microscopy every 15 minutes for a period of 24 hours.  

The cells present in isotonic medium progressed through mitosis normally taking an 

average time of 70 minutes for its completion (Figure 3.7 A). On an average, within 45 

minutes from the start of mitosis, characterized by prophase, the cells progressed to 
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cytokinesis. In contrast, cells exposed to media containing 0.15M NaCl failed to progress 

through mitosis (Figure 3.7 B). On the other hand, cells exposed to xylose exhibited two 

defects. Most of the cells were arrested at metaphase for almost 90 minutes and when 

they finally progressed to telophase, they showed cytokinetic defects, characterized by the 

absence of a definite cleavge furrow and cell blebbing (Figure 3.7 C). Another population 

of cells showed delayed progression and were stuck in metaphase for almost 4 hours 

before proceeding to anaphase (Figure 3.7 D).  

Taken together, the time-lapse microscopy experiment confirmed that the cell cycle delay 

observed in the FACS analysis (Figure 3.3) was due to mitotic arrest. Our observations 

suggest that cells need to maintain a proper osmotic balance in order to progress through 

mitosis effectively. 
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Figure 3.7 Hypertonic stress leads to a delay in mitotic progression in HeLa cells. HeLa cells 

were synchronized by double thymidine block and released into (A) isotonic media, (B) 

media supplemented with 0.15M NaCl or (C), (D) media supplemented with 4% xylose 

at 7 hours post-release. Cells were imaged by phase -contrast live imaging from 8 hours 

to 24 hours post-release. Images were captured at an interval of 15 minutes and images 

for (D) are shown after an interval of 30 minutes. Numbers on frames represent elapsed 

time in minutes. This experiment has been performed in triplicates. On an average, a 

total of ≤40 cells were counted for every condition during each experiment. Therefore, 

a total of 120 cells were counted per condition. The time taken by these cells to 

progress through mitosis was calculated. Scale bar 20μm.  

3.1.7 Disruption of the osmotic gradient leads to cytokinetic defects. 

We found that cells grown in media containing xylose experienced inhibitory effects on 

cytokinesis. In contrast to the control cells, which showed the presence of cleavage 

furrow ingression and midbody, followed by abscission and separation into two daughter 

cells, cells treated with hypertonic media containing xylose did not show furrow 

ingression and the cells subsequently fused to form multinucleated cell or underwent 
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blebbing (Figure 3.7 C). To further examine the effects of osmotic stress on cytokinesis, 

the localization of polo-like kinase (PLK1), implicated in cleavage furrow formation was 

examined in HeLa cells.  

Immunofluorescent images showed the presence of PLK1 in the midzone and midbody of 

the separating cells (Figure 3.8) whereas cells exposed to hypertonic environment 30 

minutes failed to show the presence of PLK1 at the midbody of the separating cells.  

We observed that perturbation of the osmotic gradient caused defects in cytokinesis, 

characterized by an inability to undergo cleavage furrow ingression (Figure 3.8).  

  

Figure 3.8 Hypertonic stress led to aberrant Polo-like-kinase 1 (PLK1) staining during telophase 

and cytokinesis. HeLa cells treated with 0.15M NaCl and 4% xylose were stained with 

PLK1 (green) and DAPI (blue). 90 cells at cleavage furrow stages from three 

independent biological repeats were imaged. Scale bar 10μm. 
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3.2 Discussion 

In this part of the study, we have shown the link between osmotic stress and cell cycle 

control. We explored the effects of hyperosmotic stress on cell cycle progression and 

mitosis. Our results show cell cycle arrest during metaphase upon exposure to hypertonic 

media. Additionally, the contractile ring formation and cleavage furrow ingression, which 

ensure proper cytokinesis are also affected by alterations in osmotic balance. Taken 

together, our results reflect that the ability of the cell to regulate its osmotic pressure is 

essential for effective progression of the cell cycle. Proper coordinated cell division 

timing is necessary and any abrogation in the cell division control may lead to severe 

defects in embryonic growth and development and cancer. Therefore, a detailed 

understanding of the contribution of the extracellular milieu during mitosis requires 

further investigation. 

Previous studies have reported that renal medullary cells experience fluctuations in 

osmotic pressure. Prolonged exposure to extreme hypertonic conditions is known to cause 

DNA double-strand breaks [242] and apoptosis [243, 244]. Despite severe hypertonic 

conditions, cells employ compensatory adaptive responses, enabling them to surive and 

function. The cells accumulate organic osmolytes to restore the intracellular osmtic 

balance and cell volume [128] as a response to hypertonicity. In addition, the cells 

respond to this increased tonicity by inducing cell cycle arrest [134, 243-245]. Our cell 

cycle analysis supported this further. HeLa cells exposed to hypertonic conditions 

accumulate in G1 and G2/M phases, evntually leading to decreased cell proliferation. The 

hypertonicity-induced arrest at the G1 and S phases is controlled by the activity of the 

tumor suppressor protein p53. p53 is phosphorylated at Ser 15 residue during S phase of 

the cell cycle and thereby protects the cells against osmotic imbalance by restricting DNA 

replication.  
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On the other hand, cells also encounter arrest at the G2/M phase and the stress-activated 

MAPkinase pathway is implicated in this [246]. p38 MAP kinase, a member of the 

mitogen-activated protein kinase is activated during acute hypertonic challenge and this 

activation is attributed to the G2/M arrest in renal inner medullary epithelial cells [119, 

247]. Recent studies have shown that the osmotic stress response is solely not restricted to 

renal medullary cells but can affect a variety of cell types [110, 248, 249]. p38 MAP 

kinase has been reported to retard the progression through G2  in kidney cells and this 

effect can be counteracted by inhibiting this kinase [119]. Our results showing a delay in 

G2/M progression during hypertonic stress and the subsequent increase in p38 MAP 

kinase activation further confirms the role of osmotic pressure during cell cycle 

progression in non-kidney cells and asserts the contribution of p38 MAP kinase during 

early and long-term osmo-protective response. During G2 arrest, p38 acts as a switch, 

which turns ‘on’ to activate the process and is turned ‘off’ after the process has properly 

started. Our results show that in HeLa cells subjected to hypertonic stress, p38 is indeed 

activated, as detected by the phospho-p38 antibody. Since, p38 is implicated in early 

adaptive response, we observe a band within 30 minutes of osmotic stress. Cells tend to 

accumulate compatible organic solutes to restore the intracellular salt concentration. This 

process takes several hours. Under these conditions of higher osmosensitivity, p38 

activation is prolonged. Therefore, the phospho-38 levels are high at 4 hours. Prolonged 

hypertonic stress results in cell death. As a result, the phospho-38 levels are lower as 

compared to the early time-points. Another probable explanation is that many cells tend 

to adapt to the osmotic imbalance and survive after restoration of normal cell volume and 

intracellular hydrostatic pressure, which explains the reduction in phospho-38 protein 

levels at 18 hours (Figure 3.5). 

Our cell cycle analysis supported the notion that cells undergo changes in cell cycle 

progression as a part of osmoadaptive responses. Our results show that a rise in the 
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numbers of cell in G2/M phase upon hypertonic stimulation could account for cell cycle 

arrest, thereby allowing cells to adapt to the osmotic stress. Sequential activation of 

cyclin-dependent kinases (CDKs) and their association with the cyclins are responsible 

for driving cell cycle progression [236]. The cyclin D/CDK4 complex drives G1 phase 

and cyclin E/CDK2 complex is necessary for G1/S transition. Progression through the S 

phase is controlled by cyclin A/CDK2 and cyclin A/CDK1 monitors G2 phase. Finally, 

G2/M transition is driven by cyclinB/CDK1 complex. The results obtained by Western 

Blotting showed that arrest at the G1 and G2/M correlated with the downregulation of 

cyclin D1 and cyclin B1 protein levels upon hypertonic stress (Figrue 3.1.4 A). The 

expression of the mitotic CDK1 however did not change during our experimental 

conditions. Since the activity of CDKs is controlled by the presence or absence of their 

respective cyclins [250], the decrease in cyclin D1 and cyclin B1 protein levels will likely 

lead to less activated CDK4 and CDK1 respectively, which restults in the observed cell 

cycle arrest of HeLa cells.  

PCNA (Prolferating cell nuclear antigen), mainly involved in DNA replication and repair 

[251] is capable of interacting with cyclin/CDK complexes and cell cycle inhibitor p21 

[252]. The interaction of p21 with PCNA could thereby inhibit DNA replication activity 

and also block its binding to to the cyclin/CDK complexes, consequently resulting in cell 

cycle arrest at the G1/S and G2/M phase. Therefore, it would be useful to study the 

expression profile of these proteins under hypertonic conditions in future. 

Cell synchronization experiments using double thymidine block show that cells released 

from thymidine-induced G1 arrest were able to recover and proceed to successfully 

complete the cell cycle. During the synchronization, cells treated with excess thymidine 

form thymidine dinucleotides, pTpT. These mimic the small DNA fragments released 

during excision repair [253]. Our experiments show that when cells are released into 
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media containing 0.15M NaCl or 4% xylose following by G1 arrest by excess thymidine, 

they failed to recover completely and the transgression to the subsequent phases was 

abrogated, suggesting that the cells may adopt a mecahism to delay cell cycle progression 

as a response to osmotic stress in order to allow the cells to adapt.  

Our results show that when cells were released from nocodazole arrest into hypertonic 

media, they failed to recover and were stuck for prolonged duration in metaphase. (Figure 

3.6) The metaphase arrest was further confirmed using time-lapse phase contrast imaging 

of HeLa cells (Figure 3.7 B, C, D). It is known that cells experience a drastic change in 

their architecture driven by actin cytoskeleton remodeling and osmotic pressure 

regulation upon mitotic entry to achieve a spherical shape [52, 53]. The failure of the cells 

to round up prevents mitotic exit, causes defects in astral microtubule organization and 

spindle pole function. The contribution of the osmotic pressure in these processes is 

discussed in details in the next chapter. The metaphase arrest observed upon hypertonic 

stimulation could be due to these defects in spindle organization.  

Apart from the defects in mitotic events, hypertonic stress was shown to cause defects in 

cytokinesis, particularly during the formation and regression of the cleavage furrow. 

Time-lapse imaging (Figure 3.7 B, C) and PLK1 (Figure 3.8) immuno-staining reflect 

these defects. Although the involvement of RhoA, one of the factors in mitotic cell 

rounding has been well-documented [254, 255], the underlying mechanism of the osmotic 

stress leading to dexfects in cleavage furrow ingression still requires further investigation.
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Chapter 4  

Effect of osmotic pressure on mitotic spindle 

assembly during metaphase 

In the previous chapter, we have observed delay in timings of the cell cycle upon 

disruption of the osmotic balance, particularly an arrest during metaphase.  Since a 

common cause of prolonged metaphase is due to improper bipolar mitotic spindle 

assembly, we will therefore further investigate the effects of hypertonic stress on mitotic 

events, such as astral microtubule arrangement and spindle orientation.  

4.1 Results 

4.1.1 Osmotic balance is necessary for proper astral microtubule 

arrangement during mitotic spindle formation 

In order to examine the effects of the osmotic pressure changes in the modulation of the 

mitotic spindle assembly, asynchronized HeLa cells were treated with hypertonic media 

containing 0.15M NaCl or 4% xylose for a period of 30 minutes. The duration of mitosis 

usually ranges from 60 to 90 minutes and metaphase lasts for about half an hour. 

Following this osmotic shock, the cells were immuno-stained with anti-α-tubulin to 

observe the microtubules and DAPI to select the metaphase cells for analysis. Control 

cells exhibit a well-defined spindle with the microtubules at the metaphase plate and less 

visible astral microtubules. On the other hand, cells treated with hypertonic media do not 

show a well-defined crescent-shaped spindle but displayed an aberrant astral microtubule 

arrangement, emanating from the spindle poles towards the cortex (Figure 4.1 A). We 

next quantified the amount of astral microtubules through comparison of the fluorescence 

intensities of cells immuno-stained with anti-tubulin antibodies. The astral microtubules 
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were measured by subtracting the corrected background intensity of the kinetochore 

microtubules from the total microtubule fluorescence intensity (Figure 4.1 B). 

Quantification shows that in comparison to control cells, cells facing a hypertonic 

challenge show a significant increase in the integrated astral microtubule intensities 

(Figure 4.1 C). 

The EB1 family of proteins localizes to the distal ends of the microtubules and regulates 

microtubule stability. More pronounced EB1 staining at the growing tip of the astral 

microtubules was observed in cells exposed to 0.15M NaCl or 4% xylose containing 

media (Figure 4.1 D). 

These findings indicate that perturbation of the osmotic balance can lead to an increase in 

astral microtubules during metaphase. 
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Figure 4.1 Disruption of osmotic balance resulted in increased astral microtubules. (A) HeLa 

cells were subjected to media containing 0.15M NaCl or 4% xylose for 30 minutes and 

stained with anti-α-tubulin (green) and DAPI (blue). Scale bar10μm. (B) Diagrammatic 

representation showing quantification of astral microtubules . The background corrected 

integrated fluorescence intensities of the kinetochore microtubules and total 

microtubule were then calculated using Image-J software. The astral microtubule  

intensity was then calculated by subtracting the intensity of spindle microtubules from 

the total microtubule intensity.  (C) The background-corrected integrated astral 

microtubule fluorescence was calculated as shown in (B) and ratio of astral to the 

background-corrected integrated total intensity was plotted.  The background corrected 

integrated (D) spindle microtubule intensity and (E) total microtubule intensity was 

plotted. 180 cells from four independent biological repeats were imaged, analyzed and 

plotted for quantification. Unpaired student’s t -test was performed for statistical 

analysis. Error bars represent mean (± SEM) ***p < 0.0001. (F) HeLa cells were 

exposed to isotonic (control), media containing 0.15M NaCl or 4% xylose for 30 

minutes followed by staining with anti-EB1 (green) and DAPI (blue) Scale bar 10μm. 

Last panel represents enlarged image of boxed region.  

4.1.2 Hypertonicity induced changes in the astral microtubules increase 

with time. 

To determine whether the changes induced by hypertonic medium are rapid responses of 

the cells, they were subjected to hypertonic media for different time points. A short 

exposure to the 0.15M NaCl or 4% xylose containing media for 5 or 10 minutes was not 

able to bring out aberrations in the astral microtubules (Figure 4.2 A). However, as the 

duration of exposure increased, the effects became more pronounced (Figure 4.2 B). 
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We next intended to examine whether the defects in the astral microtubules was 

reversible. This was accomplished by treating the cells with hypertonic media for 30 

minutes, followed by recovery in the isotonic medium for 3 hours. The cells were then 

subjected to immuno-staining with anti-α-tubulin and DAPI (Figure 4.2 C). 

Quantification of the background-corrected integrated intensity of the astral microtubules 

showed a rescue of the astral microtubule defects upon restoration of the osmotic balance 

in these cells, suggesting that the effects are transient and reversible (Figure 4.2 D). 
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Figure 4.2 Hypertonic stress induced increase in astral microtubule is dependant on the duration 
of the stress and is reversible. (A), (B) HeLa cells were subjected to osmotic shock for 

different time points followed by staining with anti-α-tubulin (green) and DAPI (blue). 

Scale bar 10μm. (C) HeLa cells exposed to hypertonic media for 30 minutes was grown 

in isotonic media for 3 hours and stained with anti -α-tubulin (green) and DAPI (blue). 

Scale bar 10μm. (D) Graph showing quantification of astral microtubule intensity 

suggested rescue upon return to isotonic media. 100 cells from three independent 

experiments were imaged and analyzed using ImageJ software. Unpaired student’s t -

test was done and graph showing the adjusted astral microtubule intensity was plotted 

using Graphpad Prism software. Error bars represent mean (±SEM). *** p <0.001; ** p 

=0.0011.  
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4.1.3 Perturbation in the osmotic balance affects the size of the spindle. 

Cells exposed to a hypertonic medium encounter loss of water and a concomitant 

shrinkage in cell size. The maintenance of an appropriate cell size and volume is essential 

for survival. Since the cell size is the predominant parameter regulating the size of 

subcellular structures, it was believed that the spindle size was proportional to the cell 

size [256]. However, this holds good only in the case of small cells and in large cells like, 

Xenopus laevi eggs, spindle size reaches an upper limit [257]. The size of the metaphase 

spindle is a primary factor that determines the position of the chromosome at the center of 

the dividing cell. An optimum length of the spindle, denoted as the pole-pole spacing 

during metaphase enables the proper spacing of the astral microtubules, which in turn 

facilitates cytokinesis and effective cell division [258]. A given cell type has a constant 

metaphase spindle length and alterations in this length results in cell division defects 

[259]. Further, recent simulation studies have suggested that cell size can control the size, 

oscillation and positioning of the metaphase spindle [260]. The assumptions are based on 

the fact that a balance between the outward pushing force and the astral microtubule-

dependent cortical pulling force involving the molecular motors is required for 

positioning of the mitotic spindle [261, 262]. This requires control on the position through 

length-dependent or position-dependent forces, likely governed by cell size [259]. 

However, such predictions still need to be validated by additional experiments. Moreover, 

several physical and chemical perturbations alter the spindle size. High hydrostatic 

pressure or low temperature shortens spindle length [263]. Since our current results 

(Figure 4.1 A) suggest exposure to hypertonic stress impairs astral microtubule 

arrangement; the cortical pulling forces are likely to be affected.  

Thus, in order to examine the involvement of cell size, the surface area of metaphase cells 

under hyperosmotic conditions was measured (Figure 4.3 A). The cells were stained with 
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DAPI and anti-pericentrin to visualize DNA and centrosomes respectively. Brightfield 

images were captured to obtain the cell boundary. Boundary of the cells was outlined 

using the ImageJ tool from the brightfield images and the surface area was measured 

using the software. The surface area of the cells served as a measure of the cell size.  

Besides cell size, the spindle size was also calculated. The distance between the spindle 

poles was a measure of the spindle length and the spindle width was determined by the 

microtubule width at the equatorial plate during metaphase (Figure 4.3 B). HeLa cells 

were subjected to hypertonic media and stained with anti-pericentrin to detect the spindle 

poles and DAPI for scoring metaphase cells for calculation of spindle length and width 

respectively (Figure 4.3 C). Our results do not show any significant change in the cell size 

(Figure 4.3 D) and spindle length (Figure 4.3 E) however; the width of the spindle is less 

in comparison to the control cells (Figure 4.3 F).  
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Figure 4.3 Hypertonic stress affects the size of the metaphase spindle. (A) HeLa cells were 

subjected to media containing 0.15M NaCl or 4% xylose, followed by staining with 

DAPI. Cells were imaged under brightfield to view the cell boundary. Cells grown in 

isotonic media served as control. Scale bar 10μm. (B) Schematic represe ntation 

showing the measurement of spindle length and spindle width. (C) HeLa cells treated 

with 0.15M NaCl and 4% xylose were stained with anti -pericentrin and DAPI for 

measuring the spindle length and width.  120 cells from three independent biological 

repeats were images and analyzed. Unpaired student’s t -test was performed using 

Graphpad Prism software. (D) Surface area of the cells calculated by ImageJ was 

plotted. P value shown on graph denotes the difference is not significant. (E) Spindle 

length, calculated by measuring the distance between spindle poles and (F) spindle 

width measured by the width of the metaphase plate perpendicular to the spindle axis 

was plotted. Error bars represent mean (±SEM).  ***p <0.0001.   
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4.1.4 Disruption of the osmotic balance results in mitotic spindle 

misorientation and positioning 

Astral microtubules serve as a physical link between the spindle and cortex and hence 

play an essential role in controlling spindle orientation and positioning in a metaphase 

cell [264]. In order to study the role of osmotic pressure in mitotic spindle orientation, 

HeLa cells were exposed to hypertonic challenge and then subjected to 

immunofluorescence staining with anti-pericentrin. Z-stack images were captured at an 

interval of 0.5 μm and the angle of spindle relative to the substratum was calculated. Cells 

grown in isotonic media served as control. Spindle orientation was calculated as 

illustrated (Figure 4.4 A). 

From the images of the z-stacks, we found that in majority of the control cells, both the 

centrosomes were focused on the same z-plane (Figure 4.4 B). Under normal conditions, 

the mitotic spindle lies relatively parallel to the substratum. In contrast, in cells treated 

with hyperosmotic media, the mitotic centrosomes were not focused on the same plane 

(Figure 4.4 C, D). Measuring the spindle angle further supported this observation. The 

mean spindle angle (θ) in control cells was close to zero (Figure 4.4 E). The mean spindle 

angles of cells treated with 0.15M NaCl or 4% xylose were significantly higher than the 

control cells (Figure 4.4 E). These results suggest that the mitotic spindle apparatus is not 

parallel to the substratum and thus is mis-oriented. 

Taken together, our data shows the when osmotic balance is disturbed it results in 

misorientation of the mitotic spindle, characterized by an increase in the spindle angle. 

Additionally, osmotic balance is vital for positioning the spindle in the center of the cell. 
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Figure 4.4 Hypertonic stress results in a misorientation of metaphase spindle, characterized by 
an increase in spindle angle relative to the substratum. (A) Schematic representation 

showing calculation of spindle angle. Following immuno-staining, cells were imaged 

for z-stack at a distance of 0.5μm. The orientation of the metaphase spindle, relative to 

the substratum was measured by calculating the spindle angle (θ) using inverse 

trigonometric function, θ= sin -1 (A/B), where θ denotes the spindle  angle, in degrees, 

relative to the substratum; A represents the z axis distance between spindle poles in μm; 

and B denotes x-y axis distance between spindle poles in μm. (B),  (C), (D) HeLa cells 

seeded on fibronectin coated glass coverslips and subjected to isotonic and media 

containing 0.15M NaCl or 4% xylose respectively. Treated cells were then immune -

stained with pericentrin to visualize centrosomes. DAPI staining was carried out to 

visualize mitotic chromosomes. Numbers above the images indicate the Z -plane of the 

respective image. All images are taken under 63X objective. (E) Graph displaying the 

spindle angles under different osmotic conditions. The spindle angles were calculated 

as described in the Methods section. The mean spindle angle (θ) for eac h condition 

were then calculated and plotted. Experiment was performed in quadruplicates; n=160 

for each condition. Box-and-whiskers diagram; box lines represent upper quartile, 

median and lower quartile; whiskers represent 5 -95 percentile, + represents the mean 

spindle angle. Error bars represent mean (±SEM). *** represents p ≤ 0.001, ** denotes 

p=0.0018.  

4.1.5 Ion channels play an essential role in the maintenance of cortical 

rigidity in mitotic cells  

Ion channels maintain the appropriate cell volume by increasing the intracellular osmotic 

pressure and restore normal cell volume by compensatory regulatory volume increase 

after exposure to the hypertonic stress. Our studies suggest that perturbation of the 

osmotic gradient affects spindle assembly, characterized by an aberrant increase in astral 

microtubule. Since ion channels are involved in the rescue of the cells following osmotic 

shock, they might be important in the organization of the cortical cytoskeleton and 
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spindle morphology. Therefore, we assessed the role of the ion channels implicated in 

regulatory volume increase by using inhibitors of the respective channels. HeLa cells 

were treated with 50µM EIPA (Na+/H+antiporter inhibitor) or 50µM NPPB (Cl- 

exchanger inhibitor) for 1 hour, fixed and then immuno-stained using anti-α-tubulin 

(green) and DAPI (blue) (Figure 4.5 A). The ratio of the background corrected integrated 

astral microtubule intensity to total intensity was plotted (Figure 4.5 B). Inhibition of 

Na/H+ exchanger and the Cl- ion channels was found to result in a significant increase in 

astral microtubules radiating towards the cell cortex. 

Next, we assayed the role of ion channels in maintenance of cortical rigidity of mitotic 

cells using the micropipette aspiration assay (Figure 4.5 C). Inhibition of these ion 

transporters would block regulatory volume increase and might affect cell rounding and 

rigidity. HeLa cells were treated with 50µM EIPA (Na+/H+antiporter inhibitor) and 50µM 

NPPB (Cl- exchanger inhibitor) for 1 hour as before. The deformation of mitotic cells in 

response to suction pressure by the micropipette was measured (Figure 4.5 D) and 

Young’s modulus was calculated. Young’s modulus is a direct measure of cortical 

rigidity. As expected, mitotic cells treated with inhibitors of Na+/H+antiporter and Cl- 

exchanger displayed lower value of Young’s modulus and hence less in cortical rigidity 

compared to untreated control cells (Figure 4.5 E). 
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Figure 4.5 Ion channels play a vital role in the proper astral microtubule arrangement and 

cortical rigidity of mitotic cells. (A) HeLa cells treated with EIPA or NPPB and both for 1 

hour was subjected to staining with anti-α-tubulin (green) and DAPI (blue). Untreated 

cells serve as the negative control. Scale bar 10μm. (B) 150 cells from three 

independent biological repeats were imaged and analyzed. The corrected astral 

microtubule intensity was measured as described in the Methods using  ImageJ software. 

Unpaired student’s t -test was performed using Graphpad Prism software for statistical 

analysis. Quantification of the astral microtubule intensity showed a significant 

increase upon inhibition of ion channels. Error bars represent mean (±SEM). ***p < 

0.0001. (C) Graphical representation of micropipette aspiration assay for m easurement 

of cortical rigidity [265]. (D) Mitotic cells treated with the respective ion channel 

inhibitors were collected by mechanical shake off and subjected to suction by the 

micropipette. (E) Deformation obtained was used to calculate Young’s modulus, which 

is a direct measure of cortical rigidity. Graph showing the Young’s modulus of treated 

cells show a significant decrease upon perturbation of ion channels. Error bars 

represent mean (±SEM). Experiment was performed in triplicate. n>20.  *p = 0.0499, *p 

= 0.0425, *p=0.0152.  

4.1.6 Ion channels enable the proper orientation of metaphase spindle  

As mentioned before, astral microtubules play an important role in spindle orientation by 

establishing links with the cortex. Since our previous finding shows aberrant increase in 
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astral microtubules upon inhibition of ion channels, we proceeded to study the effects on 

the spindle orientation. 

In order to determine spindle orientation, HeLa cells were grown on fibronectin-coated 

coverslips, treated with EIPA and NPPB for one hour and stained with anti-pericentrin. Z-

stack images at a distance of 0.5 μm were captured (Figure 4.6 A, B, C) and spindle angle 

was calculated as described above. We observed an increase in the spindle angle upon 

treatment with EIPA and NPPB (Figure 4.6 D).  

Majority of the cell types confront the hypertonicity-induced cell shrinkage by an 

adaptive response, termed as regulatory volume increase, brought about by the activation 

of RVI is brought about the combined activation of the Na+/H+ exchanger (NHE) and Cl-

/HCO3
- antiporter and Na+ -K+ -2Cl- symporter (NKCC), depending on the cell type [166-

168]. Na+/H+ exchanger isoform 1 (NHE1) is found in all cells in mammals and is 

involved in numerous physiological processes, including regulation of intracellular pH, 

cellular volume, cytoskeletal organization, heart disease and cancer [183, 266, 267]. Since 

we observed defects in spindle orientation upon inhibition of Na+/H+ antiporter induced 

by EIPA treatment, we confirmed this result by using NHE1 knockdown cell lines. The 

following siRNA sequence was used to silence NHE1 gene: NHE1 siRNA-1 sense: 

CCCUGUUAAUCAUUCCGUCACUGAU (RNA Sequence 5’ to 3’); NHE1 siRNA-1 

antisense: AUCAGUGACGGAAUGAUUAACAGGG (RNA Sequence 5’ to 3’). Cells 

transfected with siRNA targeting Luciferase serve as negative control for comparison. 

Transient knockdown was performed as mentioned in Methods section 2.2.4. As 

expected, NHE1 knockdown cells show defects in spindle orientation, as characterized by 

an increase in the spindle angle relative to substratum (Figure 4.6 H). 

Taken together, these findings suggest ion channels play an essential role in regulating the 

orientation of the spindle during metaphase. 
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Figure 4.6 Inhibition of Na+/H+antiporter and Cl- exchanger resulted in spindle misorientation. 
(A), (B), (C), (D) HeLa cells seeded on Fibronectin coated glass coverslips and 

subjected to isotonic and media containing EIPA or/and NPPB. Treated cells were then 

immuno-stained with pericentrin to visualize centrosomes. DAPI staining was  carried 

out to visualize mitotic chromosomes. Numbers above the images indicate the Z -plane 

of the respective image. (E) The spindle angle was calculated as described in the 

Methods section. 180 cells from four independent biological repeats were imaged , 

analyzed using ImageJ software  and plotted with Graphpad Prism software. Box-and-

whiskers diagram; box lines represent upper quartile, median and lower quartile; 

whiskers represent 5-95 percentile, + represents the mean spindle angle. Unpaired 

student’s t-test was used for statistical analysis. Error bars represent mean (±SEM). 

*** represents p < 0.0001, ** denotes p=0.0071, * represents p= 0.0166 . (F) HeLa 

cells were transfected with 200 picomole Luciferase (Luc) siRNA, NHE1 siRNA1 and 

NHE1 siRNA2 for 48 hours and subjected to Western Blotting  using NHE1 antibody. 

Cells transfected with siRNA targeting Luciferase (Luc siRNA) serve as negative 

control. Untransfected cells were also included as control for comparison. GAPDH was 

used as a loading control.  (G), (H), (I) HeLa cells seeded on fibronectin coated glass 

coverslips were transfected with the respective siRNAs for 48 hours and then immuno -

stained with pericentrin to visualize centrosomes. DAPI staining was carried out to 

visualize mitotic chromosomes. Numbers above the images indicate the Z-plane of the 

respective image.  (J) Graph showing increased spindle angle upon NHE1 knockdown.  

100 cells from three independent biological repeats were imaged and analyzed using 

ImageJ software. Unpaired student’s t-test was used for statistical analysis. Error bars 

represent mean (±SEM). *** represents p < 0.0001.  

4.1.7 Hypertonic stress results in the activation of ERM proteins and 

cortical rigidity in mitotic cells 

In order to establish a connecting link between the observed defects in astral microtubule 

arrangement, spindle misorientation and the modulation of the osmotic pressure, we 

proceeded to study the involvement of ERM proteins. The ERM proteins have been 

reported to act as cross-linkers between the plasma membrane and the underlying actin 

cortex. As mentioned earlier, the ERM proteins are activated upon phosphorylation. 
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Studies in Drosophila, where a single protein moesin, is present have shown that the 

active form of moesin is redistributed to the cell cortex, thereby promoting the 

rearrangement of actin filaments [268]. This organization triggers an increase in cortical 

rigidity and favors mitotic cell rounding [269]. In order to investigate the role of 

hypertonic stress in the activation of ERM proteins, the effect of the changes in the 

hydrostatic pressure on the phosphorylation status of the ERM proteins was investigated. 

HeLa cells were subjected to the hypertonic media for different times from 3 minutes to 

15 minutes (Figure 4.7 A). Different time points were chosen for our study initially since 

the effect of the osmotic stress is rapid and transient. Since, we observe changes in astral 

microtubule arrangement when cells are exposed to hypertonic stress for a duration of 30 

minutes, we examined the phospho ERM levels at this time point also (Figure 4.7 

B).Total cell protein lysates were harvested and subjected to Western Blotting. We found 

that hypertonic media induced phosphorylation and hence, activation of the ERM proteins 

(Figure 4.7 A, B). Densitometric analysis of normalized phospho ERM protein levels 

show an increase in ERM protein phosphorylation upon hypertonic stimulation (Figure 

4.7 C). 

Since the active form of moesin contributes to cortical rigidity [54] and cell rounding in 

Drosophila S2 cells during mitosis, we next assessed whether the hypertonic environment 

affected rigidity. HeLa cells exposed to 0.15M NaCl and xylose containing media were 

assayed for cortical rigidity with the help of the micropipette aspiration assay. Mitotic 

cells were collected by mechanical shake-off, resuspended in different osmotic media and 

subjected to micropipette aspiration (Figure 4.7 D). As expected, the treated cells showed 

a significant increase in the cortical rigidity as compared to control cells (Figure 4.5 E). 

Taken together, our results imply that hypertonic stress upregulated phospho-ERM 

protein levels and exhibit an increased cortical rigidity in mitotic cells. 
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Figure 4.7 Hypertonic stress leads to activation of pERM proteins with a concomitant increase in 

cortical rigidity of mitotic cells. HeLa cells were subjected to hypertonic media containing 

0.15M NaCl for (A) 3 minutes , 5 minutes, 10 minutes, 15 minutes and (B) 30 minutes 

and harvested for Western Blotting to detect phosphor ERM levels. GAPDH was used 

as the loading control.  (C) Densitometric analysis of phospho ERM levels was 

performed using ImageJ software. Phospho ERM and ERM levels were normalized to 

the GAPDH levels and the adjusted phospho ERM was then normalized to adjusted 

ERM levels. Values are expressed as mean (±SEM) of three independent experiments.  

*** p<0.0001. (D) Mitotic HeLa cells were collected by mechanical shake off and 

resuspended in different osmotic media followed by aspiration by the micropipette. (E) 

Graph of the Young’s modulus of treated cells shows a significant decrease upon 

perturbation of osmotic balance. Error bars represent Mean (±SEM). **p=0.007. 

4.1.8 Moesin phosphorylation is responsible for the regulation of astral 

microtubules during metaphase. 

As hypertonic milieu induced activation of ERM proteins, which are directly linked to a 

higher cortical rigidity, we next investigated the effect of moesin phosphorylation on the 

organization of metaphase astral microtubules. To achieve this, we constructed phospho-
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mimic (T558D) and phospho-dead (T558A) form of moesin, which denote a 

constitutively active and a dominant negative form of the protein respectively. HeLa cells 

were transfected with the vector control, wild type moesin and the both the inactive and 

active moesin mutants, followed by immunostaining with anti-α-tubulin and staining with 

Alexa 546 secondary antibody to visualize the microtubules. Only the cells expressing 

GFP were selected and analyzed. The transfection efficiency was close to 80%. The cells 

showed very strong GFP signal upon transient transfection, which masked the signal from 

Alexa 546 channel, which stained tubulin. Hence, only DAPI and tubulin panel was 

shown as a representative image (Figure 4.8 A). 

HeLa cells expressing the phopho-mimic and phospho-dead form of moesin exhibited an 

impaired arrangement of astral microtubules.  

Thus, we conclude that moesin phosphorylation induced by osmotic stress (Figure 4.7 A, 

B, C) could be a possible reason for the observed defects in astral microtubule 

arrangement (Figure 4.1). 
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Figure 4.8 Moesin phosphorylation may control astral microtubules during metaphase. (A) 

HeLa cells were transfected with the vector control, Moesin wild type (WT), phopsho -

mimic (T558D) and phospho-dead (T558A) and stained with anti -α-tubulin (green) and 

DAPI (blue). (B) The mean background-corrected integrated astral microtubule 

intensity from (A) was calculated using ImageJ software and plotted with Graphpad 

Prism software. Unpaired student’s t -test was performed for statistical analysis. Graph 

shows significant increase ion astral microtubule intensity upon moesin 
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phosphorylation. Experiment was performed in triplicate; n=100. Error bars represent 

mean (±SEM). ***p=0.0002, *=0.0357, **=0.0100. 

4.1.9 Moesin phosphorylation triggered by hypertonic stress results in 

the misorientation of the mitotic spindle 

As mentioned earlier, the astral microtubules emanating from the spindle poles form a 

connecting bridge between the spindle and cell cortex. This subset of microtubules assists 

the spindle to orient itself correctly and also controls the plane of division [270]. Since we 

observed impaired astral microtubule organization in cells expressing the phospho-mimic 

form of moesin, we next proceeded to check if the spindle orientation is compromised 

under these conditions. 

We transfected HeLa cells with the vector control, wild type, inactive and active mutants 

of moesin and performed immuno-staining with pericentrin. Z-stack images were 

recorded for the measurement of the spindle angle relative to the substratum. As 

expected, our results show defects in the spindle orientation in cells transfected with the 

phospho mimic form of moesin (T558D). Cells expressing the vector control have spindle 

angles close to zero. In contrast, cells transfected with the active moesin construct 

(T558D) exhibit higher spindle angles. As stated above, only the cells expressing GFP 

were selected and analyzed. The transfection efficiency was close to 80%. The cells 

showed very strong GFP signal upon transient transfection, which masked the signal from 

Alexa 546 channel which stained pericentrin. Hence, only DAPI and pericentrin panel 

was shown as a representative image 

Taken together, we propose that the defects in spindle orientation when cells are under 

hypertonic stress could be due to the hyper-activation of moesin.  
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Figure 4.9 Activation of Moesin results in a misorientation of the metaphase spindle. HeLa cells 

seeded on fibronectin-coated coverslips were transfected with HeLa cells were 

transfected with the (A) vector control, (B) Moesin wild type (WT), (C) phopsho-

mimic (T558D) and (D) phospho-dead (T558A and stained with anti-pericentrin and 

DAPI. Numbers above the images indicate the Z-plane of the respective image. (E) 

Graph displaying the spindle angles under different moesin mutants. The spindle angle 

was calculated as described in the Methods section. 150 cells from three independent 

biological repeats were imaged, analyzed using ImageJ software and plotted with 

Graphpad Prism software. Box-and-whiskers diagram; box lines represent upper 

quartile, median and lower quartile; whiskers represent 5 -95 percentile, + represents 

the mean spindle angle. Unpaired student’s t -test was used for statistical analysis. 

Error bars represent mean (±SEM). ** denotes p=0.0069. 

So far, our findings have identified that hypertonic stress induces activation of ERM 

proteins, which are directly linked to the cortical rigidity of cells. Further, activated form 

of moesin was shown to cause aberrant astral microtubule arrangement and spindle 

misorienation. Therefore, we examined the possible factors that might contribute to the 

hypertonicity-induced ERM protein phosphorylation. Since earlier studies have reported 

that phosphorylation of ERM is dependent on Rho activity and independent of ROCK 

activity [226], we then went on to check whether RhoA is involved in the hypertonicity-

mediated upregulation of phosphorylated ERM protein levels. 

To accomplish this, cells were treated with C3 transferase, a specific inhibitor of Rho, 

followed by exposure to media containing 2 parts water (hypotonic), 0.15M NaCl or 4% 

xylose and harvested for Western blotting. Inhibition of Rho abrogated the 

phosphorylation of ERM proteins, induced under osmotic stress.  
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The results obtained therefore suggest that Rho might function collectively with osmotic 

stress in regulating the activity of ERM proteins.  

              

                 

Figure 4.10 Rho plays a role in the hypertonicity-induced ERM activation. (A) HeLa cells 

were treated with C3 transferase for 3 hours, followed by treatment with different 

osmotic media. Cells were harvested for Western Blotting to detec t p-ERM protein 

levels. GAPDH serve as the loading control.  (B) Densitometric analysis of phospho 

ERM levels was performed using ImageJ software. Phospho ERM and ERM protein 

levels were normalized to their respective GAPDH levels and the adjusted phospho 

ERM was then normalized to adjusted ERM levels. Values are expressed as mean 

(±SEM) of three independent experiments.  *** p<0.0001, **p<0.001.  
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4.1.10 Hypertonic stress results in an impaired cortical localizationof 

spindle assembly proteins at the cortex, which might contribute to 

defects in spindle orientation. 

In order to further elucidate the mechanism underlying the observed defects in spindle 

angle upon hypertonic stimulation, we designed a model in collaboration with Koon Yen 

Ling and Chiam Kheng Hwee of the Bioinformatics Institute, A*STAR, Singapore. 

The small guanosine triphosphatase, Ran has previously been implicated in coordinating 

the spindle assembly. Two forms of Ran exist in the cell: the active RanGTP form found 

around the chromosomes and the inactive RanGDP, which is abundant in the cytoplasm. 

By tethering to other cytoplasmic proteins such as importin-β, long-range gradients 

dependent on Ran can be created. Such long-range gradients serve physiological relevant 

purposes such as dictating the sites of microtubule nucleation and stabilization [215]. In 

addition, various papers have also implicated Ran in mediating astral microtubule 

attachment [215, 271]. Chromosome-derived RanGTP gradient was observed to limit the 

regions of LGN localization thus specifying the spindle orientation axis. Diffusion is of 

paramount importance to the creation of such gradients. Nonetheless, no papers have 

discussed the role of diffusion and its significance in ensuring proper spindle assembly. In 

earlier studies, fluorescent dextran tagged with Texas Red was dissolved in hypertonic 

media containing NaCl and ejected from a micropipette into the brain slices of rat cells. 

An image was captured for reference before ejection and after each ejection; ten images at 

an interval of ten seconds were captured. The intensity profile of the diffusing molecules 

was measured and was used to calculate the apparent diffusion coefficient (ADC). A 15% 

increase in the diffusion coefficient was observed under hypertonic condition [272], 

thereby suggesting that hypertonic environment results in higher rate of diffusion.  
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It is well documented that the Ras-related GTPase Ran is implicated in mitotic spindle 

assembly RanGTP is present at a higher concentration in the vicinity of the chromosomes 

as compared to the cell periphery. During mitosis, a diffusion-limited RanGTP gradient 

surrounds the chromosomes [273]. This RanGTP gradient is important to drive the 

recruitment of various proteins functioning as spindle assembly factors (SAFs) at the cell 

cortex. It has been shown that the RanGTP gradient enables the localization of LGN and 

NuMA to the lateral cell cortex in order to maintain the axis of spindle orientation [215]. 

Additionally, Gα facilitates recruitment of LGN (Leucine-Glycine-Asparagine repeats), 

also known as GPSM2 (G-protein signaling modulator 2) to the cortex, which in turn 

recruits NuMA (Nuclear mitotic apparatus protein) and dynein. The interaction of the 

astral microtubules with the cell cortex mediates the release of the 

Gα/LGN/dynein/NuMA complex to the poles. Upon reaching the poles, this complex is 

recycled back to the cortex. The cortical transport and recycling of this complex is 

essential for generating pulling forces on astral microtubules, which eventually control 

spindle orientation [274]. 

We seek to develop a mathematical model that attempts to reproduce the main 

experimental finding showing an aberrant increase in astral microtubule and spindle angle 

upon hypertonic stress and to delineate the underlying mechanism.  

In this model, high osmolarity of the external media is assumed to result in an increase in 

the diffusion coefficient of Ran. Such a phenomenon has been observed where the 

diffusion coefficient of dextran was increased in rat neocortex under increased osmotic 

stress [272]. We speculate that under conditions of hyperosmolarity, the Ran dependent 

gradient is perturbed resulting in mislocalization of LGN on the cortex, ultimately leading 

to spindle misalignment.  
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To test the hypothesis, we first built a reaction-diffusion system to investigate the effects 

of increased diffusion rates on the Ran gradient in the cell. The reaction-diffusion system 

constitutes the first tier of the modeling approach. In the model, the cell is assumed to 

have a typical radius of 15µm with the chromosomes occupying an elliptical space in the 

middle. The reaction-diffusion model uses a series of partial differentiation equations to 

model how each species vary in space and time. For example, the equation for RanGTP is 

as follows.  

𝜕RanGTP

𝜕𝑡
= 𝐷∆RanGTP + 𝑅(RanGDP) 

The equation above describes the rate of change of RanGTP where the first term on the 

right denotes Fick’s laws of diffusion while the second term describes the generation of 

active RanGTP from RanGDP at the chromosomes. The equations for other Ran related 

compounds take a similar form. 

Using the reaction-diffusion model, we elucidated the concentrations of RanGTP as well 

as its associated compounds in the cell under two different diffusion constants at steady 

state. A lower diffusion constant represents a cell placed in hypotonic solution (Figure 

4.11 A) while a higher diffusion constant represents a cell placed in hypertonic solution 

(Figure 4.11 B). In the following figure (Figure 4.11 A-B), the RanGTP concentrations in 

the cell at steady state are shown for different conditions. The concentrations are colour 

coded where red represents high concentration of RanGTP and dark blue represents low 

concentration of RanGTP.  

The concentration of the proteins recruited by Ran along the cell periphery obtained from 

the first tier of modeling is fed into the second tier to obtain the spindle angles. Since the 

RanGTP gradient restricts LGN localization to the lateral cell cortex where LGN is a 

known mediator for astral microtubule attachment to the membrane, the second tier of 
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modeling essentially calculates the spatial distribution of LGN based on different Ran 

gradients. Locations along the membrane with high concentrations of LGN are more 

likely to have microtubule attached. A Poisson process is used to model microtubule 

attachments. Based on the mean position of microtubule attachment, the spindle angle can 

be derived by calculating the deviation of the mean position from the horizontal.  

In the second tier of the mathematical model, astral microtubule formation is modeled as 

a Poisson process with nucleation times governed by the amount of free tubulin in the 

cytoplasm and the density of LGN on the cortex.  

A couple of assumptions are made in order to simplify the working of the model: 

(1) Microtubule nucleation on the membrane is dependent on the fraction of available 

tubulin available in the cytoplasm and the density of LGN on the membrane.  

This assumption is reminiscent of the law of mass action, which states that the rate of any 

chemical reaction is proportional to the product of the masses of the reacting substances.  

(2) Microtubule forms rapidly upon nucleation and detachment of the microtubule may 

occur.  

(3) Microtubules deliver LGN to the membrane at a rate proportional to the amount of 

available LGN. 

A brief description of the model is as follows: 

The cell membrane is modeled as a circle with 100 partitions, n. Total number of LGN 

particles simulated is 1000. At each time interval, t, the density of LGN at each partition, 

n defined by f(n,t) is monitored, so is the fraction of LGN not bound to the membrane 

defined by F(t). Since each partition can either have a microtubule attached or not 

attached, an indicator function denoted by a(n,t) describes the state of attachment where 

a(n,t) = 0 denotes no microtubule attached and a(n,t) = 1 denotes attachment of 

microtubule. Similarly, the fraction of partitions still allowed to nucleate at time, t is 

designated as A(t). With this, we can calculated the probability of a microtubule 
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nucleating at partition, n in the time interval, dt where the probability is assumed to be 

directly proportional to the partitions still allowed to nucleate and the amount of tubulin 

present at the partition (Figure 4.11 C). 

𝑃(𝑛, 𝑑𝑡) = 𝐴(𝑡) ∗ 𝑓(𝑛, 𝑡) ∗ 𝑑𝑡 

If a nucleation event has occurred, the microtubule may detach from the membrane with 

an arbitrary probability. LGN concentrations along the membrane can then be calculated 

as follows with the following ordinary differential equation: 

𝑑

𝑑𝑡
𝑓(𝑛, 𝑡)  =  𝑣 ∗ 𝐹(𝑡) ∗ 𝑎(𝑛, 𝑡)  +  𝐷 ∗ 𝐼(RanGTP) ∗ 𝐹(𝑡) –  𝑑 ∗ 𝑓(𝑛, 𝑡) 

The first term on the right denotes the rate of attachment of LGN when it is being 

delivered via microtubules where v refers to the transport rate constant. The second term 

on the right denotes the attachment of LGN based on free diffusion with diffusion 

constant, D. I(RanGTP) describes the effect of RanGTP on LGN localization along the 

membrane. In this model, a monotonic decreasing function of RanGTP on LGN 

localization was chosen to describe the inhibitory interaction between RanGTP and LGN. 

The third term on the right denotes the dissociation of LGN with decay constant, d. 

 A total number of 100 simulations are conducted for each diffusion constant and in each 

simulation, the position of the microtubule attachment along the membrane after 10000 

time intervals were recorded. The spindle angle was calculated by taking the deviation of 

the mean position of microtubule attachment from the horizontal (Figure 4.11 D). 

Preliminary computational results reveal that as the variance of RanGTP gradient is 

increased, a greater proportion of cells exhibit misalignment of the spindles. As variance 

increases, the number of cells with higher spindle angles increases. For example, at a 

variance of 1, the proportion of cells with spindle angle of 20° is 0 while increasing the 

variance from 5 to 10 causes the proportion of cells to increase from 0.01 to 0.07 (Figure 

4.11D).   
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This can be interpreted by the following: 

(1) When diffusion is slow which results in a steep RanGTP gradient, less spindles are 

inappropriately aligned. (2) However, as the RanGTP gradient becomes gentler at high 

diffusion constant, more spindles become misaligned.  

Since diffusion rate is presumed to be faster in the presence of hypertonicity, one can 

conjecture that under hypertonic stress, a greater proportion of cells will exhibit large 

spindle angles as compared to the hypertonic condition. This is further confirmed by 

experimental results plotted below which shows that under hypertonic solutions, the 

proportion of cells exhibiting large spindle angles of 20° increases from 0.056 in cells 

placed in normal control media to 0.080 when cells are placed in NaCl solution (Figure 

4.11 E). 
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Figure 4.11 Modelling studies validated the increase in astral microtubules and spindle angle 

upon hypertonic stress and predicted this defect might be attributed to defective cortical 

localization of Gα//LGN/NuMA/dynein. (A) Concentration of RanGTP around the cell at  

low diffusion constant (A) and at high diffusion constant (B). As observed in the figure, 

at a higher diffusion constant, the RanGTP is able to “reach further” into the cytoplasm 

as observed by a thicker bright blue band that is visible in Panel B which i s absent in 

the corresponding location in Panel A. Hence, changes in diffusion rates can bring 

about differences in localization of RanGTP within the cell. The dark red elliptical 

area in both Panels A and B represent the high concentration of RanGTP at th e 

chromosomes. (C) Model showing an aberrant localization of LGN at the cortex during 

conditions of high osmolality (high variance) which leads to improper recruitment of 

astral microtubules. (D) Plot of normalized counts against spindle angle for high 

diffusion constant (blue line) and low diffusion constant (red line). Preliminary 

computational results reveal that as the diffusion constant is increased, a greater 

proportion of cells exhibit misalignment of the spindles. This is illustrated in the 

following histogram plot where the percentage of runs observed for each spindle angle 

deviation range is shown. At higher diffusion constant, the simulations run tend to be 

dominated by larger spindle angles while at smaller diffusion constants, a larger 

proportion of the runs have small spindle angles.  (E) Proportion of cells placed in 

different osmotic media plotted against the spindle angle.  

4.1.11 Hypertonic stress caused defective cortical localization of Gα, 

NuMA and dynactin during metaphase. 

The primary cause of the misalignment in the model is due to aberrant cortical 

localization of proteins required for spindle assembly, which leads to improper 

recruitment of astral microtubules along the cortex. Dynactin is a plus end tracking 

protein that binds and activates the motor protein cytoplasmic dynein and associates with 

the microtubules with the help of its largest dimeric subunit p150Glued [275-277]. 

p150Glued plays a critical role in the functioning of the dynein/dynactin complex. During 
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mitosis, the stable attachment of the astral microtubules at the lateral cell cortex is 

mediated by the dynein/dynactin complex [262, 278]. During metaphase, p150Glued
 is 

localized at the centrosomes, along spindle and astral microtubules and at the cell cortex, 

where it appears as cortical spots [279]. The cortical accumulation of p150Glued is essential 

for bipolar spindle orientation. We proceeded to examine the effects of osmotic 

perturbation on the cortical distribution of the proteins involved in spindle assembly, 

namely Gα, NuMA, LGN, and dynactin subunit in order to verify the model.  

To achieve this, HeLa cells treated with hypertonic media containing 0.15 M NaCl and 

4% xylose were stained with antibodies against the proteins mentioned above. However, 

we failed to obtain a distinct cortical localization of these proteins during metaphase. In 

order to obtain proper cortical staining, we pre-extracted the cells in a buffer containing 

25 mM HEPES, 60 mM 1,4-piperazinediethanesulfonic acid, 10 mM ethylene glycol 

tetraacetic acid, 2 mM MgCl2, pH 6.9 containing 0.2% Triton X-100 and fixed in 4% 

PFA, followed by immuno-staining. We could observe faint cortical staining in isotonic 

control cells stained with anti- Gα, (Figure 4.12 A) anti-NuMA (Figure 4.12 B and anti- 

p150Glued (Figure 4.12 C). However, we could only observe cytoplasmic localization of 

LGN and were not successful in visualizing LGN at the cortex. Our results indeed 

showed an impaired cortical localization of Gα (Figure 4.12 A), NuMA (Figure 4.12 B) 

and p150Glued (Figure 4.12 C) around the cortex under hypertonic conditions in 

comparison to a more localized cortical distribution in isotonic cells. 

Defective localization of the Gα, NuMA and dynactin subunit around the cell cortex under 

hypertonic stimulation might be responsible for the observed wider distribution of spindle 

angle. 
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Figure 4.12 Hypertonic stress showed impaired cortical staining of Gα, NuMA and dynactin 

subunit p150Glued. HeLa cells treated with media containing 0.15M NaCl or 4% xylose 

were pre-extracted using PHEM buffer and immuno-stained with (A) Gα (green), (B) 

NuMA (green) and (C) p150Glued (green) and DAPI (blue).  Confocal images of 120 

cells from three independent biological experiments were captured. Representative 

image is shown above.  Scale bar 10μm.  

 In conclusion, in this chapter we have uncovered the effects of osmotic stress on the 

mitotic spindle assembly, in particular astral microtubule formation and spindle 

orientation. Our results show that perturbation of the osmotic gradient leads to an increase 

in astral microtubules and spindle misorientation. As ion channels are implicated in the 

recovery of the cells subjected to osmotic challenge, we examined their role in the proper 

assembly of the mitotic spindle apparatus. Similar to the hypertonic challenge, our 

experimental results show that when mitotic cells are treated with EIPA and NPPB 

(Na+/H+ antiporter and Cl- exchanger inhibitors, respectively), it leads to an increase in 

astral microtubule number as well misorientation of the spindle.  

One possible reason behind these phenotypic defects might be the hyper activation of 

ERM proteins since hypertonicity-induced moesin phosphorylation is implicated in the 

defects observed in mitotic spindle apparatus [280]. In addition, we hypothesize a second 
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model involving the RanGTP-mediated cortical localization of several proteins associated 

with spindle orientation to explain the observed impairment in astral microtubules and 

spindle assembly induced by hypertonic stress.  

4.2 Discussion 

The mitotic progression of adherent cultured cells is associated with a profound change in 

the organization of the actin cytoskeleton and cell shape. The initiation of cell rounding 

during mitosis is characterized by de-adhesion from the substrate, followed by extensive 

remodeling of the cytoskeleton, which terminates with cell elongation and division into 

two daughter cells upon mitotic exit [47, 281]. As mentioned earlier, a rigid, well-defined 

actomyosin cytoskeleton and osmotic pressure primarily stimulate mitotic cell rounding. 

The involvement of the actomyosin contractility in mitosis has been well documented. 

Several regulators of the actin cytoskleleton, namely moesin, adducin, cofilin have been 

shown to mediate cortical rigidity and cell rounding. However, the role of the hydrostatic 

pressure in this aspect still remains elusive.  

4.2.1 Hydrostatic pressure during mitosis 

Cells have been reported to experience an increase in the intracellular hydrostatic pressure 

during mitotic entry [53]. As the cells enter mitosis, they experience an increase in the 

surface tension and consequently the internal hydrostatic pressure also rises in accordance 

with the Laplace law. Owing to the rise in hydrostatic pressure, the chemical potential of 

water within the cell exceeds that of the medium and water flows out of the cell, thereby 

increasing the concentration of osmolytes in the cytosol. This efflux continues till the 

osmotic pressure difference equals the increased hydrostatic difference within the cell 

[282]. This rise in the internal hydrostatic pressure governs mitotic cell rounding.  
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Earlier it was believed that only kidney cells are affected by hypertonic stress. However 

recent reports have provided increasing evidence showing hypertonic stress modulates the 

functions of non-kidney cell types as well [113]. Exposure to hypertonic stress causes 

cytoskeletal rearrangement, DNA damage and cell cycle arrest. In the first part of the 

thesis, we reported that cells showed defects in mitotic progression under hypertonic 

stress. Since we observe a prolonged metaphase arrest upon hypertonic stimulation, we 

investigated whether osmotic imbalance results in defects in the assembly of the bipolar 

metaphase spindle. Aberrant spindle morphogenesis and orientation are associated with 

aneuploidy and cancer. Therefore, studying the effects of hypertonic stress and the roles 

of ion transporters on mitotic spindle assembly will throw light on possible therapeutic 

strategies and targets, thus augmenting our knowledge of measures against cancer. 

4.2.2 Activation of ERM proteins by hypertonic stress 

Phosphorylation and activation of moesin has been shown to be essential in cell rounding 

and cortical stability in Drosophila [54, 105]. The upstream kinase known to 

phosphorylate moesin in Drosophila S2 cells is Slik, however it was not clear whether the 

phosphorylation is direct or an intermediate protein is involved [54, 105, 109, 280]. 

Recent studies have reported that mammalian ERMs are activated by the human 

orthologue Ste20-like kinase (SLK). An in vitro kinase assay revealed that SLK is able to 

phosphorylate ERM proteins directly and this phosphorylation was affected when SLK 

was mutated [280]. Alternatively, SLK may have additional substrates that resulted in 

ERM activation. Previous data from our lab have shown lower levels of phospho-ERM 

upon treatment with C3 transferase but not downstream of ROK and mDia [226], 

suggesting the involvement of RhoA but not its well-known effectors, ROK and mDia 

(Diaphanous related formin). Treatment of NIH3T3 cells with lyophosphatidic acid 

(LPA) facilitates the phosphorylation of ERM proteins and the opposite effect was 
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observed upon C3 transferase treatment, validating that the contribution of RhoA is 

necessary for ERM protein phosphorylation [283]. Phosphatidylinositol 4,5-bisphosphate 

(PIP2) has been identified as a primary mediator of ERM protein activation [284]. ERM 

proteins exist in an auto-inhibited, closed conformation, whereby the N-terminal FERM 

domain and C-terminal domain associate with each other [100, 285]. Many in vitro and in 

vivo studies suggest that the activation of the ERM proteins occurs in two distinct steps 

[268, 286-288]. Firstly, the N-terminal FERM domain binds to the PIP2 –rich regions of 

the plasma membrane. PIP2 binding results in a conformational change and partial 

activation of the proteins [102, 289]. The conformational change renders moesin more 

accessible to phosphorylation at the C-terminal conserved Threonine 558 residue [104]. 

ERM proteins are active upon phosphorylation [99, 101]. Overexpression of 

phosphatidylinositol 4-phosphate 5-kinase (PIP5-kinase), which is a direct effector of 

RhoA results in elevated levels of PIP2; which eventually leads to upregulated phospho 

ERM levels [290]. However, there are contradictory reports stating that PIP2 alone can 

directly activate ERM proteins in A431 cells [291], independent of Rho activity.  

Further both RhoA and PIP2 levels have been shown to be stimulated by hypertonic stress 

in kidney tubular epithelial cells and HeLa cells respectively [159, 163]. In order to check 

whether RhoA mediates the hypertonicity-induced upregulation of phospho-ERM, we 

treated the cells with RhoA inhibitor, followed by hypertonic shock. C3 transferase 

inhibited the hypertonicity-induced increase in phospho-ERM (Figure 4.10), suggesting 

that RhoA might act cooperatively with osmotic stress to activate ERM proteins. 

However, we cannot conclude whether RhoA is acting directly upstream or the 

hypertonic stress induced response is mediated by PIP2.  

Previous work from our lab suggests that phospho-mimic and phopho-dead mutants of 

moesin were able to increase and decrease the cortical rigidity of mitotic cells 
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respectively [226]. Alteration in the cortical rigidity of cells could explain the observed 

increase in astral microtubules (Figure 4.8) and spindle misorientation (Figure 4.9) when 

cells were transfected with active forms of moesin since astral microtubules function in 

anchoring the spindle at the cortex, thereby regulating positioning of the spindle. 

4.2.3 Spindle misorientation under hypertonic stress 

The maintenance of accurate position and orientation of the mitotic spindle is pivotal for 

several cellular responses, such as cell fate determination and tissue organization during 

development [292]. Several reports indicate that proper orientation of the spindle is 

essential for determining cell fate during development. Asymmetric cell division takes 

place during embryonic development to give rise to two daughter cells with distinct 

cellular contents. The different cellular content found in the daughter cells caused by the 

asymmetric cell division eventually directs the developmental fate of the cell. This 

asymmetric cell division relies on the orientation and position of the mitotic spindle 

[292]. Studies in Drosophila neuroblast cells have shown that the mitotic spindle is 

oriented along the apical-basal axis to give rise to a self-renewing neuroblast and another 

daughter cell directed towards neuronal cell differentiation [293, 294]. Since the spindle 

apparatus determines the orientation of the cleavage furrow, it is likely to contribute to 

the asymmetric distribution of cellular contents during embryonic development [295]. 

Besides its role in development, the proper orientation of the mitotic spindle is also 

important in tissue organization. Improper orientation of the mitotic spindle exhibits 

adverse effects in a variety of cell types. For example, the organization of the airways in 

the lungs is dependent on changes in spindle orientation and positioning [296]. The 

arrangement of epithelial cells of lungs and blood vessels into tubes that form a complex 

network is controlled by mitotic spindle orientation. The mitotic spindle is aligned with 

respect to the longitudinal axis of the epithelial tube in epithelial cells. This aids in the 
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longitudinal extension of tube with a consistent diameter. Abrogating the orientation of 

the mitotic spindle perturbs the organization of the kidney epithelium by increasing the 

diameter of the kidney tubule [297]. In addition to embryonic development and tissue 

organization, positioning of the mitotic spindle apparatus also contributes to tumor 

progression. A major contributing factor in many tumors has been attributed to abnormal 

chromosome number, termed as aneuploidy [298]. Several microtubule plus-end tracking 

proteins known to affect spindle orientation also hamper proper chromosome segregation 

[299, 300]. Defects in mitotic chromosome segregation can contribute towards 

aneuploidy [301, 302]. Furthermore, defects in spindle orientation cause cytokinesis 

failure, leading to tetraploidy [303]. Since tumor cells have a rapid rate of cell 

proliferation, the mitotic index is higher and time available for correcting the errors 

during mitosis is low. Moreover, many tumor suppressor signaling pathways like PTEN-

PI3K, Hippo and Wnt signaling pathways are implicated in the regulation of spindle 

positioning [304]. These findings highlight the importance of proper maintenance of 

spindle orientation.  

RhoGTPase proteins and their downstream effectors have been reported to contribute 

towards spindle orientation. Studies have suggested that Cdc42 regulates spindle 

alignment and controls cell migration, polarity and morphogenesis [305, 306]. In Caco-2 

cells, when Cdc42 was depleted, the spindle orientation was compromised which 

eventually led to defective tissue organization [307].  Cdc42 knockdown increased the 

number of cells with defective mitotic spindles [308]. Cdc42 regulates spindle orientation 

via Cdc42-PAK2-βPIX signaling and the phosphatidyl 3,4,5 triphosphate (PIP3) pathways 

[309]. The Cdc42-PAK2-βPIX pathway drives the arrangement of the cortical actin 

network, which is essential for establishing the connection between the astral 

microtubules and the cortex [309]. The interaction between the astral microtubules 
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emanating from the spindle poles and the cortical actin is essential for proper orientation 

of the mitotic spindle apparatus.  

RhoA has also been known to influence spindle orientation. Dominant-negative form of 

RhoA induced spindle misorientation in chick neuroepithelium cells [310]. Inhibition of 

RhoA by addition of C3 transferase also exhibited similar defects in spindle positioning 

[226]. RhoA-ROCK signaling pathway may function cooperatively with moesin to 

control spindle positioning. ERM proteins are the primary regulators of cortical F-actin 

filaments [103, 280]. Studies in Drosophila and mammalian cells have suggested that 

moesin is required to maintain cortical stability and spindle orientation during mitosis 

[67, 105, 311-313]. Ste20-like kinase (SLK) dependent activation of ERM proteins is 

crucial for proper alignment of the mitotic spindle [280]. Both depletion of ERM-

activating Slk kinase and constitutive activation of Ezrin perturbed spindle orientation 

[280]. It has been proposed that phospho-ERM proteins enable the cortical recruitment of 

LGN-NuMA complex. The activation of ERM proteins facilitates the organization of 

cortical actin filaments and the recruitment of LGN-NuMA [280]. LGN is recruited to the 

cell cortex by a membrane-associated protein named Gα, which subsequently recruits 

NuMA and dynein. The Gα/LGN/NuMA/dynein complex is stabilized by actin filaments 

and is required for the maintenance of spindle orientation [215, 274, 314]. Depletion of 

Slik and ERM proteins impaired the localization of LGN-NuMA and this correlated with 

spindle misorientaion. Hyperactivation of Ezrin also disrupted the polarized NuMA 

localization at the cortex. During prometaphase and during metaphase, NuMA was 

present at the cortex facing the poles of the mis-oriented spindles [280]. Our results also 

show that exposure to hypertonic stress during metaphase activates ERM proteins as 

indicated by the increase in phospho-ERM levels. Because constitutive activation of 

moesin leads to spindle misorientation, hypertonicity-induced phosphorylation of ERM 



                                                 CHAPTER 4        RESULTS & 

                                                                                                  DISCUSSION PART II 

 

 129 

could be an explanation of the observed defects in spindle orientation. Since earlier 

studies have suggested that hypertonic stress stimulates RhoA, thereby leading to myosin 

light chain (MLC) phosphorylation in kidney proximal tubule cells [163], we examined 

the involvement of RhoA in the hypertonicity-induced phosphorylation of ERM proteins. 

Earlier studies have shown a reduction in the phospho-ERM levels upon RhoA inhibition. 

However, no effect was observed when ROCK was inhibited [226]. When cells treated 

with C3 transferase were subjected to hypertonic shock, we observed a down regulation 

in the hypertonicity-induced phosphorylation of ERM proteins, suggesting that both 

RhoA and osmotic stress might act cooperatively to ensure proper activation of ERM 

proteins. Our results suggest that hyper-activation of ERM proteins induced by hypertonic 

stress might contribute to the observed spindle misorientation. 

As an alternative approach to understand the underlying mechanism behind the observed 

spindle misorientation, we designed a model based on the finding that hypertonic stress 

results in an increase in the diffusion rate. The small GTPase, Ran has been implicated in 

spindle assembly by negatively regulating LGN localization [215, 271]. In this model, 

high osmolarity of the external media is assumed to result in a change in the diffusion 

coefficient of Ran. This results in a defective localization of spindle assembly factors like 

NuMA-LGN on the cortex, which ultimately leads to spindle misalignment.  

Osmolarity has been known to alter diffusion rates. Dextran was observed to diffuse more 

quickly in rat neocortex cells under conditions of hypertonic stress while the reverse 

occurs in hypotonic stress [272]. The RanGTP gradient was shown using FRET 

microscopy [215] to vary spatially within the cell whereupon its spatial localization is 

dependent on diffusion. Furthermore, the authors also provide evidence showing that a 

chromosome derived RanGTP gradient restricts LGN localization to the lateral cell cortex. 

Since LGN is a mediator for astral microtubule attachment to the membrane, it is not 
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surprising that altering the Ran gradient by changing the osmolarity of the external media 

might lead to spindle misalignment. Since LGN-NuMA complex is recruited by Gα at the 

cell cortex, the localization of these proteins would also be affected under hypertonic 

stress. Our immnuno-fluorescence cell staining results obtained indeed show impaired 

cortical staining of Gα and NuMA under conditions of hypertonic stress (Figure 4.12 A, 

B). However, the antibodies used for LGN staining failed to show a defined cortical 

localization (data not shown here) after several attempts of trouble shooting. This could 

be because the antibody was not sensitive and specific for immunofluorescence. Future 

studies to investigate the localization of LGN will be done using GFP-tagged with LGN. 

As mentioned above, the RanGTP gradient from the mitotic chromosome, as well as 

PLK1 at the centrosomes regulates cortical localization of Gα-LGN-NuMA complex [215, 

314], which in turn recruits dynein-dynactin complex at the cell cortex. The minus-end 

directed movement of the cortical dynein generates pulling forces on the spindle by 

capturing astral microtubules and helps positioning the spindle at the centre of cells [315]. 

Since our results show impaired astral microtubule arrangement and spindle 

misorientation, we examined if the localization of dynein and dynactin were perturbed 

under osmotic imbalance. In agreement with the model, when cells were subjected to 

hypertonic stimulation, p150Glued, which is a subunit of the dynactin complex, showed 

aberrant localization at the cortex (Figure 4.12 C).  

In conclusion, based on the results obtained, we propose that alteration of the osmolarity 

of the medium affects the cortical distribution of the proteins required for spindle 

orientation, which explains the observed wider distribution of spindle angle (Figure 4.13). 
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Figure 4.13 Model for how osmolarity affects diffusion. A higher concentration of RanGTP 

(blue) is present around the chromosomes along the metaphase plate (position 1 and 2) 

and the concentration decreases towards the spindle poles, thereby establishing a 

gradient. This is essential for the establishment of a proper bipolar spindle assembly. 

RanGTP gradient is perturbed and due to diffusion under conditions of hypertonic 

stress. RanGTP and LGN-NuMA levels are inversely related with respect to the 

distance from the metaphase plate towards the poles as shown in t he graph. Under 

isotonic conditions, RanGTP gradient results in a narrow distribution of LGN -NuMA 

(green) around the cortex (left). Osmolarity has been shown to affect diffusion rates. 

Therefore, when cells are placed in hypertonic  media, the RanGTP gradient is 

perturbed due to which spindle assembly proteins  are distributed more widely around 

the cortex (right). The aberrant localization of spindle assembly proteins at the cortex 

results in an impaired astral microtubule arrangement and spindle misorientation. 

 



                                                                        CHAPTER 5          SUMMARY 

    

 

 132 

Chapter 5  

SUMMARY 

This study emphasizes the role of osmotic stress in cell cycle control. Prolonged exposure 

to hypertonic conditions is known to result in DNA damage [242] and apoptosis [243, 

244].  The cells accumulate osmolytes as a compensatory response, thereby restoring the 

intracellular osmotic balance and cell volume. Hypertonic stress has been shown to affect 

gene transcription and cell proliferation. Apart from kidney cells, retinal pigmented 

epithelial cells exposed to hypertonic shock causes cell cycle arrest at G1/S and G2/M 

phases of the cell [113].  The delay in cell cycle progression is an early osmoadaptive 

response, allowing the cells to adapt to the increased tonicity. Besides kidney cells of the 

inner medulla, cancer cells may also be affected by hypertonicity. For example, it is 

shown that increased osmolarity during colonic water absorption activates colon cancer 

cells and promotes expression of vascular endothelial growth factor (VEGF), which 

correlates with enhanced metastatic potential [232].  Thus, we aimed to examine the 

effects of hypertonic stress on a non-kidney-type cancer cell, such as HeLa. Our 

preliminary results show an increase in the percentage of cells in G2/M phase (Figure 3.1) 

and a subsequent delay in cell cycle progression when hypertonicity is induced. The 

sequential activation of cyclin-dependent kinases (CDKs) and their association with 

cyclins drives progression through cell cycle [20]. Since cyclin D/CDK4 and 

cyclinB/CDK1complex drives progression through G1 and G2/M respectively, our results 

showed that arrest at the G1 and G2/M correlated with the downregulation of cyclin D1 

and cyclin B1 protein levels (Figure 3.4A) under hyperosmotic conditions. 

After establishing a delay in cell progression, primarily due to mitotic deceleration, we 

next intended to check the progression timings of each mitotic stage. Our results show 
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that when cells were released in hypertonic media from nocodazole arrest, they were 

unable to recover and stuck at metaphase (Figure 3.6). This observation was further 

confirmed by time-lapse live cell imaging of HeLa cells (Figure 3.7). It has been shown 

that a balance between an intracellular hydrostatic pressure and an outward directed 

osmotic pressure is instrumental for mitotic cell rounding [53]. Failure of the cells to 

round up is associated with defects in mitotic spindle architecture. As the cells begin 

deadhering from their substrate during mitotic entry to assume a spherical shape, they 

increase their intracellular hydrostatic pressure to facilitate this process. Exposure to 

hypertonic conditions results in a decrease in rounding pressure and volume of metaphase 

HeLa cells [53]. Additionally, earlier work from our lab has shown that an intact actin 

cytoskeleton is required for proper spindle assembly at the early stage of mitosis. 

Perturbation of the actin cytoskeleton resulted in a less-defined mitotic spindle with an 

aberrant increase in astral microtubules emanating from the spindle pole towards the 

cortex. Cells treated with inhibitors of Rho GTPase pathway to perturb the actin 

cytoskeleton showed centrosome defocusing and spindle misorientation, thereby 

suggesting that actin cytoskeleton plays an essential role in mitotic spindle assembly 

[226]. However, not much has been explored about the role of osmotic pressure in the 

assembly and maintenance of a bipolar mitotic spindle. Since reduction of the osmotic 

pressure is associated with decrease in rounding pressure and volume and defects in cell 

rounding, we hypothesized that hypertonic stress could have adverse effects on the 

establishment of a bipolar spindle. Thus, we examined the effects of hypertonic stress on 

the assembly of the mitotic spindle and observed that exposure to hypertonic environment 

indeed led to defects in spindle assembly, characterized by a dramatic increase in astral 

microtubules (Figure 4.1) and misorientation of the bipolar spindle (Figure 4.4).  

Under physiological conditions, ion transporters are activated in response to hypertonic 

stress to increase the intracellular osmotic pressure and restore normal cell volume by 
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compensatory regulatory volume increase. Since ion channels are responsible for the 

rescue of cells following an osmotic shock, we speculated that they might be involved in 

the organization of the cortical cytoskeleton and spindle assembly. As expected, HeLa 

cells treated with inhibitors of Na+/H+ antiporter and Cl- exchanger showed an aberrant 

increase in astral microtubules (Figure 4.5) and misorientation of the mitotic spindle 

(Figure 4.6).  

In order to provide a nexus between the observed phenotypic defects in the spindle 

assembly and regulation of the osmotic pressure, we proposed two possible underlying 

mechanisms. In the first approach, we studied the involvement of ERM (ezrin, radixin, 

moesin) proteins. ERM proteins are activated upon phosphorylation and are redistributed 

to the cortex, where it mediates rearrangement of actin filaments and favors a rounded 

morphology during mitosis [269, 316]. Our studies show a rapid (within 3 minutes) and 

prolonged (30 minutes) upregulation in phospho-ERM levels upon hypertonic challenge 

(Figure 4.7). Since the active form of moesin directly contributes to cortical rigidity [55] 

and our results show an increase in phopsho-ERM levels upon hypertonic induction, we 

examined the role of osmotic imbalance on the cortical rigidity of mitotic cells. 

Micropipette aspiration assay results showed lesser deformation and hence, higher 

cortical rigidity under hyperosmotic conditions (Figure 4.7). Since hypertonic milieu 

induced ERM protein activation by phosphorylation and increase in cortical rigidity, we 

then studied the effect of moesin phosphorylation on the organization of the mitotic 

spindle. Our results show that metaphase cells expressing the phospho-mimic form 

(T558D) of moesin showed impairment in the astral microtubule arrangement (Figure 

4.8) and an increase in spindle angle relative to the substratum (Figure 4.9). Thus, we 

suggest that the hypertonicity-defects in spindle orientation could be due to 

hyperactivation of moesin. Since, earlier studies have identified RhoA to be an upstream 

regulator of ERM protein phosphorylation [283], we proceeded to check whether Rho 
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plays a role in the hypertonicity-mediated upregulation of phosphorylated ERM protein 

levels. Cells treated with C3 transferase, a specific inhibitor of Rho, followed by 

hypertonic challenge inhibited the phosphorylation of ERM proteins, induced by osmotic 

stress (Figure 4.10). Thus, these data collectively imply that Rho may act collectively 

with osmotic stress to regulate the phosphorylation of ERM proteins. Hyperactivation of 

ERM proteins by increased tonicity might result in impaired metaphase astral microtubule 

organization and defects in bipolar spindle orientation.  

As an alternative approach to delineate the mechanism underlying the observed defects in 

spindle assembly induced by hypertonic stress, we designed a model based on the 

observation that hypertonic environment affects the rate of diffusion. Earlier study shows 

that when fluorescent dextran tagged with Texas red dissolved in hypertonic media 

containing NaCl was injected into the brain slices of rat cells and the intensity profile of 

the diffusing molecules was measured, there was a 15% increase in the diffusion 

coefficient under hypertonic conditions [272]. During mitosis, a diffusion-limited 

RanGTP gradient surrounds the chromosomes [273], which helps in the cortical 

recruitment of several proteins required for spindle assembly. Gα and the RanGTP 

gradient enable the recruitment of LGN to the cortex, which recruits NuMA and 

dynein/dynactin complex. The interaction of the astral microtubules with the cell cortex 

results in the release of the ternary complex Gα/LGN/NuMA/dynein from the cortex to 

the poles. Upon reaching the poles, this complex is recycled back to the cortex. This 

movement of the ternary complex is required for generating cortical pulling forces on 

astral microtubules, thus leading to the stabilization of the bipolar spindle [274]. The 

model predicted that since hypertonic stress affects diffusion, RanGTP gradient will be 

disrupted and consequently, the cortical recruitment of the above-mentioned proteins will 

likely be impaired. The defects in the cortical localization of Gα, LGN, NuMA or dynein 

may, in turn, be responsible for the aberrant organization of metaphase astral 
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microtubules and spindle angle defect. A total of 100 simulations were carried out for 

each osmotic condition and the results obtained were fitted with the experimental results 

which shows that under hypertonic solutions, the proportion of cells exhibiting large 

spindle angles of 20° increases from 0.056 in cells placed in normal control media to 

0.080 when cells are placed in NaCl solution (Figure 4.11 C). We then we proceeded to 

investigate the effects of osmotic perturbation on the cortical distribution of the proteins 

involved in spindle assembly, namely Gα, LGN, NuMA, and dynactin subunit, p150Glued 

which binds dynein. In accordance with the model, our experimental results also showed 

defective cortical localization of these proteins upon induction of hyperosmotic stress 

(Figure 4.12). 

In conclusion, our study shows that osmotic balance is required for timely progression 

through the cell cycle and disruption of the osmotic gradient is responsible for delay in 

mitotic progression due to defects in the bipolar metaphase spindle assembly, 

characterized by an aberrant increase in astral microtubules and defects in spindle 

orientation. One possible reason behind these phenotypic defects might be the hyper 

activation of ERM proteins since hypertonicity-induced moesin phosphorylation is 

implicated in the defects observed in mitotic spindle apparatus. Besides, we hypothesize a 

second model involving the RanGTP-mediated cortical localization of several proteins 

associated with spindle orientation to explain the observed impairment in astral 

microtubules and spindle assembly induced by hypertonic stress.  
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Chapter 6  

FUTURE DIRECTIONS 

Although we have delineated two possible pathways to explain the observed defects in 

spindle misorientation when cells are subjected to osmotic stress, further studies are 

needed obtain a more holistic picture. 

6.1 Upstream effectors of ERM activation 

Our results show an upregulation in phospho-ERM levels upon induction of hypertonic 

stress (Figure 4.7). However, we have yet to identify the upstream effectors governing 

this phosphorylation. Studies from our lab have reported a decrease in phospho-ERM 

levels upon Rho inhibition, suggesting that Rho plays a role in ERM protein activation 

[226]. Our results show that Rho and hypertonic stress exhibits a synergistic effect on the 

phosphorylation of ERM proteins as Rho inhibition reduced hypertonicity-induced 

increase in phospho-ERM levels (Figure 4.10). However, Rho is not indispensable for 

ERM activation under hypertonic conditions. It would therefore be worthwhile to assess 

the involvement of Rho in this process. One possible method would be to examine Rho 

activity under conditions of hypertonic stress. Rho alters between an active, GTP-bound 

form and an inactive GDP-bound form. The underlying principle of this assay is that the 

Rho family effector proteins will recognize the active GTP bound of Rho. The Rho 

binding domain (RBD) of the effector protein Rhotekin has a high affinity for the GTP 

bound form of RhoA and can be effectively used for affinity purification of active RhoA 

from cell lysates [167, 317]. We will use a RBD-GST fusion protein and this fusion 

protein is then coupled to Glutathione beads and cell lysates are incubated with this 

complex to pull down active, GTP-bound of Rho. Rho activity assay performed with cell 
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lysates subjected to hypertonic treatment will help us in understanding how the activity of 

Rho is affected under these conditions. 

Moreover, as mentioned above, since PIP2 activated by PIP5-kinase results in higher 

phospho-ERM levels, it would be interesting to study if the phosphorylation of ERM 

proteins by hypertonic stress in directly controlled by RhoA or mediated by PIP2.  

6.2 Microtubule dynamics under osmotic stress 

Secondly, our observations suggest that hypertonic stress affects astral microtubule 

arrangement during metaphase (Figure 4.1 A). EB1 specifically localizes to the growing 

microtubule distal tips and our EB1 immuno-staining further confirmed the increase in 

the astral microtubules during hypertonic stress (Figure 4.1 D). Kif18B is a plus-tip-

tracking protein that interacts directly with EB1 and controls length of astral microtubules 

during mitosis. Kif18B possesses microtubule-depolymerizing activity and is found to 

localize to the plus ends of the astral microtubule population, thereby affecting the 

dynamics and stability of this subset of microtubules [318]. Depletion of Kif18B results 

in an increase in the astral microtubule length and spindle misorientation [319]. Since 

hypertonic stimulation shows an aberrant increase in astral microtubules and spindle 

misorientation, it would be worthwhile to study if the association of Kif18B and EB1 is 

affected by hypertonic stress.  

Although our studies show hypertonic stress exerts an effect on astral microtubules, we 

have yet to elucidate how it affects microtubule dynamics. In order to accomplish this, we 

aim to visualize microtubules using a mCherry tagged-CLIP-170 construct and track the 

net elongation rate of microtubules by visualizing fluorescent of CLIP-170 fluorescence 

by time-lapse microscopy. Under conditions of hypertonic stress, if the microtubule 

elongation rate is higher compared to the control, these finding might indicate that the 
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osmotic stress results in an increased microtubule polymerization, thus explaining the 

increase in astral microtubules during metaphase. 

6.3 Effects of hypertonic stress on spindle misorientation 

Our results show an increase in the spindle angle relative to the substratum under 

conditions of hypertonic stress (Figure 4.4) and increased phosphorylation of moesin 

(Figure 4.9). Our data suggest that the hyper tonicity- induced ERM phosphorylation 

might be responsible for the observed spindle defects. However, we have not determined 

whether this effect is direct or mediated by any upstream regulators. The immediate 

upstream kinase phosphorylating moesin is SLK. Future studies can be performed to 

establish if SLK levels or activities are acting downstream of osmotic stress to regulate 

spindle assembly in during mitosis.  

Our proposed model describes that hypertonic stress affects the diffusion rate in cells, 

which disrupts the RanGTP gradient in the cells, leading to a wide cortical distribution of 

proteins essential for spindle orientation (Figure 4.13). Our immuno-staining results are in 

agreement with the model. We will next validate if the RanGTP gradient is altered under 

osmotic stress as predicted by the model. We are currently optimizing conditions for 

performing a fluorescence resonance energy transfer (FRET) assay to measure RanGTP 

gradient around the metaphase chromosomes using the Rango (Ran-regulated importin-β 

cargo) probe [224] This biosensor named Rango contains importin-β binding domain 

flanked by yellow fluorescent protein at the amino terminal and CFP at the carboxy 

terminus. RanGTP competes for binding with importin-β, thereby freeing the Rango 

probe and allowing the Rango probe to undergo FRET. In mitotic HeLa cells, Rango is 

dispersed throughout the cytoplasm. Photobleaching results showed that in mitotic cells, a 

gradient was recorded, a region with high FRET was observed around the chromatin and 

the signal decreased towards the cell periphery. However, we could not obtain a high 
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number of mitotic cells during our experiments for analysis. We are in the process of 

optimizing this assay in order to obtain more conclusive results. 

Finally, the model predicts defective cortical localization of Gα/LGN/NuMA/dynein-

dynactin, which we have confirmed by immuno-staining. Although our results indicate an 

impaired distribution of NuMA and Gα, we failed to observe cortical localization of 

LGN. One possible reason might be the antibody used to detect the cortical LGN was not 

suitable. In order to visualize cortical LGN, we propose to use a GFP-LGN construct to 

study its localization during mitosis under different conditions of osmotic stress.  

These findings, taken together, will then provide substantial evidence to validate our 

model and explain the underlying mechanisms governing orientation of the mitotic 

spindle apparatus under hyperosmotic milieu.   
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