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Abstract
It has recently been found that there is a strong link between certain cancer cells and one GTPase, RhoA. In RhoA over expressed IAR-2 cells, it has been observed that those cells become highly contracted and spherical. Also, the mitotic spindles of these cells lost their ability to orientate properly, and the number of abnormal cell divisions increases. To investigate if there is a correlation between the cell geometry and the spindle, we apply Y-27632 Rho Kinase on the RhoA activated IAR-2 epithelial cells to alter the cell cortex. Our result shows that there is not a direct relationship between the cell cortex change and the trend of spindle orientation. In normal IAR-2 cells, the cellular mitotic spindle orientation is mostly horizontal (we see that 25 out of 30 cells were under 10˚ relative to the substrate). In RhoA activated cells, our statistical date shows that the spindles appear to have a much wider range of distribution. However, in the Y-27632 treated RhoA cells, at the smallest dosage, even though the cell were still shape like those of non-Y treated RhoA spherical cells, the spindle angle became mostly horizontal.
We conclude that the cell angle distribution is unlikely to have a direct correlation with the cell shape change. It is possible that cortical flow has a more significant role in regulating the spindle orientation. Through mathematical modeling we will show that the effect of cell shape is minimal compare to the effect of cortical flow.  
Introduction
RhoA belongs to the Rho family of small GTPase, along with Rac and Cdc42. The Rho families GTPases are essential regulators in the cell cycle. Rho, Rac, and Cdc42 are known to regulate the G1 phase to S phase progression, and Rho also control cytokinesis. In many cancer cases that were studied, unusually high concentrations of some of those proteins are found to be present (3). Further research by Vasiliev (4) showed that in RhoA gene over expressed cells, the mitotic spindle loses its ability to orientate properly and the number of abnormal cell divisions increases. 
Normal IAR-2 epithelial cells, which are cells that are collected from the rat liver, can divide in such a way that all the cells within a colony are spread to form a single layer, thus maintaining its function as a protective monolayer for the liver. This single layer property was closely related to the position of the mitotic spindles that are formed during mitosis. In the prophase, two centrosomes separate and move in opposite directions around the nucleus. Microtubules extend from the centrosomes, and by repulsive interaction of these microtubules, centrosomes are moved to the two poles of the cells. By metaphase, this centrosome-microtubule structure, or mitotic spindle, is complete. During metaphase and anaphase, the spindle elongates and separates the chromosomes towards two poles. Immediately following the mitosis is the cytokinesis, during which a ring of actin is formed near the mid-section of the cell and cleaves it into two smaller cells, and the cell division process is complete. During this whole process, the mitotic spindle position is crucial in determining the division plane. It has been observed that in normal IAR-2 cells, most spindle axis forms a horizontal angle (0-30˚, Fig. 1A) relative to the substrate (5), and it is in accordance to the concept that normal IAR-2 epithelial cells tend to form single layer colonies. Because these cells always divide symmetrically at a plane which is perpendicular to the mitotic spindle, so that the resulting cells will always be on the same surface as the rest of the cells in the colony. 
RhoA is known to have effect on two effector protein, Rho kinase (ROCK) and mdia. Excessive amount of mdia can induce long, straight actin filament. Over production of ROCK can increase Actin-myosin contractility (6). Many significant changes were observed that in IAR-2 cells over expressing constitutively active RhoA protein, such as cell contraction and rounding up, detachment of cells from its original colony, and multiple layers(1). It is believed that the formation of the multiple layers in IAR-2 epithelial cells is a result of mitotic spindle misorientation. Spindle misorientaion is a phenomenon where the mitotic spindles angle distribution is different from that in normal IAR-2 cells. Vertical (60-90˚ relative to the substrate, Fig. 1B) angles of spindles in RhoA activated IAR-2 cells were sometimes observed (5), and such spindle can cause the division plane to become parallel to the substrate plane. After the division, the resulting position of the two cells of the division can be one on top of the other, thus causing multiple layers to form. The detailed mechanism governing the spindle orientation is still unclear. However, much evidence suggests that spindle orientation is closely related to the activities around the cell cortex. Several accounts indicate that during prophase there were extensive contacts between the microtubules and the cell cortex. In a different organism, fission yeast cell, it is found that spindle rotation is dependent on the interaction of astral microtubules with the cortical actin cytoskeleton (7). An experiment was done on NRK rat kidney cells using a blunted microneedle to push the cell cortex and alter the cell shape (2). It was observed that the spindle rotated to adjust for the new cortex. The cells even extend the length of the mitotic phases so that the spindle can reach a desired position before cytokinesis starts. It is reasonable to think that the cell cortex might have a direct connection with the underlying mechanism for spindle orientation.   
Another notable difference between RhoA activated IAR-2 cells and normal cells is the spindle dynamics. In normal IAR-2 epithelial cells, it is observed that the mitotic spindle is very dynamic before and during metaphase (8). However, in RhoA activated cells, the mitotic spindle appeared to be much less dynamic. The detailed reason why such phenomena appeared is unknown; however, a likely candidate for the underlying mechanism is cortical flow. 

Cortical flow is the movement of actin filaments as a result of concentration difference within a cell. Such flow can be the driving force for many intercellular activities. Cortical flow was observed in several different accounts. One of the observations made by Rosenblatt showed that in the early phase of cell division, the centrosomes separates by a force of flow within cell cortex (9). It is very possible that cortical flow also controls spindle movement and proper orientation. It is also possible that there is more than one population of cortical flows within cells. 
 Our focus here is the difference between constitutively expressing active RhoA IAR-2 epithelial cell and normal IAR-2 cells. Comparing the two, RhoA cells are generally much more spherical than normal cells. An experiment using Y-27632, an actin deoplymerizing drug which specifically blocks ROCK chain confirmed that Rho Kinase depedent myosin II contractility was most proably the reason for cell rounding up (4). Stress fiber, the actin structure that connect the cells base and the substrate, are much thicker RhoA cells. Many spindle misorientations are also observed in RhoA cells, which are believed to be the cause for multiple layers and cell detachment from the colony. When cell has a vertical angle, the division plane would form in such a way that one of the two daughter cells stack on top of the other. Such division disrupts the IAR-2 epithelial cells’ monolayer structure. The cell on top of the layer can detach from the colony and be a potential harm for metastasis (1).
The detailed mechanism for mitotic spindle orientation is still largely unknown. It was observed that there are intensive contacts between astral microtubule and cortex during the cell division, which led us to investigate the relation between the cell cortex shape and the spindle orientation. We devised an experiment using different concentrations of Y-27632 drug on RhoA activated cells to induce shape changes, and then record the resulting spindle angle changes. The results showed that there is no significant relation between the cell shape and the spindle angle distribution. We then considered the possibility of cortical flow as the more important fact in controlling the cell spindle. We also formulated a mathematical model to describe our data and support our hypothesis. 
Material and Methods
Cell Culture
“Priceless” IAR-2 rat liver epithelial cells stably expressing RhoA Q63L were cultured at 37°C in 5% CO2 using D20 (4 ml DMEM + 1 ml serum). After 1-2 days, the medium was changed to D10. Once cells formed multi-tiered colonies and there were cells floating in the media (approximately 3 days), we collected the media for floating cells from the flask. These cells were plated into a new 75-mm flask, and 0.12 ml of Geneticin (G418, antibiotic) was added to the media to eliminate non-RhoA activated cell. The rest of the cell were collected and maintained to generate a stable cell line for future use.
Y-27632 treatment, fixing and staining
Only RhoA activated cells were treated for Y-27632. For later Y-27632 treatment, these IAR-2 cells were plated on coverslips in several different small culture dishes. They were then incubated at 37˚C and allowed to grow to 30-50% confluence. We filled each culture dishes with 3ml D10, and Y drug stock solution were added to form concentrations of Y drug ranging from 0uM, 1.0uM, 1.5uM, 2.0uM, 2.5uM, 5uM, and 10uM. After Y27632 was added, the cells were incubated for 1 hour at 37˚C. To fix the cell, we first washed the cells with 37˚C PHEM and lysed using 0.5% Triton-X100 is PHEM for 1 minute, then added 0.5% glutaraldehyde in PHEM at 37˚C for 2 minutes as the first fix. We then add 0.1% glutaraldehyde in PHEM at 37˚C for 20 minutes as the second fix. Fixed cells were washed with PHEM, quenched with two washes (10 minutes per wash) of 0.5% sodium borohydride in PBS to reduce autofluorescence, and then stained for microtubules with monoclonal mouse anti-tubulin antibody IgG1 clone DM1 in block (1:100 dilution). The primary antibody was detected by using anti mouse Alexa Fluor 488 GAM in block. For a second stain for actin filament, cells were incubated in rhodamine-phalloidin (1:50 dilution) for 30 minutes. All coverslips were mounted onto slides using AquaPolyMount. All samples were stored in a cold room at least one day before we use them for imaging.           
Immunofluorescence Mircrosopy
Confocal images were taken by using Bio-Rad MRC 1024 laser-scanning confocal microscope system using a 60x objective water lenses. Stacks of confocal X-Y images were taken with 0.5um or 1.0um step-size and exported for future measurement. 

Measurement of cells shape and spindle
Stacks of X-Y images of cells were used in Volocity software for 3D reconstruction of cells. The measurement we used to describe different features is based on the approximation of a cell as a ellipsoid (Fig.2). We used shape ratio – the ratio between the spindle axis length and cell height. The spindle axis is the one axis passing through two poles of mitotic spindle, and the cell height is the vertical distance between the highest point and the lowest point of a cell. The spindle angle was obtained by calculating the angle between the spindle axis and its projection on the substrate plane. 
For mathematical modeling, we used the Origin 7.5 program for data fitting. In order to support our hypothesis, we also adapted a sigmoidal function to describe cortical flow - the theoretic factor that we were considering.
Result

Increase in Y-27632 concentration causes an increase in cell shape ratio
Y-27632 is a selective inhibitor of Rho kinase (ROCK), which in turn blocks myosin II light chain kinase and thus myosin II activity. It is an actin-depolymerizing drug. Application of Y-27632 of RhoA cells effectively reduces the contraction of the cortex and allows the cells to become relaxed and elongated. 
We quantify the cell shape using the shape ratio. In a sphere, such a ratio would equal to 1, and as the cells collapses, the ratio would increase. We measured that the average shape ratio in our 0Y uM treated RhoA cells to be 1.25 with a standard deviation of 0.25 (N=46). For 1.0Y uM treated RhoA cells, the average shape ratio is 1.18 with a standard deviation of 0.22 (N=29).  As the Y concentration rose, both the average shape ratio and its standard deviation increase accordingly. In 10Y uM RhoA cells, the average shape ratio is 1.93 with a standard deviation of 0.71. Despite the irregularity of the cell cortex shape, the average shape ratio was a good approximation for the cell shape. Because in 0Y uM treated RhoA cells, we saw that cells are more like to stay at a spherical shape; as Y drug concentration increase, for example, in 10uM Y RhoA cells, we saw that these cells collapsed and their contacts with the substrate were stretched. These observations correspond with the shape ratio we obtained from our calculation. We also calculated the average shape ratio in normal IAR-2 epithelial rat liver cell to be 2.07 (N=30), so that we can make the approximation that 10uM of Y-27632 can reverse the effect of overexpression of RhoA on cell shape. Our results show that the shape ratio is exponentially related to the dosage of Y-27632 in RhoA cells (Fig. 3). 
Effect of RhoA randomize the spindle orientation of IAR-2 cells 

It has been argued that mitotic spindles always orientate along the longest axis in the cell, but we found that this is not entirely true. We often observe longer axis within the cell than the spindle axis.  


Measurements of spindle angle distribution for normal IAR-2 cells were made, and 30 out 30 were within the horizontal range (0-30 degree), of which 25 out 30 were within 0-10 degrees. Such distribution promises a division plane that is perpendicular to the substrate, thus ensuring the resulting monolayer structure for epithelial cells. In the group of 0Y treated RhoA IAR-2 cells, the spindle angles were distributed in a much wider range. Only 32 out of 46 were with the horizontal range, and 14 out of 36 were between 0 to 10 degrees. Up to 79 degree spindle angle were observed for this group of cells. We reasoned that in a sphere, there is more space available for a spindle to have horizontal angle relative to the substrate than a vertical angle spindle. Theoretically the probability for spindle appearing at angle θ is determined by the function
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. In Fig. 4, we can see the similarity between the RhoA cell spindle angle distribution and cosine graph, thus we concluded that the spindle angle distribution is near random in RhoA cells.      

There is no direct relation between spindle orientation and cell shape

To investigate the relation between spindle angle change and the cellular shape change, we record the spindle angle for the Y-27632 treated cells, and the result was quantitatively characterized and shown in fig. 3. We saw that between the experimental groups RhoA 0Y uM and 1.0Y uM, the spindle distributions are very different. Between the angle range 0-10 degrees, we see that the percentage of cells in that range doubled. In 1.0uM Y RhoA cells, we see that 25 out of 29 cells were within the horizontal range, and this spindle angle distribution is already very close to that of the normal IAR-2 cells we have analyzed. However, we did not observe a big change in cell shape when the Y drug changes from 0uM to 1.0uM. As the Y drug concentration increases, the spindle angle distribution did not change significantly, but the cell shape ratio increased steadily. Thus we concluded that the spindle angle did not have a direct relation relative to cell shape. After seeing cell shape is an insignificant factor in governing the spindle angle, we considered that cortical flow can be an important factor. We hypothesized that, when the cortical flow is present, the spindle can be adjusted and stay at a horizontal position. If the cortical flow is not present, the spindles become randomly orientated. This could explain the random spindle orientates in RhoA cells, where the cortial actin were so contracted that the cortical flow was not present. In Y treated experimental groups, the Y-27632 drug can restore the actin concentration difference within cells, which allows the cortical flow to return and in turn bring back normal spindles orientations. 
Discussion and mathematically modeling
We see that the cell shape is not a critical factor in determining spindle angle distribution, and we want to consider the possibility that cortical flow is the important factor in controlling the spindle angle orientation. 
Here we propose a model for mitotic spindle orientation. We want to show that the main factor regulating the spindle angle is the cortical flow, and the effect of cell shape is much less relevant.

To incorporate our observations in a mathematical model, we start by identifying all the possible variables. We decided that the variables are the spindle angle θ, the cell shape ratio S, the Y drug concentration [y], and the cortical flow factor F. Rho does not have to be considered in the model since it is always present at the same amount for all experimental groups.
To determine the relation between the cell shape and the Y drug concentration, we use origin 7.5 software for data fitting, and we obtained a function of S in term of [Y]  (Fig. 2). We also use the spindle average angle for data fitting and obtained a function of θ in term of [Y] (Fig. 5). However, we do not have experimental data for the cortical flow. So we formulated a function (Fig. 6) that satisfied the following boundary condition for the spindle angle θ – when Flow is present, the average angle is low; and when flow is not present, the average angle is maximal. Such assumption fits the property of a sigmoidal function.   

So we had the following function from experimental data:
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And the assumption we made are the following:

[image: image3.wmf](

)

2

1

)

]

[

tanh(

2

1

]

[

2

1

+

-

=

c

c

Y

Y

F


In which the actually value c1 and c2 needs to be determined through experiment. Here, for the sake of convenience, we choose the value of c1 to be 0.5, and c2 to be 0.1. 
If shape is the only factor controls spindle orientation, then we will start our modeling by solving S([Y]) equation in term of [Y] to obtain the following function:
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Then by inserting [Y] into the function for
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, we obtained an equation of 
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 in term of S:
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Fig. 7-spindle average angle vs. shape ratio
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This graph shows that if the shape is the only effecter on angle, what the relation between the wo would be. We see that for small change of shape, we have big change in angle. However, this equation is obtained from the 
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 function. So originally the function had already included all the variables that control the spindle angle, and if we only correlated it with the shape, we are missing other important factors. So this model is not a comprehensive description of the relation between the shape and the spindle angle.
If the factor is the only factor controlling the proper orientation of spindle, we would use a similar approach, by solving the flow function for [Y], we have:

[Y] = 0.1* tanh-1 (2*( F– ½ )) + 0.5
Then we plug the value [Y] into the angle function, and obtain a function for average angle in term of cortical flow. The following is the function and its graph. 
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Fig. 8 - spindle average angle vs. cortical flow
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The above curve shows the relation between our hypothesized cortical flow and the spindle average angle. The graph shows that, when no flow is present, the spindle angle average is high. Ss flow approaches the value of one, the spindle average become lower. The information from this graph is a good fit for our hypothesis. If cortical flow is indeed a critical factor in determining the spindle orientation, then its effect compare to other factors is much more significant. So it is reasonable to consider such model that indicating cortical flow is the only element affecting the distribution of spindle angles. The model we used in this assumption is still too simplified, but it serves as a good start in attempting to quantify the amount of cortical flow. 
If the spindle orientation is governed by both the cortical flow and cell shape, which is more likely the case in real life, we would need a function that takes three variables into consideration. We propose that the following function can be a good candidate:
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 is the maximal angle in all experimental groups. The second term in the equation describes the relation between the flow and the spindle angle. The third part relates the shape with the angle distribution. When F equals 0, the second term equals 1, which would result in a maximal angle
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. When F equals 1, the second term equals 0, and the resulting angle would be very small. If we let S equals 1, which means the cells are spherical, we will obtain a maximal angle; if S equals 2, then the spindle angle will be very small. The product of these relations can be used to formulate a collective equation for the spindle average angle. 
Since the above equation is formulated through theory, we can test it using the experimental determined F([Y]) and S([Y]) function. By inserting these two equations into our formulated equation, we can find an 
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equation. Then we would need to compare that 
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 with experimental data. In the end, we hope to correctly determine the four parameters used in this equation: c1, c2, m, and k. After that, we would like to see which factor is the core factor in determining the spindle angle distribution.  

Conclusion
Through experiment, we found that cell shape is not a critical factor in determined the spindle angle distribution. Though mathematical modeling, we postulated that cortical flow might be a critical factor that allows for proper spindle orientation. We think that it is very likely the spindle orientation is determined collectively by the effect of both the cell shape and cortical flow. For future experiment, we will concentrate on measuring the amount of cortical flow in cell, and collect experimental data to support and strength our mathematical model.  
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[image: image17]  Fig. 1A

[image: image18]  Fig. 1B
The cell in Fig. 1A is a normal IAR-2 cell. It has elongated shape and horizontal spindle. The cell shown in Fig. 1B is a RhoA activated cell, the cell shape is spherical and the spindle angle can sometimes appear to be vertical. 
[image: image19.png]Shape = Spindle axis length : Cell Height
Red axis - Cell Height
Blue axis - Spindle axis length
6 - Spindle Angle





Fig. 2 – Method of measurement
Severals measures were used to describe different features of a cell. We approximate each cell as ellipsoid. To describe shape, we use the ratio between the spindle axis length (blue line) and the cell height (red line). In normal enlongated IAR-2 cells, such ratio would be close to two, and in a spherical cells, such ratio would be one. Spindle angle is the angle between the spindle axis and its projection on the substrate.   

[image: image20]
Fig. 3 - Shape vs. Y-27632 concentration plot
The Y axis indicates the shape ratio, and the X axis indicates the corresponding concentration of Y-27632 drug. The function of the curve shown in above graph is
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[image: image22]
Fig 4- spindle angle distribution histogram

The X axis in this histogram indicates the ranges of spindle angle, 10 means spindle angle (0-10). Y axis indicates the percentage of cells. The black bar is the cosfunction, draw to show the random orientation of the RhoA 0Y cells. We can see, in the 0-10 range, the RhoA 0Y group has only 30%. As for the Y drug treated groups, even at the smallest dosage, we see a significant increase of the distribution of spindle angles with the 0-10 range. The control cells have almost 90% of their cell within 0-10 degree.

[image: image23]
Fig. 5 – spindle angle average vs. Y-27632 concentration
The equation for the above curve is 
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. The Y axis is the average spindle angle, and the X axis indicates the concentration of Y-drug.

[image: image25]
Fig. 6 – Flow vs. Y-27632 concentration
The graph shows the hypothesized function for the relation between the flow F and the Y drug concentration. The function is
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, where c1= 0.5 and c2=0.1. The Y axis indicates the amount of flow, and the X axis indicates the concentration of Y drug. 
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