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INTRODUCTION

The research reported here is based on the observation that one of the isotypes of
tubulin, By, is found in the nuclei of a wide variety of cancer cells, including breast,
prostate, and lung. We have found nuclear B not only in cultured cancer cells but also in
breast cancer in situ. We have also found B in the nuclei of cultured rat kidney
mesangial cells. In contrast, we do not see nuclear By in normal cells. We have had two
overall aims in this research: 1) to identify the function of nuclear By;; and 2) to design a
drug that will target nuclear By;. Our overall hypothesis in the first aim is that nuclear By
somehow aids in rapid cell proliferation; our objective is to find out how. As we
originally proposed, we have microinjected monoclonal antibodies specific for individual
tubulin isotypes into both breast cancer and rat kidney mesangial cells and we have found
that they have no apparent effect on cell viability and function. Microinjection of
antibodies into mesangial cells gave similar results. Accordingly, we developed a variety
of approaches to test this hypothesis. This included addressing the mechanism of nuclear
Bir localization, surveying other cancer cells, including tumors from patients, to see if
nuclear By is a widespread phenomenon, examining the effects of drugs on nuclear By,
and investigating the functions of the By, By and PBrv isotypes. We have found that the
localization of B); in nuclei does not require that it enter the intact nucleus; rather, nuclear
Bn binds to a nuclear component during mitosis when the nucleus has disintegrated. As
the nucleus re-forms it incorporates By into it. The process, whatever it is, is specific for
Br; neither By, B nor Brv will enter the nucleus. We have also found strong evidence that
entry of By into the nuclei may require tyrosine phosphorylation, possibly of the f;;. We
have also surveyed a variety of cancer cells in culture and also cancer excisions and
observed that all of the former and 80% of the latter contain nuclear f3;;. We have found
that successful anti-tumor drugs that target tubulin (e.g., taxol and vinblastine) expel By
from the nuclei of cells, whereas drugs that target tubulin equally well, but which are less
successful against cancer, do not expel nuclear ;. Finally, we have found evidence that
B is involved in protecting cancer cells from oxidation, that ;v interacts with actin and
that 1 may regulate the actin-fy interaction. The hypothesis underlying the second aim
is that an anti-tubulin drug that has been modified by addition of a moiety that would be
directed toward the nucleus may be particularly toxic to cancerous cells that contain
nuclear tubulin. Accordingly, we have attempted to link the anti-tubulin drug colchicine
to such a moiety, in one case to estradiol, in the other to a peptide containing a nuclear
localization sequence. We were unable to demonstrate synthesis of the former product,
but we made the second one, a peptide-colchicine derivative. We were unsuccessful,

however, in demonstrating that this peptide targets the nucleus.
b




BODY

TASK 1: MICROINJECTION OF ISOTYPE-SPECIFIC
ANTIBODIES INTO BREAST CANCER AND NORMAL

CELLS

Rationale:

The research described here is based on the finding that the By isotype of tubulin
occurs in the nuclei of a variety of cancer cells, including breast cancer cells. The
specific goal for Task 1 is to determine the function of nuclear f;;. The idea is to
microinject antibodies specific for each tubulin isotype into cells and see what cellular
functions are disrupted. As it happened, microinjection did not give unequivocal results,
hence we decided to address this question using a variety of approaches.

Experimental Results:
Microinjection of the Isotype-Specific Antibodies

We microinjected breast cancer cells with monoclonal antibodies specific for the
B1, Pu, By and Byy isotypes. We saw no change in their viability. In order to carry out
this experiment in a system more focused on nuclear f3j;, we turned to rat kidney
mesangial cells. The reason is that the mesangial cells contain $;; almost entirely in their
nuclei, whereas breast cancer cells contain f3; in both the nuclei and the cytoplasm (1).
Our rationale was that if microinjection of anti-fj; into mesangial cells had an effect, then
that effect was likely to be attributable to interfering with nuclear 3;; as opposed to
cytoplasmic fB;;. We microinjected them during interphase and mitosis. Microinjection
was done into the cytoplasm and the nuclei. We found that microinjection of anti-fy had
no effect at all on the mesangial cells, including not only their viability and ability to
form mitotic spindles but also their ability to undergo cAMP-induced shape change, a
process that can be blocked by microtubule-inhibitory drugs. Microinjection of
antibodies against 3y and Bjy had no effect either. The only effect was seen with micro-
injection of anti-f;, which caused the cells to undergo unusual shape changes when
cAMP was added. This is likely to reflect the fact that ; is the most abundant isotype in
the cytoplasm of mesangial cells rather than arising from a specific function of p;.

The fact that microinjection of isotype-specific antibodies into cellstdid not have
any major effect does not mean that specific isotypes do not have particular functions,
nor that nuclear f; has no significance. It is possible that the microinjected antibodies
were not sufficiently concentrated to interact with their isotypes. There could also be a
question of timing, since the antibodies can only last for a certain length of time before
the cell degrades them. There may be specific times during the cell cycle during which
the isotype differences become important; perhaps the effective concentration of the
antibody at those times in the vicinity of its antigen is not sufficiently high to interact




with the isotypes. At any rate, we decided to address the question of the functional
significance of nuclear By-tubulin using other approaches, including determination of the
occurrence of nuclear bll in normal and cancer cells and, for purposes of comparison,
investigating the functions of the other isotypes.

Confocal Microscopy of Breast Cancer and Normal Breast Epithelial Cells

Our results, using normal immunofluorescence microscopy, have shown that By
occurs in the nuclei of breast cancer cells and in lesser amounts in the nuclei of MCF-10F
cells, that are supposedly non-transformed breast cancer cells (Figure 1). Even in our
best micrographs, however, it was not clear that, in breast cancer cells, the other isotypes
were absent from the nucleus. It took us a long time to locate a viable system for
confocal microscopy, but we now have an arrangement with Dr. Victoria Froehlich,
Assistant Professor in the Department of Cellular and Structural Biology at the Health
Science Center who supervises the Optical Imaging Core Facility. This facility has an
Olympus FV500 Confocal Scanning System equipped with argon and red and green
helium-neon lasers, based on an [X70 inverted microscope. Very recent results using this
microscope has shown clearly that the By, Bi;; and Py isotypes, all of which are expressed
by MCF-7 breast cancer cells, are absent from their nuclei (Figure 2). They are also
absent from the nuclei of MCF-10F cells (Figure 1). Thus, it appears very clear that the

nuclear localization of By is specific for that isotype.
Characterization of Nuclear fyin Cancer Cells

The basis for this grant was our earlier finding that B;; occurs in the nuclei of
breast cancer cells. We decided to characterize it further. First, we found that f3
occurred with a-tubulin, indicating that nuclear Py is almost certainly in the form of an
ofy dimer (Figure 3). Second, we treated the cells with fluorescent colchicine and found
that this colchicine derivative labeled the nuclei in a pattern indistinguishable from that of
Bu (Figure 4). Third, we treated cells with a fluorescent derivative of taxol and found that
it also labeled the nuclei. In short, even though nuclear By did not form microtubules, it
appeared to be an af;; dimer and was otherwise normal, at least in its drug-binding
properties.

We saw that f3;; accumulated in structures that we assumed were nucleoli.
However, we had not directly demonstrated that. We found that fluorescein-colchicine
appeared to label the nucleoli in extracted cells (Figure 5). We thus co-labeled our cancer
cells with anti-p;; and with acridine orange, a fluorescent dye specific for RNA (nucleoli
are very rich in RNA). We found that B;; does indeed co-localize with nuct¥oli (Figure
6). To make doubly certain, we also co-labeled cells with anti-B;; and nucleolin, a
nucleolar marker (Figure 7) and also with fluorescent colchicine and acridine orange
(Figure 8), obtaining the same results each time.




Microinjection of Fluorescently Labeled Tubulin Isotypes into Mesangial Cells

Since mesangial cells have only low levels of cytoplasmic 3, we have begun this
approach using these cells. As previously reported, we microinjected these cells with
fluorescently labeled ofy; tubulin. afy is isotypically purified tubulin, that is, a tubulin
dimer whose [3 subunit is By, as opposed to isotypically unfractionated tubulin, which, in
our source of bovine brain, is a mixture of of};, By, iy and afy dimers (2). As
previously reported (1), the fluorescently labeled afj;; localized to the nucleus, and in the
same pattern as we found for the cell's own a3, namely, concentrated in the nucleoli
(Figure 9). We found, however, that a mitotic cycle had to pass before the of3;; entered
the nuclei. af};; that was microinjected during mitosis also entered the nucleus. These
results imply that the process by which afj;; does not involve entering the intact nucleus,
but rather that it must bind to a nuclear component during mitosis, when the nucleus has
disintegrated, and that afy; is present in the re-forming nucleus.

We then went on to microinject the cells with fluorescently labeled oy and o fyy.
These did not enter the nucleus, no matter when they were injected (Figure 9). Thus, this
implies that the mechanism of nuclear entry is specific for af;. Presumably, therefore,
there is a nuclear component that binds only to i and not to the other isotypes.

Post-translational Modification of Nuclear fy-Tubulin

One possible explanation for how By localizes to the nucleus is that it undergoes a
different type of post-translational modification than does non-nuclear ;. This is not a
trivial possibility since the tubulin molecule undergoes more post-translational
modifications than most other proteins; these include detyrosinolation and
retyrosinolation of o, removal of the last two residues from o, acetylation of «,
phosphorylation, palmitoylation, and polyglutamylation of both a and 3, and
polyglycylation of B (3). We have previously shown that the o in nuclear afy; is
tyrosinolated (1). We subjected a nuclear extract to gel electrophoresis followed by
immunoblotting using antibodies against polyglutamylated and phosphorylated proteins.
We found very clear evidence that nuclear 3 is not polyglutamylated; our results also
suggested that nuclear Bj; may be phosphorylated at a tyrosine residue. This latter result
was not unequivocal, however, since we could not be sure that the phosphorylated protein

was By

We approached this question in another manner, by incubating the cells with
genistein, an inhibitor of tyrosine phosphorylation (4). We obtained some inhibition of
nuclear fy; localization in MCF-7 breast cancer cells, rat kidney mesangial cells and
T98G glioma cells, most dramatically in the latter (Figures 10-13). This finding implies
that, in order for the af;; dimer to enter the nuclei, tyrosine phesphorylation is necessary,
although whether the phosphorylated protein is By is not yet clear.
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Identification of Nuclear Proteins Binding to Sy

This has so far been disappointing. We have used co-localization and
immunoprecipitation to attempt to identify proteins that bind to By;. We previously
reported that vault ribonucleoprotein co-localized with By in the nuclei of mesangial
cells. We have now found that our anti-vault antibody may also bind to tubulin, casting
the results of the co-localization experiments into doubt. We also looked for co-
localization of nuclear B with tau, microtubule-associated protein 4 (MAP4), and
adenomatous polyposis coli protein (APC). None of these proteins co-localized with

nuclear ;.

, We also attempted to approach this question by immunoprecipitation of a nuclear
extract with anti-B;;. We found that 4 bands were obtained; however, the same bands
were obtained by immunoprecipitation with anti-f; and anti-By, so there was no
specificity with ;.

Double-label Immunofluorescence of the Mitotic Spindle

We have been exploring the hypothesis that the tubulin isotypes play different

‘ roles during mitosis and that nuclear localization of fy; allows it to play a unique role
during mitosis. We have occasionally observed that By, By and v do not co-localize
exactly in the spindle and midbody. We intend to carry out some confocal microscopy
experiments to examine this at higher resolution. One specific hypothesis that we wish to

i test is that the different isotypes distribute differently among the microtubules of the
mitotic spindle. If one isotype is clustered around the kinetochore, for example, it could

‘ help attract microtubules from the centrosome to the kinetochore; this would make the
process of mitosis more rapid and accurate and would allow for faster cell proliferation.
We intend to test this hypothesis.

Survey of Nuclear By in Cultured Cancer Cells

In order to better understand the role of nuclear By, we surveyed other cell types
| to see if they also had nuclear B;;. We found that relatively few normal cell types
‘ contained nuclear ;. Mesangial cells were actually an exception in that they are normal
cells and their nuclei clearly contain By. In contrast, osteoblasts, fibroblasts and certain
smooth muscle cell lines do not contain nuclear By (Figure 14). However, every cultured
cancer cell line that we have examined contains nuclear f;;. These include breast,
glioma, prostate, ovarian and colon cancer cell lines (Figure 15). "

Survey of Nuclear fy;in Excised Tumors

We extended our survey to actual cancers excised from patients. These samples
were treated with anti-Py; and stained using the immunoperoxidase approach. The results
are shown in Table 1.



| Table 1. Presence of Nuclear 3;; in Human Cancer Excisions

Type of Cancer Examined  Fraction of Cancers with Nuclear

Breast 18/18
Prostate 16/16
Colon 14/14
Stomach 13/14
Ovary 10/13
Bone” 16/18
Brain® 5/17
Liver (hepatocellular carcinoma) 1/7
Bile duct 1/1
Melanoma 1/1
Retroperitoneal carcinoma 1/1
Basal cell carcinoma 1/1 TOTAL: 97/121 = 80%

“Includes osteosarcoma and giant cell carcinoma. “Includes astrocytoma, ependymoma, chordoma,
meningioma and medulloblastoma.

If the table is revised to reflect only cancers of epithelial origin, then the
percentage of cancers with nuclear By is 90%. This is a very high percentage, that
suggests that nuclear B;; may serve some particularly important function for the cancer
cell, although it does not tell us what that function may be.

Nuclear fy; in Excised Breast Tumors

We examined 18 excisions from breast tumors. All of these had nuclear Bj;. The
pattern was quite variable (Figure 16). The intensity of staining of nuclear By did not
appear to be correlated with any variable such as the grade of the tumor or how
differentiated it was. Some tumors showed weak nuclear By staining; others had nuclei
that stained very strongly for nuclear By;. Some had B mainly in the cytoplasm, some in
both the nuclei and the cytoplasm, and some largely in the nuclei (Figure 16). Perhaps
the most striking pattern was in the cases of mucinous or colloid carcinoma that we

observed; these had very intense nuclear By staining and very little in the cytoplasm
(Figure 106).

We also examined 14 samples of benign breast hyperplasia. There was a great
deal of variation. A sample of stromal fibrosis had some nuclear By, as did one
fibroadenoma, but not another fibroadenoma. Cysts showed little or no nualear By, and
apocrine metaplasia showed very little. Hyperplasia usually showed little nuclear By,
although there were some exceptions. One pattern observed in hyperplasia was that
epithelial cells had very little nuclear By, while myoepithelial cells had considerable
nuclear By;. These results raise the possibility of using nuclear By as a diagnostic and/or
prognostic factor in breast biopsies.



Effect of Drugs on Nuclear by

We have found that nuclear B is very sensitive to certain drugs; the effect of
drugs, however, is surprising. We have found that vinblastine causes disappearance of
cellular microtubules and also of nuclear By (Figure 17). Taxol causes disappearance of
nuclear [3;; but also induces bundling of microtubules in the cytoplasm (Figure 18). The
effect of taxol on expulsion of By from cancer cell nuclei is dose-dependent (Figure 19).
Interestingly, there is a group of drugs, all potent against tubulin, that have no effect on
nuclear 3;;. These include combretastatin A-4, colchicine, nocodazole, and estramustine.
Even though all of these drugs inhibit microtubule assembly in vitro and depolymerize
cellular microtubules in the cytosol and also, in some cases cause apoptosis, yet they are
unable to expel By from the nuclei (Figures 20-21). It is interesting that certain anti-
tubulin drugs expel By from the nucleus and certain others do not. We could divide the
drugs into two groups, as follows: group A, consisting of taxol and vinblastine, and group
B, consisting of the other drugs we examined. One could summarize the observed
differences by saying that, although drugs from each group can cause apoptosis, those
from group A will expel B from nuclei even from non-apoptotic cells. The drugs from
group B do not affect nuclear Py even in apoptotic cells. These results are best
summarized in tabular form (Table 2).

Table 2. Effect of Anti-tubulin Drugs on Nuclear fy; in Cells

Expulsion of Effect on Tubulin Isotype Anti-Cancer

Drug Nuclear By  Polymerization” Specificity®  Usefulness
Group A

Taxol Yes Promotes” ofi’ High/

Vinblastine Yes Promotes® oy High'
Group B

Colchicine No Inhibits oBr/ Low*

Combretastatin A-4 No Inhibits ocB](' Indirect’

Nocodazole No Inhibits afif Low”

Estramustine No Inhibits ofy?” Medium®

“Based on our data (described in this Report). *Effect on microtubule assembly in vitro.
“Various approaches were used to compare the binding of each drug to the isotypically
purified afy, afm and afy dimers; these are detailed after each drug. dTax,ol induces
microtubule assembly and bundling of microtubules (5). “Measured by the effect on the
dynamics of microtubules assembled from isotypically purified dimers (6). “Taxol has
been very useful in treatment of ovarian and prostate cancers; its analogue, taxotere, is
highly useful in breast cancer (7,8). #Although vinblastine inhibits microtubule assembly,
it is unusual in that it induces the polymerization of tubulin into non-microtubule
structures, typically spiral protofilaments (9). "Measured by the effect on microtubule
assembly and polymerization into spiral-type aggregates (10). ‘Vinblastine is the
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treatment of choice for Hodgkins' disease (11). /Measured by a fluorescence binding
assay (12). Although repeatedly examined, colchicine has not proved a useful anti-
tumor drug (13,14). ‘Combretastatin A-4 is a potentially very useful-anti-tumor agent.
However, it does not attack cancer cells directly; rather it inhibits angiogenesis by acting
on endothelial cells (15). "Although first synthesized in hopes that it would prove a
useful anti-tumor drug, nocodazole has been disappointing (16). “The binding of
estramustine to tubulin isotypes has not been directly measured. However, when brain
tubulin is incubated with radioactive estramustine and treated to bind covalently to
tubulin, the label co-migrates with the {3, rather than the B, band (17). On
polyacrylamide gels containing Na dodecy! sulfate, the B, band consists only of the By
isotype, while the B, band of tubulin contains of the B, By and By isotypes (18). Since
Bir accounts for 77% of the B, band, it is very likely that estramustine reacts preferentially
with the oy isotype. °Estramustine was once used to treat hormone-refractory prostate
cancer (19), but it is now being superseded by taxol, that is considered to be at least
equally effective (20).

What do the drugs in group A have in common that the drugs in group B do not?
As mentioned above, the drugs in group A expel afy; from the nucleus; they also are the
most effective against cancer. They also induce tubulin polymerization, either normal or
abnormal. It is conceivable that their ability to induce tubulin to polymerize may lower
the free tubulin concentration in the cytosol and thus, induce tubulin to exit the nucleus.
This is unlikely to explain the results, however, for the following reasons: 1. If nuclear
tubulin were in equilibrium with cytoplasmic tubulin, that would imply a great deal of
porosity in the nuclear membrane, a porosity that would contradict our finding that oy
cannot cross the nuclear membrane. 2. If nuclear tubulin were in equilibrium with
cytoplasmic tubulin, then it is difficult to imagine that all the nuclear tubulin would be
expelled by the drugs, yet our results suggest that this is exactly what happens. In short
our results suggest that there must be a way for By to exit the intact nucleus even if it
cannot enter it. Most importantly, however, our results raise the possibility that nuclear
B may serve as a target for anti-tubulin drugs. Granted that the concentrations of drug
required to expel a.py from the nucleus are higher than those that inhibit microtubule
dynamics in the cell, it is quite reasonable to postulate that expulsion of nuclear a3 be
only a terminal effect, that at very low concentrations, drugs of group A may actually
have a novel effect, inhibiting the ability of nuclear af;; from performing its as yet
unknown function.

Effect of lonizing Radiation on Tubulin Isotype Composition in Breast Cancer Cells

In collaboration with Dr. Mohan Natarajan of the Radiology Departhient, we are
looking at the effect of ionizing radiation on MCF-7 breast cancer cells. MCF-7 cells
were subjected to a burst of ionizing radiation and then allowed to incubate for 24 hours.
Cell proliferation was not markedly affected, compared to control cells that had not been
irradiated. The colchicine binding activity of the cell extract at 3 hours increased by
13%, however, at 24 hours, the irradiated cells had 44% less colchicine binding activity

‘than did the control (Table 3). This suggests that the MCF-7 cells have switched isotypes
in response to the irradiation, perhaps switching to one that binds less colchicine, such as




ofi. We will be examining nuclear By localization and also isotype composition of the
irradiated breast cancer cells. One hypothesis about nuclear 3 is that the nucleus acts as
a storehouse for tubulin to protect it from free radicals that are likely to be generated by
ionizing radiation.

Table 3. Effect of Ionizing Radiation on Colchicine-Binding Activity of MCF-7
Breast Cancer Cell Extracts

Ionizing After Three Hours in Culture  After 24 Hours in Culture
Radiation Total Total
(units) Prot (ug) DPM Prot (ug) DPM
0 504 4650+ 416 802 6600 + 132
1 459 5400 + 44 882 6801 + 252
10 377 5264 + 794 725 3723+ 118

Batches of MCF-7 breast cancer cells were treated subjected to either 0, 1 or 10 units of
ionizing radiation. They were then allowed to grow in culture for either 3 or 24 hours.

At the indicated times, cells were harvested and homogenized in the presence of a
cocktail of protease inhibitors (benzamidine (5 mM), TAME (2 mM), SBT1 (0.1

mg/mL), aprotinin (0.2 pug./mL), leupeptin (1 pg/mL), antipain (1 pg/mL), and PMSF
(1% (v/v)). In each cell homogenate the total protein was determined. An aliquot of each
homogenate was diluted to 0.75 mg protein/mL and was incubated with 50 uM
[PH]colchicine for 1 hour at 37 °C. Reactions were filtered and the radioactivity of the
filters determined (21).

A Function for the By Isotype: Protecting Tubulin in Cancer Cells from Oxidation

In another approach to test the function of the By isotype, we compared two lines
of breast cancer cells---MDA and BT5492---and measured the concentration of free
radicals. BT5492 contains a very high concentration of Bi;. MDA cells contain very
little By;. A-10 cells were used as a control; these are smooth muscle cells that contain no
detectable By;;. As seen in Figure 22, the level of free radicals appeared much higher in
the BT5492 cells than in the MDA cells, and somewhat higher in the latter than in the A-
10 cells. This has led us to hypothesize that the By isotype, whose sequence lacks the
easily oxidizable, yet assembly-critical cys™’, may serve to protect the microtubules of
cancer cells from oxidation. This is consistent with the fact that By is founh in tissues
likely to be exposed to free radicals such as the colon and nasal epithelia (22,23). We are
formulating for future research a strategy for breast cancer in which we treat with a drug
such as taxol, that tends to bind very well to By; this would force the cancer cell to shift to
making more By;;. We would then treat with a drug, perhaps an antisense nucleotide,
specific for By, to eradicate the cancer.
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Functional Significance of the f; and pv Isotypes

We have also characterized the other antibodies that we have made. We found
that, in various cell types, there appears to be co-localization between the By isotype of
tubulin and actin filaments. This is particularly apparent when the cells are treated so as
to remove microtubules. We hypothesize that one function of Py is to interact with actin
filaments. Perhaps if a cell needs to have interaction between microtubules and actin
filaments, it expresses Byy. This is described in an attached manuscript (24). In a related
project, adhesion of MDCK cells was studied. In these cells, the periphery contains the
actin filaments involved in adhesion. These cells express the B, iy and By isotypes.
However, the By and By isotypes occur throughout the entire microtubule network,
including the periphery, while the B; isotype occurs in all the microtubule network,
except the periphery. It is reasonable to speculate, based on our results with By (24) that
the Byv in the periphery is interacting with actin. However, if these cells are made to
over-express Py, then adhesion is inhibited. It is possible, therefore, that the role of f; is
to regulate the actin/B,y interaction. These results are described in the attached
manuscript by Lezama ef al. (25).

Molecular Modeling of the Tubulin Isotypes

In collaboration with Dr. Peddaiahgari of BioNumerik Pharmaceuticals, Inc., we
modeled the afy, afy; and afivs dimers by in essence mutagenizing the -tubulin
sequence used by Nogales ef al. (26). We found that the conformations of all three
dimers are likely to be different (Figure 23). Three conclusions can readily be drawn
from these models. First, each dimer differs in the conformation of the o subunit as well
as the B subunit even though in the modeling no changes in the o sequence were
assumed. These results raise the possibility that the § subunit may exert a powerful effect
on the conformation of the entire tubulin molecule and therefore control its response to
drugs. Second, afy; clearly has the most, and a3y the least, compact configuration of
the three dimers. This is consistent with our previous published work indicating that oy
is the most rigid and oy the least rigid of the dimers (27-29). Third, our results suggest
that drugs could be designed to be isotype-specific.

TASK 2: SYNTHESIS AND CHARACTERIZATION OF A
STEROID-COLCHICINE DERIVATIVE THAT TARGETS
THE NUCLEUS AND BINDS TO TUBULIN

This task was scheduled to be performed in the first year of the gran%t, but the
reviewers were very skeptical about its feasibility, so we postponed it. However, in view
of the previous finding that the distribution of f; within the nucleus was correlated with
resistance to estrogen, we decided to go ahead and attempt to make this compound
(Scheme 1). The procedure was as follows: a slurry of B-estradiol (12.6 mg, 0.05 mmol),
triphosgene (14.8 mg, 0.05 mmol) and potassium carbonate (4 mg, 0.03 mmol) in
dichloromethane (4 mL) was stirred at room temperature under nitrogen for 2 hours. A
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solution of deacetylcolchicine (18 mg, 0.05 mmol) in dichloromethane (2 mL) was added
and stirring of the resulting yellow slurry was continued overnight. The slurry was
partitioned between dichloromethane and water, the organic layer separated, washed with
water, dried over sodium sulfate, filtered and evaporated to give a brown residue. Proton
NMR indicated formation of the NHC(O) bond but further analysis using high resolution
mass spectrometry gave a molecular weight of 643.3027. The calculated molecular
weight should have been 654.3069. The 11 mass units difference indicates that there was
a problem with the synthesis.

TASK 3: SYNTHESIS AND CHARACTERIZATION OF A
PEPTIDYL-COLCHICINE DERIVATIVE THAT TARGETS
THE NUCLEUS AND BINDS TO TUBULIN

Background:
We synthesized the following peptide:
KRPRPCGMNK*EARKTKK

(* indicates that this lysine residue is labeled with fluorescein).

We showed in an earlier report that the peptide, when microinjected into rat kidney
mesangial cells, began to accumulate in the nucleus within two hours after
microinjection. After 20 hours, most of the peptide was in the nucleus.

We intended to make the peptidyl-colchicine derivative by reacting the peptide
with deacetylcolchicine, but deacetylcolchicine is no longer commercially available. We
therefore had to devise a synthesis for the peptide, beginning with colchicine (Scheme 2).
The synthesis was as follows:

Synthesis of Peptidyl-Colchicine Derivative:
Synthesis of Trimethylcolchicinic Acid

A solution of colchicine (3.01 g, 8 mmol) in 4:3 concentrated HC] and methanol
(70 mL) was refluxed for 48 hours. The solution was allowed to cool to room temperature
after which a rinsing of the reaction flask was added. Neutralization of the pH with solid
sodium carbonate gave a yellow flocculent precipitate which was extracted with
dichloromethane. The aqueous layer was extracted and the combined organics dried by
passage through sodium sulfate and evaporated to give crude trimethylcolchicinic acid.
The structure was confirmed by '"H NMR.
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Synthesis and Purification of Deacetylcolchicine

The next step was to methylate the trimethylcolchicinic acid with diazomethane.
For this, trimethylcolchicinic acid (2.277 g) in dichloromethane (50 mL) cooled to 0-5 °C
was mixed with a solution of KOH (16 g, 0.29 mol)) in 16:13 ethanol/water, and a
solution of diazald™ (16g, 0.075 mol) in ether (144 mL). The reaction was distilled until
the distillate was colorless. The reaction was allowed to come to room temperature and
evaporated to give a brown residue that was dissolved in dichloromethane and evaporated
again to remove excess diazomethane. The product was identified by '"H NMR. This
method gave a 1:2.5 mixture of deacetylcolchicine and isodeacetylcolchicine. Several
procedures were used in order to purify the deacetylcolchicine. All of them involved
chromatography on silica gel (30,31).

Synthesis of N-4-Maleimidobutyroyldeacetylcolchicine

Once the deacetylcolchicine was purified it was derivatized to generate N-4-
maleimidobutyroyldeacetylcolchicine. In one method, deacetylcolchicine was reacted
with y-maleimidobutyric acid in oxalyl chloride. The second method involved reacting
deacetylcolchicine with y-maleimidobutyric acid N-hydroxysuccinimide ester. The first
two methods gave the purest product. The other methods involved using 1-
hydroxybenzotriazole as a catalyst with or without dicyclohexylcarbodiimide. These
generated the desired product, but with some by-products as well.

Synthesis of the Peptidyl-deacetylcolchicine Derivative

The next step was to couple N-4-maleimidobutyroyldeacetylcolchicine to the
above-mentioned peptide. For this, acetic acid (10%, 50 uL) was added to a solution of
the peptide (0.5 mg, 0.2 pmol) in water (0.4 mL) and the resulting solution stirred for five
minutes at room temperature. A solution of N-4-maleimidobutyroyldeacetylcolchicine
(0.11 mg, 0.2 umol) in acetonitrile (150 pL) was then added. Samples were withdrawn at
various times and analyzed by HPLC. Analysis by MALDI indicated that the products
were not pure. The largest product was identified as:

PRPC*GMNK*EARKTKK,

where # corresponds to the deacetylcolchicine attached to the cysteine residue and * is
the fluorescein. It is clear that the peptide underwent partial hydrolysis during the
coupling reaction, losing the first two residues. However, the truncated peptide still
retains a nuclear localization sequence and should be able to localize to theyiucleus.

Microinjection of the Peptidyl-Colchicine Derivative into Rat Kidney Mesangial
Cells:

We microinjected the peptidyl-deacetylcolchicine derivative into cultured rat
kidney mesangial cells, having first made it as concentrated as possible, while still




remaining soluble. Unfortunately, the microinjected derivative was not sufficiently
fluorescent to be visible in the fluorescence microscope.

TASK 4: CREATION OF A TUBULIN-BINDING
NUCLEAR-LOCALIZING PEPTIDE USING A
COMBINATORIAL LIBRARY

This task was going to be done in collaboration with Dr. David Edwards of Ceres
Technology, a San Antonio-based company. However, Dr. Edwards moved away, his
company apparently folded, and the combinatorial library was not available, so we could
not pursue this aim.

TASK 5: ATTACHMENT OF FOLIC ACID TO THE MOST
SUCCESSFUL PEPTIDE

We intended to attach folic acid to the peptide-colchicine derivative made in Task
3. We decided to use the approach shown in Scheme 3: to couple the folic acid to N-
hydroxysuccinimide, which would then be linked to the peptidyl-colchicine derivative.
Our first attempt was carried out using the coupling reagent dicyclohexyl carbodiimide in
dichloromethane. However, severe solubility problems were encountered. Hence, we
switched to using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) and 1-
hydroxybenzotriazole (HOBt), a well-known coupling reagent mixture; instead of
dichloromethane, we used dimethylformamide as the solvent to increase solubility of the
reactants. The reaction appeared to be successful, however, it was likely to yield two
isomers (1 and 2). We attempted to monitor the reaction by thin-layer chromatography,
but the reactants appeared to be changing in a manner other than predicted initially.
Hence, we used ion-exchange chromatography on DEAE-cellulose to separate the
isomers (the chromatography solvent was 0.08 M NH4CO; in methanol:water (20:80).
Mass spectrometric analysis of the reaction products suggested that there was
considerable degradation and hence that we were not getting the desired products.
Attempts to attach ethylenediamine, as a spacer, to the folic acid were also unsuccessful.

In view of the unexpected difficulties encountered in the synthesis, and because
we were unable to demonstrate that the peptide-colchicine derivative had entered the
nucleus in the micro-injected cells, and since Dr. Michael Moore, the chemist, had left to
seek another job, it did not seem worthwhile to hire another chemist to attempt to
complete this one aim, since the success of the drug was problematical. \

We concentrated our efforts instead on increasing our understanding of the role of
nuclear Py, as described above.




KEY RESEARCH ACCOMPLISHMENTS

The process by which Bj-tubulin enters the nucleus of cells does not involve
transportation into the nucleus but rather that it binds to a nuclear
component during mitosis after nuclear disintegration; By then remains in
the nucleus after the nucleus reforms.

The process by which B, enters the nucleus is specific for ;. Neither By nor By
enter the nucleus.

Nuclear f3;~tubulin is not polyglutamylated; in that respect it differs greatly from
brain tubulin.

The process by which B enters the nuclei appears to require tyrosine
phosphorylation.

lonizing radiation causes a large change in tubulin properties in breast cancer cells.
This could reflect a change in tubulin isotype composition.

There is a correlation between the presence of By in a tumor cell and the oxidation
state, suggesting that the function of f3;;; may be to constitute a population of
microtubules resistant to oxidation.

Nuclear B occurs in a variety of cultured cancer cells and in 80% of human cancer
excisions, including 100% of the breast cancers that we have examined.

Vinblastine and taxol induce disappearance of nuclear Bj-tubulin. Colchicine,
estramustine, and nocodazole do not. The fact that, of the tubulin-specific drugs, the
ones that are most successful against tumors are the ones that expel 3 from the
nuclei, raises the possibility that nuclear B;; may be a promising target to investigate
further.

One function of Py is to interact with actin filaments.
The function of §; appears to be to regulate the actin-f;y interaction.

We have synthesized a derivative of colchicine attached to a peptide containing a
nuclear localization sequence. %
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CONCLUSIONS

This project has centered on the fj; isotype of tubulin, which is unusual in that, in
breast cancer cells, it is located in the nuclei. We have found that none of the other {3-
tubulin isotypes (B, By and Biy) occur in the nuclei, and, in fact, they appear unable to
enter the nuclei. We have found that nuclear By is present in every cultured cancer cell
we have examined, but not in most normal cells. However, nuclear 3, occurs in 80% of
excised cancers and in 100% of breast cancers. Future work may indicate whether the
presence of nuclear By in a breast biopsy could provide guidelines for the diagnosis,
prognosis and treatment of cancer. In addition, in the future we would like to pursue the
actual function of nuclear By in cancer cells. In order to clarify the role of fj; in cancer
cells, we have attempted to determine the role of the other B isotypes. We have found
that By is involved in interacting with actin filaments and that 3; may regulate this
interaction. Most interesting is that By, which is known to be more resistant to oxidation,
is greatly increased in breast cancer cell lines that have a higher concentration of oxygen-
derived free radicals, and, in fact, are more resistant to anti-tumor drugs.

A major focus of this project was to examine the possible utility of nuclear By as a
drug target. We synthesized a derivative of colchicine that should have targeted the
nucleus, but its fluorescence was not sufficient to permit its subcellular location to be
determined. However, we then observed that certain drugs (taxol, vinblastine) were able
to cause cells to expel By from their nuclei. by a mechanism that remains to be
determined. In contrast, other drugs that are equally effective at binding to tubulin, such
as colchicine or nocodazole, are unable to expel B from the nuclei. The interesting
aspect of this finding is that the drugs of the first group are successful anti-tumor agents,
while drugs of the second group are not. Conceivably, what we need is a more refined
taxol or vinblastine, capable of binding even better to f3;, and less well to the other
isotypes. We are formulating for future research a strategy for breast cancer in which we
treat with a drug, perhaps derived from taxol, that binds specifically to By; this would
either kill the cancer cell or else force it to shift to making more By We would then treat
with a drug, perhaps an antisense nucleotide, specific for By, to eradicate the cancer. To
aid in this project, we have made models of the different isotypes. Our hope is to use the
models to design drugs specific for the By and By isotypes.
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APPENDICES

Appendix 1: Figures 1-23; Schemes 1-2

Figure 1. Subcellular Localization of the (31, B, Bin and By Isotypes of Tubulin in
MCF-10F Breast Epithelial Cells. MCF-10F cells, since they are not transformed, are
considered as a control for MCF-7 breast cancer cells. We find them to be imperfect
controls. Cells were prepared and stained for immunohistochemistry with the isotype-
specific antibodies as described by Walss et al. (1). Cells were treated with the following
antibodies: B (upper left), By (upper right), By (lower left) and B;v (lower right). Notice
that there is very little, if any, B;, Bui or Biv in the nuclei, but that they are abundant in the
cytoplasm. In contrast, there are low levels of By in the nuclei, but not as much as in the
cytoplasm. '

Figure 2. Subcellular Localization of the By, Bir, Pinr and By Isotypes of Tubulin in
Carcinoma Cell Lines. Cells were treated with antibodies to the four isotypes as
follows: By (panels A, E, I, M and Q), B; (panels B, F, J, N and R), B (panels C, G, K,
0, S), Biv (panels D, H, L, P and T). Cells were C6 glioma (panels A, B, C, and D),
T98G glioma (panels E, F, G and H), MCF-7 breast cancer (panels I, J, K and L), MDA
breast cancer (panels M, N, O and P), and HeLa (panels Q, R, S and T). Samples were
examined by confocal fluorescence microscopy. Note the complete absence of By, B
and Byv in all the nuclei and the presence of 1 in the nuclei of each cancer cell.

Figure 3. Co-localization of o~ and By-Tubulin in Carcinoma Cell Nuclei. Cells on
glass cover slips were incubated on ice for 5 min with cold CSK-100 buffer, which
removes all soluble cytoplasmic and nucleoplasmic proteins, to prepare the cytosol-
extracted cells. Cells were then incubated with anti-o primary antibody followed by
FITC-conjugated secondary antibody. The same cells were then incubated with
rhodamine-conjugated anti-fy;. Cells are as follows: C6 glioma (panels A and B), T98G
glioma (panels C and D), MCF-7 breast cancer (panels E and F), MDA breast cancer
(panels G and H), HeLa (panels I and J). Cells incubated with anti-o are in the top row
(panels A, C, E, G and I), those incubated with anti-By; are in the bottom row (panels B,
D, F, H and J). Note the coincidence of o and By in the nuclei of each cell, suggesting
that the nuclei contain the o3j dimer.

Figure 4. Localization of Colchicine to the Nuclei of Carcinoma Cells. Cells were
treated with fluorescein-colchicine after fixing and then examined by fluorescence
microscopy. Cells are as follows: C6 glioma (panel A), T98G glioma (panel B), MCF-7
breast cancer (panel C), MDA breast cancer (panel D), and HeLa (panel E). The
accumulation of colchicine in the nuclei indicates that nuclear tubulin is a functionally
viable form of tubulin.

Figure 5. Sub-nuclear Localization of Fluorescein-Colchicine in the Nuclei of

Carcinoma Cells. Cells were extracted as in Figure 3 and the, to prepare the nuclear
matrix, these cells were further incubated at room temperature for 1 h in CSK-50 buffer
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containing 100 pug/ml of DNAse [. The chromatin was removed by addng 2 M
(NH4),SO4 drop-wise to a final concentration of 0.25 M. Cells were then fixed and
incubated with 0.1 mg/ml fluoresceine-colchicine. Fluorescent micrographs are shown in
panels A, C, E, G and I. Phase contrast micrographs to indicate the nuclei and nucleoli
are shown in panels B, D, F, Hand J. Cells are as follows: C6 glioma (panels A and B),
T98G glioma (panels C and D), MCF-7 breast cancer (panels E and F), MDA breast
cancer (panels G and H), HeLa (panels I and J).

Figure 6. Co-Localization of By-Tubulin and Acridine Orange in Carcinoma Cells.
Cells were treated with anti-f;; followed by fluorescein-conjugated secondary antibody
(top row) and also with acridine orange (middle row). The figures are superimposed in
the bottom row. From left to right, cells were C6 glioma, T98G glioma, MCF-7 breast
cancer, MDA breast cancer, and HelLa. Note the coincidence of fj; and acridine orange, a
marker for RNA. ‘

Figure 7. Co-Localization of B-Tubulin and Nucleolin in Carcinoma Cells. Cells
were treated with rhodamine-conjugated anti-f; (top row) and also with anti-nucleolin
followed by a fluorescein-conjugated goat anti-mouse IgG (middle row).

The figures are superimposed in the bottom row. From left to right, cells were C6
glioma, T98G glioma, MCF-7 breast cancer, MDA breast cancer, and HeLL.a. Note the
coincidence of By and nucleolin.

Figure 8. Co-Localization of Fluorescein-Colchicine and Acridine Orange in
Carcinoma Cells. Cells were treated with fluorescein-colchicine (top row) and acridine
orange (middle row). The figures are superimposed in the bottom row. From left to right,
cells were C6 glioma, T98G glioma, MCF-7 breast cancer, MDA breast cancer, and
HeLa. Note the coincidence of colchicine and RNA.

Figure 9. Microinjection of Fluorescently Labeled o1, o311 and oy Dimers in
Rat Kidney Mesangial Cells. The a.fy, oy and affjv dimers were purified from
bovine brain as previously described (32) and polymerized and reacted with 5-(4,6-
dichlorotriazin-2-yl)aminofluorescein (DTAF). Microtubules were washed and each

fluorescent dimer was shown to be capable of polymerization in vitro. The oy, oy and
o1y dimers were microinjected into rat kidney mesangial cells which were then
permitted to undergo a cycle of mitosis. Cells were microinjected as follows: oy (top),
ofir (middle) and a1y (bottom). Note that only the af3y entered the nucleus; the o.fy;
and o.fv dimers remain in the cytoplasm.

. .
Figure 10. Effect of Genistein on Nuclear {3;; in MCF-7 Breast Cancer Cells. MCF-7
cells were treated with the following concentrations of genistein: 0 uM (left), 5 uM
(middle) and 25 uM (right). Top row: By;. Bottom row: DAPI, to show the nuclei. Note a
slight fading of nuclear f;; at the highest concentration of genistein.
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Figure 11. Effect of Genistein on Nuclear 3;; in Rat Kidney Mesangial Cells.
Rat kidney mesangial cells were treated with the following concentrations of genistein: 0

uM (left), S uM (middle) and 50 uM (right). Top row: By Bottom row: DAPI, to show
the nuclei. Note very little fading of nuclear B at the highest concentration of genistein,
but an increase in cytoplasmic By, suggesting that less By is entering the nuclei.

Figure 12. Effect of Genistein on Nuclear By in T98G Glioma Cells. T98G glioma
cells were treated with the following concentrations of genistein: 0 uM (lett), 5 pM
(middle) and 10 uM (right). Top row: B;. Bottom row: DAPI, to show the nuclei. Note
some fading of the nuclei at the higher concentration of genistein.

Figure 13. Effect of Genistein on Nuclear f; in T98G Glioma Cells. T98G glioma
cells were treated with the following concentrations of genistein: 15 uM (left), 20 uM
(middle) and 25 uM (right). Top row: By Bottom row: DAPI, to show the nuclei. Note
considerable fading of the nuclei compared to the control in Figure 12, at the higher
concentration of genistein.

Figure 14. Distribution of f3;; in Non-transformed Cell Lines. The following cells
were stained for B;;: MCF-10F breast endothelial cells (upper left); osteoblasts (upper
right); HSK fibroblasts (lower left); 506 smooth muscle cells (lower right). Note the
relative absence of fy; in the nuclei, especially when compared to the transformed cells in
Figure 15.

Figure 15. Nuclear By in Some Transformed Cell Lines. The following cells were
stained for By;: LNCaP prostate cancer cells (upper left); MCF-7 breast carcinoma cells
(upper right); MDA breast carcinoma cells (lower left); Calc 18 breast carcinoma cells
(lower right). Note the presence of B in the nuclei of all the cancer cells. In Calc 18
cells, the pattern is somewhat different with B being clearly absent from the nucleoli.

Figure 16. Distribution of By in Breast Cancers. Top: ductal hyperplasia, with most
of the By in the cytoplasm. Center: ductal carcinoma, with By staining largely in the
nuclei. Bottom: colloid carcinoma, with B staining almost entirely in the nuclei.

Figure 17. Effect of Vinblastine on Nuclear f3j; in Rat Kidney Mesangial Cells. Rat
kidney mesangial cells were treated with vinblastine as follows: no vinblastine (top);15
nM vinblastine for 1 hour (middle); 30 nM vinblastine for 1 hour (bottom). Cells were
either stained for By (left) or with DAPI to show the nuclei (right). Note how, in the
presence of 15 nM vinblastine, several nuclei no longer contain B, while even more have
lost it in the presence of 15 nM vinblastine.

Figure 18. Effect of Taxol on Nuclear B;; in MDA Cells. MDA cells were treated with
the following concentrations of taxol: 0, 30 nM, 1 uM and 5 puM. They were then stained
with anti-By; (top row) and with DAPI to visualize the nuclei (bottom row). Note how
taxol causes removal of B from the nuclei and its bundling in the cytoplasm.
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Figure 19. Effect of Taxol on Nuclear 3;; and Apoptosis in C6 Glioma Cells. Left:
cells were treated for 24 hours with the indicated concentrations of taxol and, for each
set, about 500 cells were measured to determine the percentage of cells lacking nuclear
Bu. Standard deviations are shown. Right: Multiple nuclei, taken as an indication of
apoptosis, were measured in the same cells. Note that as the taxol concentration
increases, apoptosis declines and nuclear 3;; expulsion increases. It appears that
apoptosis and expulsion of 3 from the nuclei are not correlated.

Figure 20. Effect of Colchicine, Estramustine and Nocodazole on Nuclear By in
MDA Breast Cancer Cells. MDA cells were treated with the indicated concentrations
of colchicine, estramustine or nocodazole and either stained for By (top row) or with
DAPI to show the DNA (bottom row). Notice how By is not expelled from the nuclei
even though the drugs induce apoptosis (colchicine, nocodazole).

Figure 21. Effect of Colchicine and Estramustine on Nuclear 3;; in MCF-7 Breast
Cancer Cells. MCF-7 cells were treated with the indicated concentrations of colchicine,
or estramustine and either stained for By; (top row) or with DAPI to show the DNA
(bottom row). Notice how By is not expelled from the nuclei even though the drugs
induce apoptosis.

Figure 22. Reactive Oxygen Species in Cells of Different ;;; Content. Cells were
treated with the indicated concentrations of 2,7-dichlorofluorescein diacetate and the
fluorescence was measured. Higher fluorescence indicates a higher concentration of
reactive oxygen species.

Figure 23. Molecular Models of the a.f 1, o, and oy Tubulin Dimers. Models
were generated of a3y (top), aPy; (center) and ofvy (bottom). Mammals express two
forms of Biy: Biva and Brvp. Our monoclonal antibody against By cannot distinguish
between By, and Bivy (32). We chose to model the more widespread Bvy. Each model
includes GDP bound to 3 and GTP bound to o. In addition, several of the key cysteine
residues are shown. Note that the conformations of the three dimers are different and that
this is true not only for the 3 but for the o subunit as well.

Scheme 1. Synthesis of Steroid-Colchicine Derivative. The scheme shows the
mechanism by which deacetylcolchicine (DAC) can be added to estradiol to generate the
derivative DAC-Estradiol.

Scheme 2. Synthesis of Peptidyl-Colchicine Derivative. The scheme shqws how
colchicine is converted into trimethylcolchicinic acid (TMCA), which is in turn
methylated to give a mixture of deacetylcolchicine (DAC) and isodeacetylcolchicine
(IDAC). The DAC is separated from the IDAC and then converted into N-4-
maleimidobutyroyldeacetylcolchicine (DAC-GMB). The DAC-GMB is then reacted
with the peptide to generate the peptidyl-colchicine derivative.

29




Scheme 3. Coupling of Folic Acid to N-Hydroxysuccinimide. The scheme shows the
attempt to react folic acid with N-hydroxysuccinimide and the subsequent generation of
two isomers (1 and 2).
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ABSTRACT

Microtubules and actin filaments are two of the major components of the
cytoskeleton. There is accumulating evidence for interaction between the two networks.
Both the a- and B-subunits of tubulin exist as numerous isotypes, some of which have
been highly conserved in evolution. In an effort to better understand the functional
significance of tubulin isotypes, we used a double immunofluorescence labeling
technique to investigate the interactions between the tubulin B-isotypes and the actin
stress fiber network in cultured rat kidney mesangial cells, smooth-muscle-like cells from
the renal glomerulus. Removal of the soluble cytoplasmic and nucleoplasmic proteins by
detergent extraction caused the microtubule network to disappear while the stress fiber
network was still present. In these extracted cells, the Bj- and j-tubulin isotypes were
no longer present in the cytoplasm while the Biy-isotype co-localized with actin stress
fibers. Co-localization between Bjy-tubulin and actin stress fibers was also observed
when the microtubule network was disrupted by the anti-tubulin drug colchicine and also
by microinjection of the fjy-tubulin antibody. Our results suggest that the By isotype of

tubulin may be involved in interactions between microtubules and actin.

Key words: Actin stress-fibers, microtubules, depolymerization, tubulin isotypes




INTRODUCTION

Although it has long been known that actin filaments and microtubules work hand
in hand in a variety of cellular processes such as cell division, cell motility and cell
trafficking (reviewed in Gavin, 1997), recent findings have suggested that the
relationship between these two cytoskeletal systems is more intimate than previously
thought. Evidence of direct interactions between actin and microtubules has recently
been shown in Xenopus egg extracts (Sider et al., 1999; Bement et al., 1997) and a
number of act‘in-microtubule cross-linking proteins have been reported (reviewed in
Goode et al., 2000) and connections between the two systems continue to be discovered
(Davy et al., 2001). Furthermore, positive feed-back loops have been suggested between
the two cytoskeletal systems where assembly of microtubules at the leading edge of cells
promotes actin assembly in lamellipodia via activation of Racl; similarly, disassembly of
microtubules in the cell body promotes stress fiber formation and contractility via
activation of Rho A (reviewed in Waterman-Storer and Salmon, 1999 and Gunderson and
Cook, 1999).

That microtubules can influence the dynamic properties of the actin cytoskeleton
has been clearly demonstrated. Early studies showed that when cultured cells are treated
with microtubule depolymerizing agents such as colchicine or vinblastine, a rapid
increase in cell contractility and actin stress fiber organization is observed (Danowski,
1989). The molecular mechanisms by which this occurs are just now being characterized.
Results obtained from several studies have suggested that microtubule depolymerization

may activate the RhoA-signaling cascade and promote myosin II based phosphorylation




which induces formation of focal contacts and actin stress fibers (Kolodney and Elson,
1995; Chrzanowska and Burridge, 1996). This has led to the hypothesis that
microtubules contain a stress-fiber inducing factor, which is released by
depolymerization and activates RhoA (Enomoto, 1996). To date, the identity of this
factor remains unknown, although several candidates have been proposed (Gundersen
and Cook, 1999).

We have previously examined the distribution of the B, B and Byv isotypes of
tubulin in cultured rat kidney mesangial cells (Walss et al., 1999); these are smooth-

muscle-like cells from kidney glomeruli that, under certain conditions, are rich in actin
stress fibers (Kreisberg et al., 1986). We found that the f; and By isotypes are restricted
to the cytoplasm, but that B”'is also localized in the nucleus (Walss et al., 1999). We
now show that the By isotype is associated with actin stress fibers in these cells and that
the association becomes apparent when the microtubules are disrupted. This is not seen
to occur with either the B or By isotypes. These results may provide new information as

to the mechanism by which microtubules influence actin stress fiber assembly.




MATERIALS AND METHODS
Source of cells and antibodies.

Rat kidney mesangial cells were obtained as follows. Glomeruli were isolated
from 200 g male Sprague-Dawley rats (Harlan Sprague-Dawley Inc., Indianapolis, IN)
using a graded sieve technique and were plated for culture in RPMI 1640 (Gibco BRL,
Grand Island, N.Y.) tissue culture medium with 20% FCS plus penicillin, streptomycin
and fungizone (E.R. Squibb and Sons) for explant growth of mesangial cells (Ausiello et
al., 1980; Kreisberg et al., 1984). One hundred percent of the cells were identified as
glomerular mesangial cells. Positive identification was obtained by ultrastructural
examination, contractile responsiveness to vasopressin and angiotensin II, and shape
change in response to cAMP-elevating agents (Kreisberg et al., 1986; Ausiello ef al.,
1980; Kreisberg et al., 1984). For the experiments described below, cells were used
between the 4th and 40th passage.

The monoclonal antibodies SAP.4G5, JDR.3B8, and ONS.1A6 specific,
respectively, for the PBj, By and By isotypes of tubulin were prepared as previously
described (Banerjee et al., 1988, 1990, 1992; Roach et al., 1998). The peptide
CEAEEEVA, used as immunogen to raise the antibody to Bjy-tubulin, was synthesized
by the BioSearch Corp., San Rafael CA. Except for the N-terminal cysteine, the
sequence of this peptide is identical to the C-terminal sequence of the Bjy-tubulin isotype.

Immunofluorescence microscopy.

Rat kidney mesangial cells were grown to near confluency on glass coverslips

at 37 °C and 5% CO; in RPMI-1640 medium (GibcoBRL, Grand Island, N.Y.)

containing 20% fetal calf serum (Atlanta Biologicals, Norcross, GA). Cells were then




washed twice with phosphate-buffered saline (PBS), fixed for 10 min with 3.7 %

paraformaldehyde at room temperature and permeabilized for 1 min with 0.5% Triton X-
100 in PBS. Cells were then incubated at 4 °C overnight with the respective primary

antibody (anti-B;, 0.05-0.1 mg/ml; anti-By, 0.03-0.1 mg/ml; anti-Byy, 0.08-0.17 mg/ml)
diluted in PBS containing 10% normal goat serum (Jackson Immunoresearch, West
Grove, PA). Cells were rinsed in PBS and labeled with Cy3-conjugated goat anti-mouse
antibody (1:100, Jackson Immunoresearch, West Grove, PA) for 1 hr at room
temperature. Coverslips were mounted on glass slides and examined with a Zeiss
epifluorescence photomicroscope using a Plan-Neufluar 63x oil objective. For double
labeling experiments using Bodipy phalloidin (Sigma Chemical Co., St. Louis, MO) as a
marker for F-actin, cells were treated as described above for regular immunofluorescence
experiments and then incubated with Bodipy phalloidin (1:50) for 30 min at room
temperature. Cells were then rinsed and fixed for visualization. For immunoblocking
experiments, to prove antibody specificity, anti-f;v was incubated with a 200-fold excess
of the peptide CEAEEEVA, used as immunogen to raise this antibody, for 30 min at
room temperature prior to incubation with fixed and permeabilized cells.
In situ cell fractionation.

Mesangial cells grown to near confluency on glass coverslips were washed
twice with ice-cold PBS and incubated on ice for 15 min with cold cytoskeleton buffer
(CSK-100, 10 mM Pipes, pH 6.8, 300 mM sucrose, 100 mM NaCl, 3 mM MgCl,, 1| mM
EGTA, 1% Triton X-100, 1.2 mM PMSF,0.1% aprotinin, 0.1% pepstatin A), which
removes all soluble cytoplasmic proteins, iﬁcluding microtubules (Fey et al., 1984).

Intermediate filaments and stress-fibers are not removed. Cells prepared this way were




then fixed with 3.7% paraformaldehyde in CSK 100 buffer and treated as in the regular
iﬁmunoﬂuorescence procedure.
Experiments using anti-tubulin drugs.

Mesangial cells were plated on glass coverslips and, 24 h after plating, were
treated with colchicine (Sigma Chemical Co., St. Louis MO), 10 mg/ml for 30 min at 37
°C. After incubation with drugs, cells were fixed and permeabilized for visualization of
microtubules and actin stress-fibers as described above.

Microinjection experiments.

Mesangial cells were plated on glass coverslips fixed at the bottom of 35 mm
petri dishes. One day after plating, injection was performed as previously described
(Wehland and Willingham, 1983) using a Zeiss microscope. Cells were injected in the
cytoplasm with antibodies to Bi, Bi and By tubulin at concentrations of 14 mg/ml.
Approximately 30 cells were injected in every case. Cells were incubated for various
periods of time after injection and then fixed with methanol at -20 °C for 15 min. Cells
were then labeled with Cy3 conjugated goat anti-mouse antibody to visualize the
microtubules of the injected cells and then labeled with Bodipy phalloidin to visualize the

actin stress fibers.




RESULTS

We have found that, under conditions of microtubule destabilization, iy-tubulin
is seen to be associated with the actin stress fiber network, whereas ; and fy;, the other
isotypes investigated in this study, did not exhibit such an association. Microtubules
were depolymerized under three different conditions.

Detergent extraction.

Rat kidney mesangial cells were treated with CSK-100 buffer containing 1%
Triton X-100 for 15 min on ice. This procedure removes all soluble cytoplasmic
proteins, including microtubules. Only actin stress fibers and intermediate filaments
remain. Cells were treated for immunofluorescence before and after detergent extraction.
Before extraction, cells treated with anti-Bjv revealed that this isotype formed part of the
microtubule network; however, the distribution of v and actin in these cells appeared to
have regions of similarity (Fig. 1A, B). The distribution of f;, however, was different
from that of actin (Fig. 1C); B; and actin did not appear to co-localize (not shown). As
previously reported (Walss et al., 1999), B was largely restricted to the nuclei (Fig. 1D).
In contrast, after detergent extraction, the Pjy-microtubules had disappeared and f;y-
tubulin appeared to co-localize with the actin stress fiber network. This was confirmed
by the co-localization of anti-Pyv stain with that of Bodipy-phalloidin, which binds to
actin stress fibers (Fig. 1E, F, G). On the other hand, actin stress fiber staining was not
observed with anti-B; or anti-By after detergent extraction, suggesting that these isotypes
do not associate with actin stress fibers after microtubule disruption caused by detergent
extraction (Fig. 1H, I). In order to verify that localization of Byy to actin stress fibers

observed after detergent extraction was due to binding of the antibody with f;y-tubulin,




and not because of non-specific interactions, immuno-blocking experiments were
performed, as described in Materials and Methods. Pre-incubation of the Bjy-antibody
with its antigen abolished most of the fluorescence, both before and after detergent
extraction; the residual punctate fluorescence is likely to represent non-specific binding
(Fig. 1], K). These results strongly support the specificity of the Biyv-antibody and suggest
that the actin stress fiber fluorescence seen with anti-B;v after detergent extraction was in
fact due to co-localization of Byy-tubulin with the stress fiber network. Also, no reaction
was observed when extracted cells were treated with fluorescent secondary antibody in
the absence of primary antibody (Fig. 1L), indicating that actin stress fiber staining by Biv
was not due to non-specific interactions of the secondary antibody. This was further
corroborated by treating an immunoblot of a mesangial cell extract with anti-Bjy and
finding that the only band that was recognized by the antibody co-migrated with brain B-
tubulin (not shown).

Treatment with anti-tubulin drugs.

Rat kidney mesangial cells were treated with colchicine at 10 mg/ml for 30 min
at 37 °C. Cells were then fixed and examined by immunofluorescence microscopy.
Norma} microtubule networks were seen in control cells, as revealed by treatment with
anti-B; and anti-Bry (Fig. 2A, C). In the case of the By isotype, treatment with anti-Bi
showed that By was confined largely to the nuclei, in non-microtubule form (Figure 2B),
as we previously showed was the case for these cells (Walss et al. 1999). On the other
hand, the microtubule network of drug-treated cells had been disrupted. In these cells,
treatment with anti-B; or anti-By; revealed diffuse fluorescence throughout the cytosol,

characteristic of cells with depolymerized microtubules (Fig. 2D, E). However, in cells
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treated with anti-Byy, staining of actin stress fibers was observed. This staining co-
localized with that of Bodipy-phalloidin, which confirmed the association of ;v with
actin stress fibers (Fig. 2F, G, H).

Microinjection experiments.

Association of Byv-tubulin with actin stress fibers was also obtained when anti-f3;y
was microinjected into the cytoplasm of mesangial cells at a concentration of 14 mg/ml.
When cells were fixed immediately after injection, B;y-tubulin appeared to form part of a
normal microtubule network (Fig. 3A). However, in cells fixed one hour after injection,
the microtubule network was depolymerized and the appearance of strap-like fibers,
which were reminiscent of actin stress fibers, was observed (Fig. 3B). The staining by
anti-Byy in these cells co-localized with that of Bodipy-phalloidin (Fig. 3C, D). Injection
of anti-B,; or anti-f; into mesangial cells at concentrations of 14 mg/ml revealéd a normal
microtubule network when cells were fixed both 0 and 1 hr after injection (Fig. 3E-H).
No association was seen between these isotypes and actin stress fibers, indicating that

such an association is unique to f;y-tubulin.
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DISCUSSION

The results shown in this study suggest an association between the Bjy-isotype of
tubulin and the actin stress fiber network. The association becomes very evident after
microtubule disruption (Fig. 1E-G) although it may be in place prior to disruption with
the large number of microtubules obscuring the actin-tubulin co-localization (Fig. 1A,B).
It is also possible that the By released from the disrupted microtubules binds to actin
filaments and perhaps even induces their polymerization. If the latter is the case, it is
conceivable that Byy-tubulin acts as the stress-fiber-inducing-factor which has been
proposed to be released by microtubule depolymerization to activate the Rho A signaling
cascade and promote actin stress fiber formation (Enomoto, 1996). If this hypothesis is
correct, it suggests a new function for tubulin, one that appears to be non-microtubule
related and specific to By, since no association was seen between ;- or By-tubulin and
actin stress fibers.

The Piv-actin association, albeit circumstantial, has been reported previously.
Inner and outer pillar cells, as well as Deiter cells from the organ of Corti, which express
only Bi- and Byy-tubulin (Hallworth and Luduena, 2000), appear to exhibit a close
association between actin filaments and microtubules (Angelborg and Engstrom, 1972;
Slepecky and Chamberlain, 1987; Slepecky and Ulfendahl, 1992). Also, the axonemal
microtubules of bovine retinal rod cells, which contain only By-tubulin (Renthal et al.,
1993), are closely associated with actin (Wolfrum and Schmitt, 2000, Arikawa and
Williams, 1989). Our present results suggest a more intimate association between B,y-
tubulin and actin, as seen by the almost uninterrupted fluorescent co-localization given by

the two protein markers, after microtubule disruption. However, it is likely that this
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proposed association is indirect. Many actin-microtubule cross-linking proteins have
been reported, including the actin-binding protein caldesmon (Ishikawa et al., 1992), the
cytoskeletal linker protein Acf7 (Bernier e al., 2000), microtubule- and actin-based
motor proteins (Huang et al., 1999), and the microtubule associated proteins tau, MAP 1,
and MAP 2 (Selden and Pollard, 1983; Pedrotti ef al., 1994; Arakawa and Frieden, 1984).
It has been shown that MAPs, in particular MAP 2, can influence the organization of
actin filaments (Sattilaro ef al., 1981). The microtubule-associated protein MAP 1
decorates actin stress fibers in vivo (Asai et al., 1985). This has also been shown to occur
with the motor protein kinesin, which appears to associate with actin stress fibers under
conditions of microtubule depolymerization (Okuhara, 1989), just as we now show
occurs vyith Biv-tubulin. Therefore, it is conceivable that.kinesin acts as the cross-link
between By and actin stress fibers in mesangial cells, although it is certainly possible that
other proteins are involved. Another motor protein, cytoplasmic dynein, has been
proposed to connect microtubules and microfilaments (Waterman-Storer et al., 1998;
Karki ef al., 1998) and is a good candidate to link By-tubulin with actin. Axonemal
dynein has been shown to bind to the sequence DATAEE in flagellar B-tubulin, which
immediately precedes the sequence EGEFEEE (Audebert et al., 1999). The latter
sequence is believed to determine tubulin participation in axonemes (Raff et al., 1997)
and, in vertebrates, only Pjy-tubulin contains this sequence (Luduefia, 1998). _It is
possible that cytoplasmic dynein binds to the same sequence as axonemal dynein and if
so, it may bind specifically to fjy-tubulin and act as a link between this protein and actin

stress-fibers.
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In conclusion, we have shown that Bjy-tubulin is associated with actin stress fibers
after microtubule depolymerization. We hypothesize that cells may use By as a signal to
promote cross-talk between microtubules and actin microfilaments and in this way
coordinate cellular functions such as locomotion. The amino acid sequences of the f3,
B, P, Brv and Py isotypes have been highly conserved in vertebrate evolution (Ludueiia,
1998), suggesting that the differences among the isotypes may have functional
significance. We have already shown that the B,y isotype is uniquely associated with
flagellar and ciliary microtubules (Renthal et al., 1993; Lu et al., 1998). Our results here
suggest that ;v may have an additional function, namely, to interact with actin stress

fibers.
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FIGURE LEGENDS

Fig. 1. Co-localization of Pjy-tubulin with the actin stress-fiber network in mesangial
cells after detergent extraction. A: Control, un-extracted cells treated with anti-fjy. A
normal microtubule network is seen. B: Same cells as in A, stained with Bodipy-
phalloidin, a marker for actin stress fibers. Note some places where actin filaments
appear to occur in the same pattern as some of the microtubules. C: Control, un-extracted
cells treated with anti-B;. D: Control, un-extracted cells treated with anti-p;;. Note the
nuclear staining that we have previously reported (Walss ef al., 1999). E: Detergent-
extracted cell treated with anti-f;yv. Note the appearance of strap-like fibers. F: Same
cell as in E, stained with bodipy-phalloidin. The actin stress fiber network is observed.
G: Superimposition of E and F, shows co-localization of anti-B;yv staining with that of
bodipy-phalloidin, indicating that the Bjy-tubulin isotype co-localizes with actin stress
fibers after detergent extraction. (Co-localization is shown in yellow). H: Detergent-
extracted cells treated with anti-B;. The microtubule network is disrupted; nothing
resembling actin stress fibers is observed. I: Detergent-extracted cells treated with anti-
Bu. No cytosolic fluorescence is observed, indicating that this isotype does not interact
with actin stress-fibers after detergent extraction. J: Control, un-extracted cells treated
with anti-P;y that had been pre-incubated with its peptide epitope. Note the absence of
cytosolic fluorescence compared to A. K: Detergeht-extracted cells treated ?vith anti-Brv

that had been pre-incubated with its peptide epitope. All cytosolic fluorescence,
including stress-fiber staining, is completely diminished. L: Cells incubated with

secondary antibody in the absence of primary antibody.
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Fig. 2. Co-localization of By-tubulin with the actin stress fiber network in mesangial
cells after microtubule de-polymerization by colchicine. A: Control, drug-free cells
treated with anti-B;. B: Control, drug-free cells treated with anti-f;;. Note the nuclear
staining. C: Control, drug-free cells treated with anti-f;y. Note the microtubule network.
D: Cells treated with 10 mg/ml colchicine, stained with anti-3;. E: Cells treated with 10
mg/ml colchicine, stained with anti-f;;. F: Cells treated with 10 mg/ml colchicine,
stained with anti-B;y. Note the staining of actin stress fibers. G: Same cells as in F,
stained with bodipy phalloidin to reveal the actin stress fibers. H: Superimposition of G

and F, to show co-localization of actin with B;y-tubulin (shown in yellow).

Fig. 3. Co-localization of Byy-tubulin with the actin stress fiber network in mesangial
cells after disruption of microtubules by microinjection of Bjy-tubulin antibody. A: Cells
injected with anti-Byv (14 mg/ml), fixed immediately after injection. Note the normal
microtubule network. B: Cells injected with anti-Bry (14 mg/ml), fixed 1 hr after
injection. C: Same cells as in B, stained with Bodipy-phalloidin, to reveal the actin
stress-fibers. D: Superimposition of B and C shows co-localization of anti-fB;y staining
with that of Bodipy-phalloidin. (Shown in yellow). E: Cells injected with anti-p; (14
mg/ml), fixed immediately after injection. F: Cells injected with anti-By (14 mg/ml),

fixed immediately after injection. G: Cells injected with anti-B; (14 mg/ml), fixed 1 hr
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after injection. Note the absence of actin stressfiber staining. H: Cells injected with anti-

Bu (14 mg/ml), fixed 1 hr after injection. Note the absence of actin stress fiber staining.




Figure 1
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Abstract

Tubulin is an af heterodimer. Both the a and B polypeptides exist as multiple
isotypes. Although tubulin was generally thought to exist only in the cytoplasm, we have
previously reported the presence of the B isotype of tubulin in the nuclei of cultured rat
kidney mesangial cells, smooth-muscle-like cells that reside in the glomerular
mesangium; nuclear fy; exists as an af3; dimer, capable of binding to colchicine, but in
non-microtubule form (Walss, C., J.I. Kreisberg, and R.F. Luduefia. 1999. Cell Motil.
Cytoskeleton.42: 274-284). We have now investigated the nature of the process by which
afy enters the nuclei of these cells. By micro-injecting fluorescently .labeled oy into
mesangial cells, we found that aff;; was present in the nuclei of cells only if they were
allowed to go through mitosis. In contrast, there were no circumstances in which
microinjected fluorescently labeled afy or afiv dimers entered the nuclei. These
findings, together with the absence of any nuclear localization signal in af};, strongly
favor the model that afy;, rather than being transported into the intact nucleus, co-
assembles with the nucleus at the end of mitosis. Our results also indicate that the
nuclear localization mechanism is specific for afy. This result raises the possibility that
of;; may have a specific function that requires its presence in the nuclei of cultured rat

kidney mesangial cells.




INTRODUCTION

The finding in recent years of a large number of nuclear proteins that have been
shown to possess microtubule-organizing properties and in turn are involved in
maintenance of nuclear architecture, has led to the idea that the nucleus and the
microtubule cytoskeleton are structurally and functionally interdependent (Baluska ez al.,
1997). Microtubules have been shown to influence the organization of interphase
chromatin in plant cells (Baluska and Barlow, 1993). Conversely, a number of
structurally related nuclear proteins have been shown to be essential for proper
organization of the mitotic spindle microtubules (reviewed in Baluska et al., 1997).
These proteins are known to shuttle between the nucleus during interphase and the
mitotic spindle during cell division. Among these proteins are the nuclear matrix
associated protein (NuMA, Compton and Cleveland, 1994) and the inner centromere
proteins (INCENP’s) (Earnshaw and Bernat, 1991). These latter proteins are known as
chromosomal passengers, since they are attached to chromosomes during metaphase but
dissociate from them during anaphase and, interestingly, become associated with
microtubules of the spindle and midbody (Cooke et al., 1987, Earnshaw and Cook,
1991).

We have recently reported the finding of another protein, the py-isotype of tubulin,
which appears to recycle between the nucleus during interphase and the mitotic spindle
during cell division in rat kidney mesangial cells (Walss ef al., 1999). During interphase,
this protein was found to be present in the nuclear matrix, and also in nucleoli, as an a3y

tubulin dimer.




Typically, a protein must enter the nucleus through the membrane nuclear pores,
by use of a “password”, known as the nuclear localization signal (NLS) (Kalderon er al.,
1984). However, there are many nuclear proteins that do not contain the conventional
nuclear localization signal (Dingwall and Laskey, 1991). This suggests that there must
be other nuclear targeting signals and/or mechanisms by which proteins can enter the
nucleus. Just as the INCENP’s and other proteins are chromosomal passengers during
mitosis (Earnshaw and Bernat, 1991), the possibility exists that a protein may enter the
nucleus as a chromosomal passenger after cell division. We have speculated that this is
the case for Py-tubulin, due to its presence in the nucleus during cell division and its role
as part of the microtubule spindle during mitosis. It is possible that it remains attached to
chromatin after cell division and is then trapped in the nucleus during interphase. If this
situation does indeed occur, it would mean that cell division is necessary for f;;-tubulin to
enter the nucleus.

In efforts to address this question, we have microinjected fluorescently labeled
ofu, afin and QBIV tubulin isotypes into rat kidney mesangial cells. We have found that
ofy-tubulin is able to enter the nuclei of mesangial cells under conditions in which cells
are able to divide. However, By-tubulin is unable to enter the nucleus of serum-starved
cells, suggesting that cell division is necessary for this protein to enter the nucleus.

Neither afy; or a3y entered the nuclei, suggesting that the process is specific for of.




MATERIALS AND METHODS
Source of cells and antibodies

Rat kidngy mesangial cells were obtained as follows. Glomeruli were isolated
from 200 g male Sprague-Dawley rats (Harlan Sprague-Dawley Inc., Indianapolis, IN)
using a graded sieve technique and were plated for cul'ture in RPMI 1640 (Gibco BRL,
St. Louis, MO) tissue culture medium with 20% FCS plus penicillin, streptomycin and
fungizone (E.R. Squibb and Sons) for explant growth of mesangial cells (Ausiello et al.,
1980; Kreisberg et al., 1984). One hundred percent of the cells were identified as
glomerular mesangial cells. Positive identification was obtained by ultrastructural
examination, contractile responsiveness to vasopressin and angiotensin II, and shape
change in response to cAMP-elevating agents (Kreisberg et al., 1986; Ausiello et al.,
1980; Kreisberg ef al., 1984). For the experiments described below, cells were used
between the 4th and 40th passage.

The monoclonal antibodies SAP.4G5, JDR.3BS, SDL.BDIO and ONS.1A6,
specific, respectively; for the By, Bu, P and Py isotypes of tubulin were prepared as
previously described (Banerjee et al., 1988, 1990, 1992; Roach et al.,1998).

Preparation of fluorescent protein

The ofy, afiy and afy tubulin dimers were purified from bovine brain by
immunoaffinity chromatography according to Banerjee et al. (1992). The. dimers were
fluorescently labeled using the procedure described by Wadsworth and Slodoba (1983).
The pﬁriﬁed tubulin dimers were polymerized in MES buffer (0.1 M Mes, pH 6.4, 1.0
mM EGTA, 0.1 mM EDTA, ImM GTP) in the presence of 4 M glycerol and 6 mM

MgCl,. The assembled protein was mixed for 60 min at 37 °C with 5-(4,6-




dichlorotriazin-2-yl)aminofluorescein (DTAF, Molecular Probes, Eugene, OR.), (50 pl
per ml) from a 50 mM solution prepared fresh in DMSO (Sigma Chemical Co., St. Louis,
MO). The fluorescent polymer was collected by centrifugation, resuspended in MES
buffer, pH 6.4 and depolymerized on ice. The protein was then passed through a
Sephadex G-25 column, previously equilibrated with MES buffer, to remove unbound
fluorochrome, and the eluted protein was again polymerized. Microtubule assembly was
followed by monitoring the absorbance at 350 nm, as previously described (Lu and
Luduefia, 1993). In order to visualize the microtubules, an aliquot of the assembled ofy-
DTAF protein was withdrawn for electron microscopy, as previously described.
(Banerjee et al, 1990). The assembled protein was then collected by centrifugation and
depolymerized on ice and stored in liquid nitrogen. The final protein concentrations were
determined by the method of Lowry et al. (1951). The dye to protein ratios (mol/mol)
were determined by measuring the absorbances at 495 and 280 nm respectively and were
0.146, 0.127 and 0.072 for the afy;, Py and afv fluorescent protein, respectively.

Fluorescent BSA was prepared by incubation of this protein with DTAF at 37 °C
in NaHCO; buffer, pH 9.0, for 1 hr. The protein was then passed through a Sephadex G-
25 column, equilibrated in PBS buffer, to remove unbound fluorochrome.
Microinjection experiments

Mesangial cells were plated on glass coverslips fixed at the bottom of 35 mm petri
dishes. One day after plating, cells were synchronized by incubation with 2.5 mM
thymidine for 18 h and then incubated with normal media for 5 h. At this time, injection
was performed as previously described (Wehland and Willingham, 1983) using am

Eppendorf microinjecion system (Kreisberg et al., 1997). The fluorescent tubulin dimers




were injected in the cytoplasm of interphase cells, incubated for 7 and 20 h after injection
and then fixed for visualization with methanol at —20 °C for 15 min. The tubulin
antibodies were injected into dividing cells, fixed 0 and 5. hrs after injection and then
incubated for 1 h with Cy3- conjugated secondary antibody for visualization of
microtubules. The cover slips were then mounted on glass slides and examined with an
Olympus epifluorescence microscope using a 63x oil objective.

In some experiments, cells previously plated on glass coverslips were incubated in
media without serum for 48 hrs prior to injection. At this time, cells were injected with
either af;-DTAF or BSA-DTAF. After injection, injected cells were either incubated
with fresh media for 24 hrs or left in media without serum. Cells were then fixed with

methanol for visualization.




RESULTS
Microinjection of fluorescently-labeled tubulin B-isotypes

We microinjected fluorescently-labeled afy, afm and ofy tubulin dimers,
prepared from bovine brain, as well as fluorescently-labeled BSA, into mesangial cells.
Although B-tubulin is a major component of the tubulin pool in mesangial cells, it is a
minor component in the bovine brain pool (Banerjee ef al., 1988) and therefore it was not
possible to obtain purified aff;-tubulin dimers in quantitiés large enough to perform
microinjection experiments. Also, results from previous studies have shown that
mesangial cells do not express Byy-tubulin (Walss ef al., 1999). Therefore, we have
injected this protein, as well as BSA, as a control.

The fluorescently-labeled tubulin protein was assembly-competent at the time of
injection. This was evident since the protein was subjected to an assembly process after
labeling and the increase in turbidity due to assembly was followed by spectrophotometry
at 350 nm (Fig. 1a, b, ¢). The exponential increase in absorbance is typical of
polymerizing tubulin and suggests that the labeled isotypes were able to assemble into
normal microtubules. Electron microscopic examination revealed long linear structures
(not shown)

The labeled proteins were injected into the cytosol of thymidine-synchronized
mesangial cells in two separate experiments. In each case, approximately 30 cells were
injected. Of the three B-tubulin isotypes, only Py was able to enter the nucleus (Fig. 2a,
b). In the first experiment, cells were fixed 7 hours after injection and nuclear P was
detected in 9 cells. Of the other inject¢d cells, 12 were still in the process of division and

5 cells appeared necrotic. When cells were fixed 20 hours after injection, 16 cells were




counted which appeared to contain f in their nuclei (Fig. 2c, d) and only a few were still
dividing. In some cases the fluorescence was very weak.

As for the By and Byv isotypes, results from the two separate experiments showed
that these isotypes do not enter the nucleus (Fig. 2e, f). Each isotype was injected into
approximately 30 cells, but fluorescence was only seen in the cytoplasﬁ of the injected
cells. The fluorescence of the Biy-isotype was extremely weak. This is most likely due
to the weaker affinity of the Bjy-isotype for DTAF, as can be seen from the fluorescence
ratios (see Materials and Methods).

In order to determine if cell division is necessary for Bj-tubulin to enter the
nucleus, fluorescent af-tubulin was injected into the cytosol of cells made quiescent by
by serum deprivation for 48 hours. Immediately after injection, some of the injected cells
were incubated in fresh media containing 20% fetal calf-serum. The remaining injected
cells were kept quiescent by incubating in media without serum. Cells were then fixed
after 24 h. It was found that af};; tubulin was able to enter the nucleus in cells that were
~ incubated with serum after injection (Fig. 3a, b). Nuclear fluorescence was seen in 20 out
of the 30 injected cells. On the other hand, no nuclear fluorescence was seen in the 30
injected cells that were kept quiescent; instead, the fluorescent protein seemed to
accumulate around the nucleus in each of the injected cells (Fig. 3¢, d). This suggests
that By-tubulin was only able to enter the ﬁucleus in cells that were allowed to divide.
The same experiments were performed with fluorescent BSA-protein. It was found that
BSA was not able to enter the nuclei of either quiescent or non-quiescent cells, but
remained in the cytoplasm and accumulated around the nucleus in what appeared like a

halo (Fig. 3e, f).




Microinjection of B-tubulin antibodies

Antibodies to the P, Py and Bv-tubulin isotypes were microinjected into
mesangial cells at concentrations around 14 mg/ml. Approximately 30 cells were
injected in each case. Cells were injected during the process of division and fixed 0 and 5
h after injection. Cells were then labeled with a fluorescent secondary antibody for
visualization of the injected cells. All three antibodies were seen to label the mitotic
spindle when fixed 0 hrs after injection (Fig. 4a, b, ¢). In contrast, cells fixed 7 h after
injection had apparently completed division. Nuclear fluorescence was observed in all
the cells that had been injected with anti-By; during division (Fig. 4e). It appeared,
therefore, that this antibody appeared in the nucleus after the division process was
complete. On the other hand, cells that were injected with anti-B; or anti-f;v during
division did not appear to contain antibody in their nuclei after division, as these
antibodies were seen to label only the cytoplasmic microtubules (Fig. 4d, f). These
results confirm that By is the only isotype present in the nucleus of mesangial cells and

that this protein enters the nucleus after cell division.




DISCUSSION

We have recently reported that the By isotype of tubulin is present in the
interphase nuclei of cultured rat kidney mesangial cells (Walss ef al., 1999). Since these
cells have relatively little By in the cytoplasm, the nuclear By is quite striking. The work
described here addresses the question of how B;; comes to be localized in the nuclei. Our
results suggest that 1) the process does not take place in quiescent cells and may require
that the cell go through a cycle of mitosis and 2) the process is specific for the afj;; dimer,
not occurring with the oy, oy or oy dimers. It is likely that a full understanding of
the mechanism by which nuclear localization of B;; occurs would be closely connected to
an understanding of its functional significance.

In principle, one can imagine several mechanisms by which By can enter the
nucleus. The first mechanism is one in which B never enters the intact nucleus but
instead requires that the nucleus disintegrate during mitosis and then the By would end up
inside the nucleus as the nucleus re-forms at the end of mitosis. In other words, in this
process the nucleus would, in a sense, re-form around f;, thus trapping By inside. In our
experiments, we find no evidence that By enters a quiescent nucleus but rather that no
nuclear localization occurs until the cell has been stimulated to go through mitosis. We
find, first, that By microinjected during interphase does not enter the nucleus until mitosis
has occurred in that cell. We also find that the monoclonal antibody specific for By
enters the nucleus when injected during mitosis. The antibody does not enter the nucleus
of quiescent cells. The fact that the antibodies specific for By and Brv dé not enter the
nucleus indicates that antibody localization to the nucleus follows the same specificity

and mechanisms as does By localization, namely, that it occurs when the nucleus re-forms
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around the antibody. The mechanism of the nucleus re-forming around By is consistent
with our previous findings. We found that B-tubulin is present in the nucleus during
interphase, forms part of the mitotic spindle and the midbody during mitosis and
cytokinesis, and then re-enters the nucleus after cell division is over (Walss et al., 1999).

In order for such a mechanism to occur, it is likely that By binds to some
component of the nucleus that is incorporated into the re-forming nucleus. One such
possibility is chromatin itself. Tubulin has been reported to interact with chromatin in
vitro (Mithieux et al., 1986) raising the possibility that it could interact in vivo as well.
Nevertheless, it is certainly possible that f; interacts with some other component of the
nucleus. Our data suggest, however, that such a component binds specifically to By and
not to the other isotypes.

A second possible mechanism by which By; could enter the nucleus is through the
pores in the nuclear envelope. It is possible that serum addition not only induces mitosis
but also activates transport through the nuclear pores. This model does not preclude the
previous model. In other words, By could enter the nucleus via nuclear pores during
interphase but also have the nucleus re-form around it at the end of mitosis. The model
that By enters through the nuclear pores, but not in quiescent cells, is consistent with the
work of Feldherr and Akin (1991) who found that nuclear transport was greatly reduced
in such cells. Nevertheless, our results do not completely rule out the possibility that By
can enter the nuclei of quiescent cells; they do iridicate, however, that the bulk of it enters
the nucleus only after cells are activated by addition of serum.

The model that B enters the nucleus through the nuclear pores has certain

constraints and implications. First, By appears to lack a nuclear localization sequence
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that is very common among proteins that are transported into the nuclei via the nuclear
pores (Komeili and O'Shea, 2000). In our studies, we have used purified By-tubulin from
bovine brain, which has not been sequenced. However, computer analysis using
PROSITE and PSORT of the known f; protein sequences from chicken (Sullivan et al.,
1985) and mouse (Lewis et «l., 1985) has revealed that By does not contain a nuclear
localization signal. Hence, it may "hitchhike" on another protein that does contain such a
signal.

An intriguing aspect of the possibility that By is transported into the nucleus via
the pores is connected with the role of Ran. Ran is a protein playing several important
roles in a variety of eukaryotic cells, including mammalian cells. One role of Ran is to
mediate transport of proteins into and out of the nuclei, by interacting with both export
receptors and with import receptors such as importin-f§ (Quimby et al, 2000; Azuma and
Dasso, 2000). Ran need not bind directly to the cargo but rather to one of the receptors.
Perhaps more significantly, Ran also plays a major role in mitosis. When a cell enters
mitosis, Ran (bound to GTP) is released from the nucleus in large amounts and stimulates
nucleation of microtubules around the centrosome (Wilde and Zheng, 1999; Carazo-Salas
et al., 2001). The mechanism of this stimulation is that Ran-GTP induces release from
importin-p of proteins that stimulate microtubule assembly, including NuMA and TPX2
(Wiese et al., 2001; Nachury et al, 2001; Gruss et al., 2001). This has been most closely
studied in the case of TPX2 (Gruss et al., 2001); TPX2 is a microtubule-associated
protein that stimulates microtubule assembly. During interphase it is localized to the
nucleus and kept inactive by being bound to importin-ct, an "adapter" protein that is in

turn bound to importin-f. When mitosis begins, Ran-GTP binds to the importin complex
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and causes the release of TPX2 that then stimulates microtubule assembly. Since Ran
mediates a mechanism to sequester microtubule-binding proteins in the nucleus, it is not
too unreasonable to speculate that tubulin itself may also be sequestered in the nucleus
under certain circumstances, perhaps by the same mechanism. Since the proteins that
interact directly with the importins apparently contain nuclear localization sequences,
which are not present in f3;;, one must postulate that fj; is a hitchhiker that binds to
another protein containing such a sequence. TPX2 could be one such protein. However,
the binding is likely to be specific for By. In this model, and in any model for nuclear fy
localization, it is necessary to postulate that isotype specificity may involve either
binding to a specific sequence present only in P or else recognizing a conformation
present in the af;; dimers but absent from the oy, afi; and afd;y dimers.

In terms of the connection between Ran and tubulin, it is worth mentioning that
Ran has a strong effect on microtubule dynamics, perhaps through activation of a motor
protein (Wilde et al, 2001) and that hydrolysis of Ran-bound GTP is required for nuclear
envelope re-assembly after mitosis (Hetzer et al., 2000). Thus, Ran may be involved in
the re-formation of the nucleus around B;; as postulated in the first model for By
localization in the nucleus.

A third possible model for the entry of B into nuclei involves the pores, but not
Ran. There appear to be transport mechanisms through the pores in which Ran is not
involved (Ryan and Wente, 2000). It is certainly conceivable that B could enter nuclei
through a Ran-free mechanism, but in view of the many connections between Ran and

the microtubule system, such a model is unlikely.
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A fourth model to consider is based on the fact that there exist eukaryotic cells
with nuclear tubulin in which this tubulin plays a major role. These are yeast cells---
Saccharomyces cerevisiae and Schizosaccharomyces pombe---whose nuclei not only
contain tubulin, but a significant portion of the mitotic spindle as well (Byers and
Goetsch, 1975; Baum et al., 1978). The yeast mitotic spindle is formed from the spindle
pole body that enters the nuclear envelope and proceeds to nucleate the spindle (Sobel,
1997; Knop et al., 1999). It is intriguing that spindle pole body localization in yeast is yet
another process in which Ran is thought to play a role (Quimby et al., 2000). The precise
mechanism appears to involve a localized disintegration of the nuclear envelope to form a
sizable gap called a "fenestra" (Mclntosh and O'Toole, 1999). The fenestra are large
enough to permit entry of an organelle bound to several microtubules; they would
certainly be large enough to allow entry of free tubulin dimers. Could such a mechanism
explain By localization in the nuclei of rat kidney mesangial cells? Alternatively, could
the localization of By in the nuclei be a residual phenomenon from a possibly once
widespread mechanism that is found today only in yeast cells? These are both unlikely to
be true, for the following reasons. First, no evidence of such fenestra has been seen in
higher eukaryotic cells. Second, fenestra are sufficiently large that it is hard to imagine
that they would only permit entry of af; dimers and not of either the af3;, oy or afy
dimers. Third, yeast nuclear tubulin forms a mitotic spindle inside the nucleus; in
contrast, nuclear By, together with the other isotypes, forms a spindle, but only after the
nucleus disintegrates (Walss et al., 1999). Fourth, in yeast the spindle pole body is on the
opposite side of the nucleus from the nucleolus, implying that the nucleolus has no

connection to either tubulin or microtubules (Yang et al., 1989); in contrast, we find that




nuclear By is actually concentrated in the nucleoli (Walss et al., 1999). Finally, a residual
connection between nuclear fB;; and yeast nuclear tubulin would imply that yeast -
tubulin resembles mammalian B;; more than it does the other isotypes. A BLAST search
of protein sequences indicates that this is not the case. Of the human B isotypes, for
example, the one that most closely resembles the yeast B-tubulins is Bivy (77 % identity
for S. cerevisiae and 78 % identity for S. pombe). The stronger resemblance to By is
consistent with the possibility that this tubulin may be more highly conserved in
evolution as a result of the fact that it is the isotype that forms the highly organized
axonemal microtubules of cilia and flagella (Renthal et al., 1993; Roach et al., 1998; Lu
et al., 1998). Identity to human By is 74 % and 77 %, respectively, for B-tubulins from S.
cerevisiae and S. pombe. For all these reasons, therefore, it is very unlikely that the yeast
model explains nuclear py; localization in mesangial cells.

Finally, it is conceivable that B enters the nucleus by penetrating the nuclear
envelope but at some site other than the pores. Sucﬁ a possibility may be acknowledged,
but there is no evidence for the existence of such a mechanism. One could postulate that
nuclear pores may have arisen precisely because other transport mechanisms for crossing
the nuclear envelope do not exist.

The various models advanced aboye bear upon the question of the physiological
role of nuclear By. In principle, one could imagine that there are three explanations, none
of them mutually exclusive, for the functional significance of nuclear By. First, it may
play some role within the nuclei, perhaps being involved in intra-nuclear transport or
compartmentalization within the nucleus. At present, there is no evidence to support this

possibility. Second, nuclear By could be a passenger protein, one that is sequestered




within the nucleus until mitosis, at which point it is released by the nucleus to play a
specific role in mitosis. This has been proposed to be the pattern with other proteins such
as mitosin, NuMA and the mitotic apparatus protein p62, (Zhu et al., 1997; Saredi et al.,
1996; Warner and Sloboda, 1999). These proteins are released from the nucleus during
prophase, play important roles in microtubule organization during cell division and
reorganize into the nucleus at the start of a new cell cycle. There is great similarity
between the cycles of these proteips and the one that we find to occur for Bj-tubulin.
There are a variety of other observations that are consistent with this hypothesis. For
one, Py is most concentrated in the nucleoli, organelles that are thought to play a role in
sequestering proteins involved in cell cycle regulation, releasing them during mitosis
(Visintin and Amon, 2000). Also, Ran-GTP is present in the interphase nucleus, being
released when mitosis begins, at which point it is thought that a cloud of Ran-GTP
around the centrosomes stimulates microtubule assembly there (Carazo-Salas et al., 2001;
Gruss et al., 2001). The mechanism involves Ran-induced release of microtubule-
associated proteins (Gruss et al., 2001). There is a certain symmetry in the hypothesis
that afpy-tubulin may also be released from the nucleus and cluster around the
centrosomes ready to be assembled by a Ran-initiated mechanism. Such a model would
imply that B has a particular role in mitosis, one different from those of the other
isotypes; this is a fact that has yet to be demonstrated, however. A third possibility is that
By is sequestered in the nucleus during interphase to keep it from affecting a function
carried out in the cytoplasm by some other isotype, for example, By or Byy. This is
certainly consistent with the observation that proteins such as TPX2 are kept inactivated

during interphase by being sequestered in the nucleus (Gruss et al., 2001). Although such



a model would be conceivable for By in the context of m;sangial cells, that have very
little cytoplasmic By, it is not consistent with our observation that many other cultured
cell types have both nuclear and cytoplasmic f;; (Luduena et al, 2001).

A final possibility to be considered is that nuclear B; has no functional
significance at all, that it is some freak of abnormal development in cultured mesangial
cells. However, we have seen nuclear By in a large variety of cultured cells, both
transformed and non-transformed. These include human aortic and venous endothelial
cells as well as breast, ovarian, prostate, colon and other cancer cells (Walss et al., 2000;
Luduena et al., 2001; Luduena, Mittal, Sprague, Centonze and Xu, unpublished
observations). The fact that nuclear By is a widespread phenomenon implies that it is

likely to have some functional significance, although its nature is presently unclear.
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FIGURE LEGENDS

Figure 1. Effect of tubulin fluorescence-labeling on microtubule assembly.
Fluorescein-labeled tubulin isotypes were assembled at 37 °C for 1 h in the presence of 1
mM GTP and 6 mM MgCl,. The increase in turbidity, as shown by an increase in
absorbance at 350 nim, indicates that all tubulin isotypes were able to polymerize after

fluorescent labeling. a, Fluorescent off;-tubulin. b, Fluorescent af-tubulin. ¢,

Fluorescent af3jy-tubulin.

Figure 2. Microinjection of fluorescein-labeled B-isotypes into rat kidney mesangial
cells. a, Cells injected in the cytoplasm during interphase with af;;-DTAF (3.5 mg/ml),
fixed 7 h after injection. Notice accumulation of fluorescence in the nuclei and

nucleoli. b, Phase contrast of same cells as in a, showing position of the nuclei and
nucleoli. ¢, Cells injected in the cytoplasm during interphase with af3;-DTAF (3.5
mg/mt), fixed 20 h after injection. Notice accumulation of fluorescence in the nucleus.

d, Phase contrast of same cells as in ¢, showing position of the nuclei. e, Cells injected in
the cytoplasm during interphase with a;-DTAF (4.9 mg/ml) fixed 20 hrs after
injection. f, Cells injected in the cytoplasm during interphase with af;v-DTAF (2.35
mg/ml), fixed 20 hrs after injection. Notice accumulation of fluorescence in the

cytoplasm in e and f. a-d,f, Bar =28 pu. e, Bar=19 p.

Figure 3. Microinjection of fluorescein-labeled B“-tubulin into the cytosol of quiescent
mesangial cells. a, Cell injected in the cytosol with af-DTAF (4.7 mg/ml) and

incubated in media with serum for 24 h. Notice accumulation of By-tubulin in the
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nucleus and nucleolus. b, Phase contrast of same cell as in a, showing position of the
nucleus and nucleolus. ¢, Cells injected in the cytosol with af-DTAF (4.7 mg/ml) and
incubated in media without serum for 24 h. Notice accumulation of ﬂuorescepce around
the nucleus. d, Phase contrast of same cells as in ¢. e, Cell injected in the cytosol with
BSA-DTAF (3.9 mg/ml) and incubated in media with serum for 24 h. f, Cells injected in

the cytosol with BSA-DTAF (3.9 mg/ml) and incubated in media without serum for 24

h. Bar =28 p.

Figure 4. Microinjection of B-tubulin antibodies into rat kidney mesangial cells
during cell division. a, d, Cells injected with anti-f;. b, e, Cells injected with anti-
Bu. ¢, f: Cells injected with anti-Byy. a, b, ¢, Cells injected during division, fixed
immediatély after injection. Notice labeling of mitotic spindles with all three
antibodies. d, e, f, Cells injected during division, fixed 7 h after injection, to allow
cells to complete division. Notice accumulation of B antibody in the nucleus in e.

Bar =28 .
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ABSTRACT

Little is known about the presence and distribution of tubulin isotypes in MDCK cells
although essential epithelial functions in these monolayers are regulated by dynamic
changes in the microtubule architecture. Using specific antibodies we show here that

the BI, pll and BIV isotypes are differentially distributed in the microtubules of these

Cells. Microtubules in subconfluent cells radiating from the perinuclear region contain i

and {11 tubulins, while those extending to the cell edges are enriched in 3ll. In contrast,
confluent cells contain Bl and Bll along the entire microtubule length. BIV is the less
abundant isotype and shows a similar distribution to Bll. The effect of modifying tubulin
isotype ratios in the microtu'bgles that could affect their dynamics and function was
analyzed by stably expressing in MDCK cells Bl tubulin frorﬁ CHO cells. Three
recombinant clones expressing different levels of the exogenous f! tubulin were
selected and subcloned. Clone 17-2 showed the highest expression of CHO 1 tubulin.
Total Bl tubulin levels (MDCK+CHO) in the clones were approximately 1.8 to 1.1-fold
higher than in control cells transfected with the empty vector only expressing MDCK 31
tubulin. In all these cells Bl tubulin levels remained unchanged. The cells expressing
CHO p1 tubulin showed defective attachment, spreading and delayed formation of
adhesion sites at short times after plating, whereas control cells attached and spread
normally. Analysis of cytoskeletal fractions from clone 17-2 showed a MDCK BI/CHO £l
ratio of 1.89 at 2 h that gradually decreased to 1.0 by 24 h. The ratio of the two isotypes
in the soluble fraction remained unchanged, although with higher values than those

found for the polymerized I tubulin. By 24 h the transfected cells had regained normal

~ spreading ‘and formed a confluent monolayer. Our results show that excess levels of

total BI tubulin, resulting from the expression of the exogenous p1 isotype and
incorporation of it into microtubules, affect normal adhesion and spreading of the cells.

As the levels return to normal the cells recover their normal phenotype. Regulation of i
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tubulin levels implies the release of the MDCK I isotype from the microtubules into the

soluble fraction where it would be degraded.

Key words: Tubulin isotypes ratio; epithelial cell functions
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INTRODUCTION

Microtubules are one of the main components of the cytoskeleton and their dynamic
behavior is fundamental for normal function and viability of eukaryotic cells.
Microtubules are forméd by ‘tg,!_t)ulin dimmers, called o and . Both tubulins consist of
several isotypes, encoded by different genes, that contain diverse post-transcriptional
modifications. The carboxyl-terminal end is quite variable among isotypes, making it an
isotype discriminatory region. In mammals, seven genes are known for o tubulin and
seven for p-tubulin ( Sullivan , 1988, Stanchi et al., 2000 ). Studies done 6n B tubulin
isotypes have shown that they can be differentially distributed within microtubules of the
same cell, and that different isotypes can constitute microtubules in different cellular
types and tissues. ( Sullivan and Cleveland, 1986; Raff et al. , 1997; Roach et al., 1998
). These results suggest an isotype-function relationship that might modulate the
dynamics of microtubule polymerization which determines specific functions in different
cells and sometimes in the séme cell ( Arai et al., 1988; Luduena, 1993, 1998; Hyams
and Lloyd, 1994 ). In support of this hypothesis, it has been observed that over-
express'io.n. of some [} tubulin isotypes and their incorporation into microtubules alters
their stability ( Haber et al., 1995; Ranganathan et al., 1996, 1998, Carles et al., 1999 ),
and that over-expression of the pl and pll tubulin isotypes induces an increase in the

density of the microtubule network ( Narishige et al., 1999 ). Other experiments, in




which B, Il or BIVb tubulins were independently over-expressed indicated that
microtubules became resistant to antimitotic drugs when the Bl tubulin isotype was

mutated ( Blade, et al., 1999 ). In addition, it has been shown that microtubules made

from aflll dimers are more dynamic in vitro than those made from either ofll or afIV

‘dimers ( Panda et al., 1994 ).

Microtubules play a role in cell migration by regulation of cell adhesion and
retraction ( Bershadsky et al., 1991, 1996; Small et al., 1999; Ballestrem et al., 2000 ).
When' cells are treated with microtubule depolymerizing drugs, cellular adhesion and
spreading are significantly rédi]‘ced ( Domnina et al., 1985; Evans et al., 1997 ). éecent
evidence suggests that microtubules regulate adhesive or protrusive events through
pathways involving the small GTPases Rho and Rac ( Nobes et al.,, 1999; Waterman-
Storer and Salmon, 1999 ). Activation of these events requires combined cycles of
polymerization-depolymerization of microtubules and organization of actin filaments (
Bershadsky, et al.,1996; Mandato et al, 2000 ). Waterman-Storer and Salmon
proposed in 1999 a model of positive feedback interactions between microtubules and
actin in which microtubule disassembly in the cell body activates Rho A, with the
consequent formation of focal contacts and contraction of the cell. In contrast,
microtubule assembly at the leading edge results in Rac activation and Iaméllipodium
formation. Other studies have shown that microtubule positive ends are found in the
b'oundaries. of cell-cell and cell-substrate contact sites suggesting that microtubules use
motor proteins to transport factors that modulate the formation of contact sites by

regulating acto-myosin-dependent contraction ( Kaverina et al., 1998, 1999 ).




It is well established that in MDCK cells microtubules are essential for cellular
polarity participating in protein transport to the apical region via motor proteins such as
kinesin and dynein ( Marja et al., 1990; Ojakian and Schwimmer, 1992; Kreitzer et al.,

2000 ), and that microtubule architecture is different in subconfluent and confluent cells.

.

( Bacallao et al., 1989 ). However, as tubulin isotypes in these cells have not yet been
identified and their distribution within the microtubules is not established, it is also
unknown how the dynamic changes of the microtubular organization could regulate the
formation of a polarized monol\ayer.

We identified in this work t.hree isotypes of B tubulin in MDCK cells and explored
whether variation in the expression of a determined isotype could modify the intrinsic
organization and functions of the microtubules. For this purpose, B! tubulin from CHO
cells was stably expressed in MDCK cells. Three recombinant clones were selected
which expressed CHO B tubulin in different proportion . In all the cells the distribution of
the exogenous B! tubulin was similar to that of the endogenous jI isotype. However,
adhesion and extension were impaired in the transfected cells at early times after
plating. Such alterations apparently resulted from an excess of total Bl tubulin (
MDCK+CHO ) and the incorporation of exogenous Bl tubulin into microtubules. Once

the ratio of polymerized Bl tubulin, ( Bl endogenous/ 31 exogenous ) decreased to

-~ normal levels, the cells recovered their normal phenotype, indicating that MDCK cells

can regulate the levels of Bl tubulin incorporated into microtubules by preferentially
releasing the endogenous isotype. As the levels of total soluble Bl remain constant all

the time, the soluble endogenous Bl released from microtubules would also be

preferentially dégraded.
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MATERIALS AND METHODS

Materials

All reagents, unless otherwise indicated, were analytical grade and purchased from

Sigma Chemical Co. ( St Louis, MO. ) Cell culture reagents were obtained from

GIBCO-Life Technologies ( Gaithersburg, MD ).
Cell culture

The MDCK ( NBL-2 ) cell line was obtained from the American Type Culture
Collection, and maintained in'-\ﬁ‘EagIe-Dulbecco-Vdgt modified medium ( DMEM, GIBCO
cat No. 12100-061 ) supplemented with 10% fetal calf serum, 100 U /ml penicillin, 100
ng ml”' streptomycin and 0.8 U ml™' insulin.
Antibodies

Monoclonal antibodies specific for the B1 ( SAP.4G5 ) and BIV ( ONS.1A6 ) tubulin
isotypes were obtained as indicated ( Roach et al,, 1998; Banerjee et al, 1992 ).
Although mammals have two forms of IV, designated BlVa and f31Vb, the monoclonal
antibody ONS.1A6 is unable to discriminate between them. The polyclonal antibody
specific for the Bli tubulin isotype, Ab 196, was kindly donated by Dr. R. Armas-Portela
at the University of Madrid, Spain ( Armas-Portela et al., 1999 ). The monoclonal

antibody against HA tag ( Clone 12CA5 ) was purchased from Boehringer Mannheim,

- Germany ( Cat. No. 1 583 816 ). The monoclonal antibody against total B tubulin was

purchaséd from ICN Biomedicals, Costa Mesa, CA ( Cat. No. 63781 ). The monoclonal
antibody against actin was prepared using rat brain actin as indicated in a pfevidus work

( Manning-Cela et al., 19534 ).




Immunofluorescense and confocal microscopy
Cells were grown on glass coverslips in complete medium, rinsed in PBS, and then

fixed with 3.0% formaldehyde ( ultrapure grade, Tousimis Research Co., Rockville, MD )

at room temperature for 20 min. Cells were permeabilized by 3 min treatment with 0.5%
Triton X-1OO and then blocked with 0.5% bovine serum albumin in PBS ( PBS/BSA ) for
30 min. After rinsing with PBS, cells were incubated with the first antibody diluted 1:50
or 1:100 in PBS/BSA for 60‘\‘min at 37°C. For simultaneous localization of 3 tubulin
isotypes cells were incubated with monoclonal and polyclonal antibodies at the same
time. After incubation, cells were rinsed with PBS and the secondary antibodies goat
anti-mouse 1gG tagged with FITC and goat anti-rabbit IgG tagged with rhodamine ( 1:50
dilution with PBS/BSA ) were added for 60 min at foom temperature. After rinsing with
PBS. the coverslips were mounted on glass slides containing 50 ul of a 911 PBS/
glycerol mixture pH 8.5, for epifluorescence observation, or in a-quenching medium (
Vecta Shield H-100, Vector Laborateries Inc. Burlingame, CA ) for observation in a
confocal laser microscope ( Bio Rad MRC-600, Watford, UK ). Double-
immunofluorescence preparations were protographed in each of the corresponding
fluorescence excitation filters and then each image was independently analyzed using
the program Confocal Assistant from Bio Rad.
Electrophoretic Procedures

Cells grown on Petri dishes were lysed with ice cold buffer, containing 20 mM Tris-
HCL, pH 7.5, 1% sodium dodecy! sulphate, 2 mM EGTA and Complete proteinase

inhibitor cocktail tables ( used as indicated by the manufacturer, Amersham, Pharmacia




Biotech Inc. Piscataway, NJ ) and sonicated by 30 sec cycles. Protein concentration
was determined by Lowry before polyacrylamide gel electrophoresis ( PAGE ) carried
out in 7.5% SDS-discontinuous gels. Proteins were electrotransferred to nitrocellulose

membranes, which were stained with Ponceau S to verify the amount of protein

transferred in each lane. The nitrocellulose paper was blocked with 5% skim milk in

PBS, and incubated in a 1: 1000 dilution of the antibody -against HA tag, 1: 5000 dilution
for Bl or 1:10000 dilution of the BlI antibody, overnight at 4°C. In this primary incubation
the monoclonal antibody spe_gific for actin ( 1:250 dilution ) was also added‘ to act as
internal standard for the amouﬁt of protein loaded in each lane. The blots were then
washed 3 times ( 20 min each ) in PBS and incubated for 1‘ h in a 1:5000 dilution of
peroxidase-conjugated goat antimouse IgG. Positive bands were visualized with the
Amersham enhanced chemiluminiscence ECL kit.
Expression Vector

MDCK cells were transfected with the expression vector pRc/HA-B1 which was a
generous gift from Drs. M. Gonzalez-Garéy and F. Cabral at the University of Texas,
Houston. This vector contains the entire coding sequence for fI tubulin of CHO cells,
and was modified to encode a 9 amino acid hemagglutinin antigen ( HA ) epitope tag
from the influenza virus at the C-terminus of the B! tubulin sequence ( Gonzélez-Garay
and Cabral, 1995).
Isolation of stable transfected cells

MDCK cells were transfected with plasmid DNA by the calcium phosphate
coprecipitacion technique, including a 10% glycerol shock step ( Chen and Okayama,

1987 ). Forty-eight hours after transfection, cells were subcultured in complete medium
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containing 0.6 mg of G418 ( selection medium ). The G418 resistant colonies, were
picked and expanded in selection medium. Recombinant clones were selected by
immunofluorescence using the anti-HA antibody to detect the CHO tubulin and then

subcloned by limited dilution to obtain a homogeneous population, as assessed by the

PRV

levels of expression of the transfected protein. Increased expression of the transfected
gene was induced adding 2 mM sodium butyrate overnight to the cell culture medium (
Barlow et al., 1994)
Cytoskeleton and soluble frgction preparation

Cells grown on Petri dish.es were rinsed several times with PBS. Lysis buffer
containing 0.5% Triton X-100, 10 mM Tris-HC1 pH 7.7, 25 mM KC1, 120 mM NaCl, 2
mM EGTA, .4 ug/ml taxol and Complete proteinase inhibitor was added to the cells and
gently detached with a rubber policeman. The cell suspension maintained at 4°C was
sonicated and then centrifuged at 12 000 x g for 10 min at 4°C. Supernatans containing
the soluble fraction were carefully separated from pellets containing the membrane
cytoskeleton protgin and placed in separated tubes.. The pellets were resuspended in 10
mM tris-HCI pH 7.5, 0.05% SDS and Complete. Both fractions were precipitated with
acetone for 10 min at 4°C and then centrifuged at 10 000 x g 10 min at 4°C. The pellets
were resuspended ih 10 mM Tris-HCl pH 7.5, 0.05% SDS and Complete. Protein
cpncentration was determined before immunoblots were carried out.
Céll adl";ééion assays

Cells were seeded in 24-well cell culture dishes for the times required in the
experiments, rinsed three times with PBS to wash away non-adhered cells and fixed

with 3% formaldehyde for 20 min at room temperature. After rinsing with PBS, attached
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cells were stained with 0.1% methylene blue dissolved in borate buffer pH 8.7 ( 0.2 M
boric acid, 0.5M sodium borate ) for 30 min at room temperature. After rinsing with
borate buffer pH 8.7, cells were lysed with 0.1 N HCI for 30 min at room temperature.

The absorbance of the released dye was measured at 630 nm in an ELISA plate reader.

Cell adhesion values were expressed as percentage considering the adhesion of mock
cells as 100%.
Densitometric measurements

Quantification of the immunoblot reactive bands was done by scanning the
fluorographies obtained in at l.east three independent experiments of the same type,
followed by integration of the areas under the curves using the gel analysis software,
Sigma gel version 1.0.
Morphometric measurements

They were made collecting a number of optical slices { 1.0 um step ) of rhodamine-
stained cells at different times of culture. The longest axis and the projection of the area
of the cells were.analyzed with the program included for morphometry in the confocal

microscope.

RESULTS

©

~ Presence and Distribution of 8-Tubulin Isotypes in MDCK Cells

Thé identity and expressic;n of tubuliﬁ isc;types in MDCK cells was determined
using antibodies that could discriminate between I, Bll and BIV tubulins. As none of
-these antibodies can be used for immunoprecipitation, the quantification of the reactive

bands in the immunotransference assays was done normalizing the protein




concentration measured in each band to the concentration value obtained with an actin
monoclonal antibody, used as an internal protein standard, in densitometric
measurements ( Fig. 1). Two bands'weré positive in all cases; one of approximately 50
kDa corresponding to the molecular weight reported for tubulin monomers and one of
43 kDa corresponding to actin. These results showed that MDCK cells express the B,
BIl and BIV isotypes of tubulin. The distributions of the BI and Bll isotypes were
determined by indirect immunofluorescence ( IIF ) using the antibodies coupled to two
different fluorescent markers\.l.( Fig. 2 ). In subconfluent cells, the Bl isotype was
localized in the microtubule network radiating from the perinuclear region but was not
present in the region where the microtubules reached the cell edges ( Fig. 2a ). This
distribution was not modified at higher cbncentrations of the antibody. The Bl isotype
was also localized in the microtubules forming the perinuciear network but it was
particularly enriched in the microtubules extending to the cellular borders ( Fig. 2b ).
This zonal distribution was confirmed in superimposed images ( Fig. 2c ) and in cross
sections of the same images ( Fig. 2d ). In confluent cells Bl and Bl isotypes co-
localized along the complete length of the microtubules ( Figs. 2e, f, g ). A less dense
microtubule network following the same pattern as 1l tubulin was observed with the IV
antibody ( data not shown ). Our results with |IF not only corroborated previous results
showing changes of the microtubule organization in subconfluent and confluent MDCK
cells, bLit sl"\owed that the changes imply rearrangements in the distribution of m tubulin

isotypes during the formation of a confluent polarized monolayer.

Expression of the exogenous fI-Tubulin in MDCK Cells




Variation in the expression of BI tubulin was induced by expression of a B tubulin
cDNA sequence from CHO cells in the MDCK cells. This sequence has been cloned in
plasmid pRc/HA-BI which also contains a sequence encoding nine amino acids of the
‘i.rlwﬂuenza virus ( HA ) in its carboxyl-end; and a sequence to confer resistance to G418.
( Gonzalez-Garay and Cabral , 1995 ). Three stable recombinant clones with different
levels of expression of the exogenous protein, initially assessed by [IF using an anti-HA
antibody, were selected and subcloned to have a homogeneous population. As a
control, cells transfected with‘\t‘he same plasmid lacking the Bl tubulin gene were also
cloned ( mock cells ). The levels of expression of exogenous Bl-tubulin in transfected
cells were measured in western blots of total cell extracts from the three clones and
from mock cells using the anti-HA antibody. An anti-actin antibody was added és an
internal standard. Figure 3 ( lanes 2, 3 and 4 ) shows a representative fluorograph in
which the bénds corresponding to CHO f1 tubulin and actin can be seen. Densitometric
analyses indicated that cells from the clone 17-2 expressed the highest levels of
exogenous fl-tubulin. This value was taken as 100%. Cells from clone 39-7 expressed
25% less than clone 17-2 and cells from clone 2-26 expressed 90-95 % less. Lane 5 is
an overexposure of lane 4 fo facilitate the visualization of the exogenous protein band.
Cell extracts from mock cells ( lane 1) only showed the band corresponding to actin.

- Incorporation of exogenous fl-tubulin into microtubules was monitored by IIF also
using tr;e anti-HA labeling. In all the transfected cells the exogenous pl tubulin showed
the same distribution as that observed in control cells. Figure 4 shows the distribution in
confluent control celis ( Fig. 4a ), confluent cells of clone 17-2 ( Fig. 4b ), and the similar

but less intense labeling of microtubules in the 39-7 ( Fig. 4c ) and 2-26 cells ( Fig. 4d ).



These observations agree with the results obtained by immunotransference, indicating
that the 3 subclones differentially expressed the CHO cell B1 tubulin.

Bl-Tubulin levels in control and transfected cells.

N MDCK cells plated on culture dishes adhere almost immediately but require nearly
2 h to extend, form ruffles and lamellae. After 6-8 h, most of the cells are completely
extended and have made cell-cell contacts. By 24 h the cells have formed a confluent
monolayer, where transepithelial resistance can be registered indicating closure of the
tight junctions and establishrﬁept of cell polarity ( for review see, Cereijido et al., 2000 ).
Bl-tubulin levels ( both exogenous and endogenous ) were quantified in subcellular
fractions from control cells ( mock ) and transfected cells plated for 2, 6, and 24 h.
The_se times were chosen as adhesion, changes in cell shape, formation of cell-cell
contacts and confluency could be cl‘early monitored. Discrimination between the 2 types
of Bl tubulin being expressed in the cells was possible because antibody SAP.4G5
exclusively recognized the endogenous Bl-tubulin, and the exogenous fl-tubulin was
specifically labeled by anti-HA. Non-polymerized tubulin was quantified in the Triton X-
100 soluble fraction ( sol ), whereas polymerized tubulin ( pol ), remained in the
cytoskeleton or Triton X -100 resistant fraction . The Western blot in Figure 5A shows
the reactive bands in the two fractions from mock and clone 17-2 cells labeled with
- three di-fferent antibodies. A band of approximately 50 KDa corresponded to the
endog-e.nous ( end ) Bl tubulin, a band of slightly lower relative mbbi.lity corresponded to
the exogenous ( exo ) pl tubulin, and a 43 kDa pand corresponded to actin. Lanes 1 and
2 at the different times show the soluble and polymerized fractions from clone 17-2

cells. Lanes 3 'and 4 show the same fractions from mock cells in which the band




corresponding to exogenous B! tubulin was not present. The band corresponding to
endogenous Bl tubulin ih the soluble fraction of 17-2 cells ( lane 1 ) remained
unchanged while the same tubulin band in the polymerized fraction decreased with time
of culture ( lane 2 ). The exogenous Bl tubulin also remained constant during culture
time ( lane 1) in the soluble fraction. In the polymerized fraction from 2 to 6 h there was
no significant change, but a large decrease was observed at 24 h ( lane 2 ). In mock
cells a change in the levels of I tubulin ( endogenous-) was not detected in the soluble
nor in the polymerized fractior}s‘_( lanes 3 and 4 ).

Densitometric analyses shown in Figure 5B, were performed in equivalent blots
from 3 independent experiments. Results showed that total levels of f1 tubulin (
end+exo ) in the cells from clone 17-2 reached values 80, 60, and 45% above the
values measured in mock cells which only contain endogenous I tubulin at 2, 6 and 24
h. The densitometric analyses of the polymerized fraction in the blots from mock and
17-2 clone cells are shown in figure 5C. After 2h of culture, endogenous Bl tubulin levels
from mock cells ( pol mock ) and those of the same type of ! tubulin in cells from clone
17-2 ( end pol ) were not significantly different. At 6 and 24h the levels of endogenous
polymerized B tubulin in the cells of clone 17-2 significantly decreased in comparison
to the levels present in mock cell during the same times of culture ( pol mock and end
" pol ). In"the 17-2 clone the incorporation into microtubules of significant levels of
exogenous BI could be detected at all times of culture ( exo pol ). These levels were not
significantly different at 6h buf then decr‘eaéed considerably by 24h . Figure 5D shows

the levels of soluble Bi tubulin in the 17-2 cells, both endogenous and exogenous ( end




sol and exo sol ), remained unchanged during culture, in the same way as the levels of
soluble I tubulin did not change in the mock cells ( sol mock ).

From the densitometric values in the fractions from cells 17-2 the end/exo ratios of
polymerized 1 tubulin were calculated. Values of 1.8, 1.19, and 1.0 were obtained at 2,
6, and 24 h of culture, respectively. The reduction in this ratio in these cells was due to
the decrease of endogenous Bl tubulin ( end pol in Fig. 5C at all the culture times ) as
exogenous polymerized Bl tubulin ( exo pol ) significantly decreased only in the period
between 6 and 24 h of cultdre. On the other hand, analysis of Bli-tubulin expression
using the anti-gli tubulin antibody in both soluble and cytoskeleton fractions in cells from
the 17-2 clone or mock cells at 2, 6, and 24 hours, showed no significant variation (
data not shown ). Thesé results indicate that the levels of endogenous B1 tubulin are
regulated in the mock and also in the transfected cells expressing CHO i tubQIin.
Effect of Bl Tubulin Over-expression in Cellular Adhesion

The above results indicated that at short times after plating, the microtubules being
organized in the cells have not only incorporated the exogenous fl isotype but also
increased the proportion of total Bl. When adhesion of cells expressing different levels
of the exogenous B! tubulin wés analyzed, it was found that mock cells had completely
adhered by 30 min ( Fig. 6, 100 % value ). At this time whole the cells from clone 17-2
sl‘wbwe_d;an adhesion of only 60 % whereas the cells from clone 39-7 showed 75 %
adhesion compared to mock cells and cells those from clone 2-26 showed an adhesion
of 80 %. However, adhesion in the three clones increased gradually, reaching by 6 h
close values to those of mock cells but witH-a slower kinetics. These results suggest

that the defective adhesion showed by the transfected cells expressing different levels
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of CHO Bl tubulin and thus containing higher tevels of total Bl , colud result from the
higher proportion of this isotype incorporated in the microtubules ( Fig. 5C ). The resuits
obtained with the different clones rule out the possibility that plasmid integration into the

MDCK cell DNA had occurred into regulatory or codifying regions that could cause the

-adhesion defect, as this is overcome during longer culture times.

Effect of B1-Tubulin Over-expression in Cellular Spreading

The above results showing defective adhesion of the transfected cells suggested
that cellular spreading, also depending on microtubule and actin organization could be
altered in these cells. Therefs‘i‘e, the distribution and organization of microtubules and
actin filaments was analyzed by immuno-localization using the total 1 tubulin antibody
and rhodamine-labeled phalloidin.

During the first 2 h of culture, cells from clone 17-2 that could make contact with the
substrate remained completely rounded, microtubules were localized as dense rings
around the nucleus, and actin filaments displayed a tight cortical distribution ( Figs. 7 a,
d ). During the same period, mock cells were already extended, have developed
lamellae and the ﬁ\icrotubUIes radiating from the perinuclear region showed an incipient
network organization ( Fig. 7 @' ). Actin filaments in these cells formed stress fibers
along the cellular margins ( Figs. 7 d' ). In contrast, the 17-2 cells began spreading only
after 6 h when few ruffles and scarce stress fibers were visible ( Figs. 7 b, e ). Mock
céils we”re'already extended and even made several several cell-cell contacts and both

microtubules and microfilaments were organized ( Figs. 7b’, €' ). By 24 h microtubules

and microfilaments in the 17-2 and mock cells showed a similar organization with a
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microtubule network radiating from the perinuclear region and actin filaments forminvg
the cortical ring typical of epithelial cells ( Figs. 7 ¢, f, c', f').
Morphometric analyses were performed to corroborate the observed morphological

changes. The area and the longest axis of mock and clone 17-2 cells were measured in

300 cells found in different fields at 2, 6 and 24 h of culture ( Table | ). Mock cells did not

show rounded cells at any culture time, whereas the fields containing clone 17-2 cells
showed mostly rounded cells after 2 h ( Area = 926 + 81 um? vs 313 + 34 um? and
longest axis =41 +2 um vs 20 + 1 um ) . By 6 h spreading cells ( 60% ) of clone 17-2
were seen. The longest axis:.é‘hd the area in these cells were approximately one half of
those in mock cells ( 44 + 5 um and 1625 + 170 um? vs 76.5 + 5 um and 3405 + 172
1m? ). At 24 h these parameters were very similar in both types of cells ( 117 + 17 um
and 6823 = 420 um?vs 115 + 14 um and 7014 + 393 um? ). These results indicate that
transfected cells expressing high levels of the Bl tubulin isotype have impaired
spreading at early times of culture and, as in the case of adhesioh, this defect could be
overcome after 6 h in culture.

Delayed formatic;n of adhesion sites in transfected cells.

Microtubules and actin microfilaments are known to participate in the establishment
and rhaintenance of adhesion sites. ( Kaverina et al., 1998, 1999 ). The rounded shape,
the defective adhesion, as well as the delayed spreading shown at early culture times
b‘y.the. (_.:A-éll‘s overexpressing B1 tubulin, in particular the cells from clone 17-2, could be
related with inadequate establishment of adhesion sites. To explore this possibility
adhesion sites in the mock and transfected cells were visualized using an antibody

against vinculin, tagged with FITC. Figure 8 shows mock and clone 17-2 cells at 2, 6
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and 24 h df culture. Focal adhesions were absent in the 17-2 cells ( Figs. 8 a, b )
whereas in the mock cells clearly formed adhesion sites were seen at 2 h ( Fig. 8 a')
with an important increase in numbgr of adhesion sites by 6 h of culture ( Fig, 8 b").
However, after 24 h in culture, organized focal adhesions were observed in both control
.and transfected cells. ( Figs. 8 ¢, ¢' ). These results suggest that over-expression of fi
tubulin and incorporation of CHO I tubulin into microtubules could retard the formation
of focal adhesion sites at early times of culture and contribute to the defective adhesion

and spreading of the transfected cells.

DISCUSSION
Expression of § Tubulin Isotypes in MDCK Cells

The monolayers of MDCK cells form in vitro a poiarized epithelium allowing vectorial
transport, which includes absorption, secretion, and bi-directional transcytosis. It has
been established that a dynamic microtubular system plays an impdrtant role in
maintaining the monolayer functions. ( Rodriguez-Boulan and Nelson, 1989; Meads and
Schroer, 1995; Fanning et al.,, 1999; Cereijido et al., 2000 ). In spite of this evidence,
few studies wiih these cells have addressed their microtubule intrinsic organization.

This work reports for the first time the presence of at least 3 isotypes of f§ tubulin in

MDCK cells, how they distribute within microtubules, and the effects of isotype

- .. overexpression in microtubular functions. The expression of different § tubulin isotypes

and their integration into microtubules has been reported as having a specific tissue

pattern probably related to the function of the cells. fI, il and IV tubulins are
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considered to be constitutive, I being perhaps the most widespread. ( Sullivan and
Cleveland, 1986; Sullivan, 1988 ).

The microtubular distribution of 1 and Bll was found to differ in subconfluent and
confluent cells. In isolated ‘cells the Bl isotype was localized in microtubules forming thel
‘network radiating from the perinuclear region in the zone closest to the nucleus, while
Bll, although present in the same microtubules, was very much enriched in microtubules
reaching the cellular borders. In confluent cells, the Bl and fli-isotypes colocalized all
along the microtubules. The gistribution of BIV was found to be ‘similar to that of § Il and
did not change at the differer;t‘-growth stages. These observations suggested dynamic
changes in the architecture of the isotypes during the formation of a confluent functional |
monolayer. It has been reported that in subconfluent MDCK cells and PtK1 cells,
microtubules do not use centrosomes as the sole nucleation site and the majority of
them do not originate by centrosomal growth ( Meads and Schroer, 1995; Keating et al.,
1997 ). The half-life of these microtubules has been calculated as approximately 30 min
with an exchange of heterodimers every 9 min. In confluent or polarized cells, the half-
life of the microtu5ules was calculated as 2 h, and the exchange of heterodimers occurs
every 30 min. These microtubules are more resistant to depolymerization by drugs than
more dynamic microtubules as those present in subconfluent cells. Furthermore, whén
growth of the plus ends of the microtubules was measured, a growth of 11.1 um/min
wéé regisfered in subconfluent cells and in confluent cells microtubules grew 2.7
um/min ( Bré et al., 1987, 1990; Bacallao et al., 1989; Pepperkok et al., 1990; Meads

and Schroer, 1995; Wadsworth and Bottaro, 1996).




Our present observations indicate that microtubules containing a higher proportion
of Bl than of Bl or containing only f1 are concentrated at the perinuclear region while
microtubules mostly containing Bll reach the cell edges. Furthermore, those

microtubules found in zones where cellular extension is occurring consist largely of Bll.

.

These microtubules presumably participate in formation of adhesion sites involved in
cellular extension, as shown in other cell systems ( Kaverina et al., 1998, 1999 ). This
raises the possibility that Bil is involved in adhesion. One can further hypothesize that
once the cells make contact with each other and cellular extension can no longer take
place, the distinct zonal distributions of the [ tubulin isotypes within the microtubules are
lost and the microtubules acquire a more. stable architecture. Although we are

tentatively proposing Bl as being involved in adhesion, it is certainly possible that IV

also plays a role here because microtubules in these zones also contain some BIV.

Furthermore, there is also the BV isotype whose distribution in mammals is as yet
unknown and for which no monoclonal antibody is available. The microtubules involved
in adhesion could easily contain BV and we would not be able to tell. However, the most
likely hypothesis that arises from these data is that the Bl isotype is not directly involved'
in adhesion. |

Effects of Over-expression of $1-Tubulin in MDCK Cells

" To test this hypothesis, we studied the effect of tubulin isotype ratio modification on

particular cell functions, transfecting MDCK cells with a plasmid that contained the

sequences of Bl tubulin from CHO cells to induce over-expression of the fI isotype.
Over-expression of Bl tubulin and incorporation of the CHO isotype into microtubules

rendered cells .c;:iefective in adhesion, spreading and development of focal adhesion . |
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sites. Cell adhesion to a substrate or to extracellular matrix is particularly important for
the organization of the monolayer and the apicobasal axis of polarity in MDCK cells (
 Yeman, et al., 1999 ). It has been proposed that microtubules and actin interact at cell

adhesion sites to the substrate and that the number of microtubule ends at these sites is

PN

proportional to the strength of binding by directing cellular extension and modulating the
contraction of acto-myosin complexes ( Vasiliev, 1991; Kaverina et al., 1998, 1999 ).
The defect in adhesion and extension observed in the transfected cells was proportional‘
to the levels of Bl and could‘\‘b.e due to the corresponding higher incorporation of this
isotype ( both endogenous and exogenous ) into microtubules during the first hours of
culture. This could modify microtubule stability and affinity for proteins related with the
assembly of adhesion sites and extending cell egiges. However, these defects were
overcome when the cells adjusted the excess of Bl tubulin levels and the ratio of
endogenous/exogenous 1 tubulin in microtubules, which in our experiments occurred at
approximately 6h of culture. At this time, cells started to recover a normal phenotype to
finally acquire a confluent-cell cytoskeleton architecture. These results are consistent
with the zonél distribution and changes of the Bl and Bll isotypes observed by
immunofluorescence in control cells and suggest that although B! tubulin could not
directly participate in adhesion and spreading, the modification of total Bl levels has a
- deleterious effect on the dynamics of the microtubules containing abnormal ratios of
BBl t'h-at c;ould then impair these processes.

Regulation of gl Tubulin levels in MDCK Cells

The model of negative autoregulation of tubulin proposes that stability of the union

between ribosomes and B tubulin mRNA regulates tubulin levels in the cells (Yenetal.,



1988 ). In the case of an excess of f§ tubulin, a putative factor will bind to the first four
amino acids in the nascent tubulin peptide emerging from the ribosome. This union
activates a ribonuclease or freezes the ribosome, resulting in the degradation of the

MRNA and the consequent decrease of the levels of the protein being translated.

-

Sisodia et al.,, ( 1990 ) over-expressed chicken BIV tubulin in CHO cells and
observed that in stable transfections, chicken BIV tubulin was rapidly degraded, while in
transient transfections endogenous IV tubulin decreased gradually. At the same time,
no change ibn the endogeno"U‘s, synthesis of Pl tubulin was observed. These authors
concluded that in vivo, B tubulin isotypes can be biochemically distinguished and that
the stability of the 31 and BIV isotypes is established in part by specific interactions with
other cellular factors. |

In 1995, Gonzéalez-Garay and Cabral over-expressed Bl tubulin in CHO cells and
found a reduction in endogenous tubulin expression and an increase in a-tubulin
synthesis. Later , these same authors ( 1996 ) reported a reduction in endogenous «
tubulin synthesis' while overexpressing o tubulin but found no effect on f tubulin
synthesis nor decrease of its mRNA levels. They proposed a mechanism of regulation
in which both « and B tubulins are involved, as equimolar concentrations of both are
required to form the heterodimers. When the synthesis of one of the two isotypes
iﬁéreaséé‘,..a limiting quantity of the other isotype is necessary thus, the monomer in
excess is degraded. Additionally, they proposed that synthesis of the transfected protein:
was not regulated since regions of repression in the 5’ and 3' UTR regions could be

necessary and were not present in the transfected gene.
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The results obtained in the present work with MDCK cells indicate that cells that co-
expressed a heterologous isotype of Bl tubulin preferentially regulate the endogenous
isotype by significantly decreasing the levels of the polymerized endogenous tubulin,

while polymerized exogenous Bl tubulin only decreased at later times of culture. At the

same time as the ratio of total soluble Bl ( endogenous + exogenous ) is maintained
constant, the endogenous f! in the soluble fraction has to be degraded. These
observations could partially. agree with the negative autoregulatibn model, since
regulation was observed for'th‘e endogenous Bl isotype. However, if both endogenous
and exogenous Bl tubulin genes contain the sequences required for negative
autoregulation, the exogenous fI tubulin should be regulated at all times and this did not
happen at eady times of culture. Furthermore, as expression of Bll tubulin did not
change in the transfected cells, the prefebrential regulation of the endogenous Bl tubulin
points to an isotype-specific regulation, as suggested by Sisodia et al., ( 1990 ). On the
other hand, our results could be interpreted by the model of Gonzalez-Garay and
Cabral, ( 1996 ) in which equimolar concentrations of a and B monomers are necessary
and if a monomer is in excess, it is degraded. Furthermore, as the levels of endogenous
Bl in the microtubules are always slightly higher than the levels of exogenous Bl in the

transfected cells, it seems that MDCK cells preferentially incorporate their own tubulin

| into microtubules, discriminating between the exogenous and endogenous forms of Bl.

This could be the reason why a better regulation of the endogenous ! tubulin is
achieved, although we still do not know which mechanism operates in these cells.

Experiments are underway to explore these aspects.
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FIGURE LEGENDS

Fig 1. Expression of tubulin iéotypes Bl, gH, BIV in MDCK cells. Fluorogkaph of an

immunoblot using specific antibodies against tubulin isotypes: pl ( lane 1), il (lane 2)

.and BIV ( lane 3 ). Anti-actin antibody was used as an internal standard to normalize

protein concentration in each lane.

Fig 2. Distribution of tubulin isotypes in isolated and confluent MDCK cells as seen by
confocal microscopy. Bl was stained with the FITC-labeled antibody and B Il with the
corresponding rhodamine-téé"g‘ed antibody. Distribution of Bl ( 2 ) and Il in an isolated
cell (b ). Merge of images a and b ( ¢ ), lateral view ( d ). Distribution of Bl ( e ) and Bl (
f ) in confluent cells. Merge of images e and f (g). Bar = 20 um.

Fig 3. Expression of CHO Bl tubulin in transfected MDCK cells. Fluorograph of a
repreéentative immunoblot using the anti-HA antibody énd anti-actin for protein
normalization . Cell extracts were prepared from mock cells and the three different
clones. Mock ( lane1 ), clone 39-7 ( lane 2 ), clone 17-2 (lane 3 ), clone 2-26 ( lane 4).
Lane Sis an overéxposure of lane 4 to see the band corresponding to the exogenous Bl
tubulin being expressed in clone 2-26.

Fig 4. Distribution of the exogenous Bl tubulin in cells from the different clones.

Immunofluorescence with anti-HA tagged with FITC, observed by confocal microscopy,

~ mock (@), clone 17-2 (b ), 39-7 (¢ ), 2-26 (d ) Bar = 10 um

Fig 5. Levels of polymerized and soluble BI tubulin ( endogenous and exogenous ) in ‘
clone 17-2 and mock cells. A) Fluorographies of immunoblots uéing anti-HA antibody to

detect exogenous B! tubulin, _anti 1 tubulin antibody to detect endogenous I tubulin and




anti-actin as protein internal standard. Cells were cQItivated for 2, 6 and 24 h. Clone 17-
2 ( lanes 1-2 ), mock celis ( lanes 3-4 ). Soluble fraction ( 1,3 ), polymerized fraction (
2,4). B) Over-expression of total BI. tubulin in clone 17-2, in which the total I tubulin (
endogenous and exogenoUs ) from cells in clone 17-2 were compared with polymerized
.and soluble tubuﬁn in mock cells at different times of culture. C) Levels of polymerized
Bl tubulin in clone 17-2 and mock cells. D) Levels of soluble B! tubulin in clone 17-2 and
mock cells. Densitometric values represent the values from 3 different experiments. The
levels of protein are expressed in arbitrary optical density units (ODU). * Statistical
significant difference p<0.00;{

Fig 6. Adhesion rates of transfected and mock cells. The percentage of adhesion of
cells from the different clones was measured at different times of culture. Cells were
plated in 24-well culture dishes, fixed at the indicated times and stained with methylene
blue. The dye was removed with 300 ul of HCL and quantified in an ELISA plate reader
at 630 nm. Values represent 3 different expefiments done by triplicate.

Fig 7. Spreading of transfected and mock cells. Plated cells were analyzed for the
presence of laméellae and microtubular networks using anti-total B tubulin tagged with
FITC to visualize microtubules and rhodamine-phalloidin to visualize actin filaments.
Clone 17-2 ( a-f ), mock cells ( a;-f' )observedat2h(a, d a',d) 6h(b, e b, e)and
24h of culture (¢, f, c', ). Bar =20 um

" Fig 8. Focal adhesion sites of transfected and mock cells. Adhesion sites were
visuali.zed with an-antibody against vinculin tagged with FITC. Clone 17-2 ( a-c ), mock
cells (a-c'). 2h (a a'), 6h (b, b')and 24h of culture (¢, c' ). Arrowheads point to the.

adhesion sites. Bar = 20um
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ABSTRACT

Vinblastine, a highly successful anti-tumor drug, targets the tubulin molecule. Tubulin,
the subunit protein of microtubules, consists of an a- and a B-subunit. Both o and 3 consist of
numerous isotypes, encoded by different genes. We have purified three isotypes of bovine brain
tubulin namely, o, oy, and ap,. Microtubule Associated Protein-2 (MAPZ) and Tau-
induced assembly of these isotypes were compared in the presence and absence of the
vinblastine. MAP2-induced assembly of unfractionated tubulin and all the isotypes except oy
tubulin was resistant to 1 uM vinblastine. Vinblastine at low concentrations (<10 pM)
progressively inhibited the assembly of afyj, afjjj and afjv isotypes but the vinblastine
concentration required for inhibition of MAP2 assembly varied from one isotype to another,
being minimal for afj;. Moreover, the assembly of afjj; but not of afjj or afyy could be
completely inhibited by low concentrations of vinblastine before any detectable vinblastine-
induced aggregation of the tubulin-MAP2 complex was evident. The tau-induced assembly of
unfractionated and afjj; were equally sensitive to 1 pM vinblastine whereas of3jj and OLB]'V were
much more sensitive to vinblastine. The microtubules obtained in the presence of tau from
unfractionated tubulin, aBy;, and apjv could be easily aggregated by 20 pM vinblastine whereas
such an aggregation of microtubules obtained from i and tau required approximately 40 uM
vinblastine. Electron microscopy of steady state polymers obtained from unfractionated, o,
oByir and afjv tubulins revealed that at low vinblastine concentrations microtubules were
formed when the assembly was induced by MAP2, however, polymers formed from a3y also
included bundles of protofilaments. In the case of tau-induced assembly polymers obtained from

unfractionated, a.f; and ofyy included microtubules and spirals whereas oy produced clusters



of protofilaments. Our results indicate that among the tubulin isotypes, af; is the most sensitive

to vinblastine while afyy is the most resistant and this intrinsic resistance of a/jj; dimers persists

in the polymeric form of a1 tubulin as well.




INTRQDUCTION

Microtubules are long cylindrical organelles playing critical roles in a variety of
processes such as mitosis, axonal transport and axonemal motility (1). The major constituent of
microtubules is the 100 kDa protein tubulin, which is a heterodimer consisting of two
polypeptide chains designated o and B (1,2). Both a- and B-tubulins exist in several isotypic
forms (3). In vitro characterization of these dimers has indicated that properties of microtubules
are strongly influenced by the isotypic composition of the constituent B-tubulin. For example,
the intrinsic dynamicity of microtubules that is a critical regulator of their function both in vivo
and in vitro (4,5) has been shown to be affected dramatically by the isotypic composition of
tubulin (6). Our previous studies have clearly demonstrated that shortening rates of microtubules
composed of purified f—tubulin isotypes are less sensitive to taxol than the microtubules
assembled from unfractionated tubulin (7). The fact that different isotypes assemble into
microtubules at different rates (8,9) could be one of the factors affecting the dynamic behavior of
microtubules. However, it is not known how the dynamicity and the relative stability of
microtubules composed of segregated isotypes are related in vivo but the stability of different
microtubules is often reflected in their in vitro sensitivity to various tubulin/microtubule binding
drugs (7,10-13). Recently (10), we have demonstrated that the antimitotic compound IKP-104
inhibits the assembly of oy, dimers more than that of af,; and ap,, dimers and that high
concentrations of IKP-104 induce formation of spiral aggregates from a3, and af3;; but not from
oByy. On the other hand, the aB,, dimer interacts much less strongly with colcﬁicine, and taﬁol
than do the o, and af,, dimers (7,14). Also, the incorporation of estramustine into the a.fy;

isotype of tubulin occurs with a reduced efficiency compared to that of the other isotypes (12).




Among various anti-tubulin agents, vinblastine, a dimeric indole alkaloid derived from
Catharanthus (Vinca) roseus, is of special interest because of its widespread use as an antimitotic
drug in cancer therapy. It is thought that vinblastine exerts its antimitotic activity by disrupting
the functions of microtubules. The vinblastine-induced inhibition of microtubule-function
requires a direct interaction of the drug with tubulin and/or the microtubules. At low
concentrations (0.2-1 uM), vinblastine acts as a suppresser of microtubule dynamic instability by
binding at both ends of microtubules and thus increasing the time spent in the attenuated state
(15,16). At intermediate concentrations, vinblastine acts as an inhibitor of microtubule assembly
or promoter of disassembly both in vitro and in cells. At concentrations >1 uM it depolymerizes
the microtubules by inducing the splaying and peeling of their protofilaments, presumably by
interacting with low affinity sites along the microtubule surface (17,18). At higher
concentrations (>5-10 uM) vinblastine induces formation of paracrystals and other aggregates
composed of tubulin complexed with vinblastine (19-25). In previous studies the effect of
vinblastine was tested on unfractionated tubulin which is a complex mixture of a number of
isotypes. In the present study we have investigated the interaction of 1 to 20 pM vinblastine with
isotypically pure tubulins, namely o}, aBii and aBjv. Furthermore we have used two different
microtubule associated proteins (MAPs), namely, MAP2 and tau, to dissect the responses of
different isotypes to vinblastine in the presence of MAPs. Our results suggest that, of the various
tubulin dimers, polymerization of a3, is the most sensitive and that of a8, the least sensitive to

vinblastine.




MATERIALS AND METHODS

Purification of tubulin isotypes. Microtubules, MAP2 and tau were prepared from
bovine cerebra and tubulin purified from the microtubules by phosphocellulose chromatography
following the procedure of Fellous et al. (26). The isotypically purified o, ofyjj and oy
tubulin dimers were prepared as described previously (27). All isotypically purified tubulins
were stored at -80 °C until ready for use. The MAP2- or tau-induced assembly and electron
microscc;py of the polymers obtained were studied using the same batch of the tubulin isotypes.
The sedimentation and turbidimetric measurements on assembly of isotypically pure tubulins
were performed by using two different batches of tubulin isotypes. At a fixed tubulin
concentration, the net amount of polymers obtained from several different batches of untreated
isotypes varied from 0 to 20%.

Tubulin polymerization. Tubulin was thawed on ice water and spun at 18,000 x g for 6
minutes at 4 °C to remove any insoluble tubulin aggregates from the sample. Tubulin present in
the supernatant was quantitated by the method of Lowry et al. (28) and mixed with vinblastine
and MAP?2 or tau in Mes buffer (0.1 M 2-(N-morpholino)ethanesulfonic acid, I mM GTP, 0.5
mM MgClp, 0.1 mM EDTA, 1 mM EGTA, 1 mM B-mercaptoethanol, pH 6.4) at 4 °C. Unless
otherwise mentioned, the final concentrations of tubulin, MAP2 and tau were 1.5, 0.3 and 0.15
mg/mL, respectively. The temperature of the samples was raised from 4 to 37 °C and the tubulin
polymerization was followed by either of the following two methods (27). (A)S Sedimentation.
Aliquots (100 pl) were withdrawn at various time intervals and centrifuged for 4 minutes in the
Beckman airfuge at 175,000 x g. The polymer concentration in the pellets was measured by first

solubilizing the pellet in a final volume of 100 pl of 0.05 N NaOH and then quantitating the total




protein in the sample by the method of Lowry et al. (28). (B) Turbidimetry. The polymerization
of tubulin was followed by measu'ring the change in turbidity at 350 nm on either a Beckman
DU7400 or Gilford 250 spectrophotometer. The assembly profiles presented in this study are
one of at least two representative experiments performed under identical conditions.

Electron microscopy. The mixtures of tubulin, MAP2 or tau were incubated for at least
30 minutes at 37 °C in the presence or absence of the indicated amount of vinblastine sulfate
(Sigma Chemical Co., St. Louis, MO). 50 pl aliquots were withdrawn and treated with 1 %
glutaraldehyde for 30 seconds, and then layered on 400-mesh carbon over formavar-coated
copper grids. After 1 minute the grids were washed with 4 drops of water and stained with 1%
uranyl acetate for 1 minute. Excess stain was removed and, after air-drying, grids were

examined in a Phillips 300 electron microscope with an operating voltage of 60 kV (10).




RESULTS

Effect of vinblastine on the polymerization of tubulin isotypes in the presence of
MAP2. The turbidimetric measurements on the MAP2-induced assembly of unfractionated
tubulin and afj] are shown in Figures 1A and B. Compared to unfractionated tubulin, which
appeared to be insensitive to 1 uM vinblastine, of3j] tubulin lost almost one third of its ability to
polymerize into microtubules. However, the polymerization of af}jj; and af3jy was not affected
by 1 uM vinblastine. In fact, a slight increase of approximately 3% was observed in the case of
unfractionated tubulin and ojv (Figures 1A and 1D). The morphology of the polymers
obtained from various forms of tubulin in the presence and absence of 1 uM vinblastine is shown
in Figs 2A-D. In the presence of 1 uM vinblastine, microtubules of apparently normal
appearance were obtained from unfractionated tubulin and isotypically pure dimers (Figs. 2A2,
2B2 bottom, 2C2 and 2D2); however, in the case of afyj, polymers also included bundles of
protofilaments (Fig. 2B2 top).

The addition of 20 uM of vinblastine to the assembly mixture prior to the initiation of
assembly caused a gradual increase in the turbidity of the sample (Figs. 1A-D). Similarly,
addition of 20 uM vinblastine to preformed microtubules resulted in the depolymerization of
microtubules as reflected in a decrease in absorbance at 350 nm (Figures 1A-D). This greatly
exceeded the decrease expected from the 6.7 % dilution of the sample. The turbidity obtained in
the presence of vinblastine reflected formation of spirals in the case of unfractipnated tubulin
(Fig. 2A3) and oy (Fig. 2D3); for afyy, addition of vinblastine led to formation of a
protofilamentous structure resembling a spiral (Fig. 2B3). In the case of afy1, bundles of

protofilaments were the dominant structures (Fig. 2C3).




It is evident from the above data that vinblastine at substoichiometric concentrations (1
uM) caused incomplete inhibition of microtubule assembly whereas at high concentrations (20
uM) it caused depolymerization of microtubules and complete inhibition of microtubule
assembly. We considered it important to measure the effect of intermediate concentrations of
vinblastine on the polymerization of various tubulin dimers and the results of this experiment are
shown in Figures 3A-D. The effect of vinblastine on microtubule assembly could be dissected
into two parts. First, at lower concentrations (<10 uM), vinblastine inhibited the MAP-induced
formation of microtubules from unfractionated and isotypically pure tubulins. This effect of the
drug accounts for almost complete inhibition of the polymerization of a3y tubulin by 5 uM
vinblastine. Second, at higher concentrations of the drug, the depolymerization of microtubules
(if any) and the aggregation of tubulin takes place. It should be noted that in the absence of
vinblastine and irrespective of the method used to study the polymerization of tubulin, the extent
of MAP-induced polymerization of unfractionated tubulin and the isotypes varied from each
other. For example, the concentration of polymer mass, as measured by sedimentation, for of3;,
unfractionated tubulin, o, and o, were 0.41, 0.21, 0.19 and 0.11 mg/mL, respectively
(Figures 3A-D). Similarly, the approximate absorbance values, obtained by turbidimetry, for the
steady state microtubules obtained from for a.f3;,, unfractionated tubulin, o, and af},, were 0.23,
0.15, 0;19 and 0.16, respectively (Figures 1A-D). From the above results, it is evident that
polymerization of tubulin is more extensive in the case of af3; than in either unfractionated

!

tubulin or the other isotypes. It is therefore not surprising that in comparison to unfractionated
tubulin or the other isotypes, o, is more sensitive to vinblastine. It is interesting to note that the

concentration of vinblastine required for half-maximal inhibition of MAP2-induced assembly
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was lowest for ap; and highest for unfractionated tubulin (Table 1); this is consistent with the
data obtained by turbidimetry (Figures 1A-D). The maximal yield of polymer obtained in the
présence of high concentrations of vinblastine varied greatly depending on the isotype
composition of the tubulin. af3, gave the highest yield (0.74 mg/mL) followed by unfractionated
tubulin (0.38 mg/mL), af,, (0.33 mg/mL) and af,y, (0.22 mg/mL), indicating that the
aggregation is more extensive in the case of a3, than in unfractionated tubulin or other isotypes.
The apparent drug-induced aggregation of tubulin started in the range of vinblastine
concentration where the drug caused maximum inhibition of tubulin polymerization (lowest
point the curves shown in Figures 3A-D. At 20 uM, vinblastine formed approximately 0, 65, 25
and 52 % of the total aggregates of af},;, unfractionated tubulin, op,, and of3,y, respectively
(Figures 3A-D). This result supports the data of Figure 1 that in comparison to unfractionated
tubulin, af},; and af,y, &f, is more sensitive to vinblastine. This conclusion is also supported by
the apparent IC,, values for aggregation of unfractionated tubulin, o, ap,, and af,, (Table 1).
Effect of vinblastine on the polymerization of tubulin isotypes in the presence of tau.
In contrast to MAP2-induced assembly of unfractionated tubulin, which was resistant to 1uM
vinblastine, tau-induced assembly was inhibited by almost 32% (Figure 4A). The isotypically
pure tubulins were more sensitive to 1tM vinblastine than was unfractionated tubulin, and,
among the isotypes, the polymerization of oy tubulin was most sensitive to 1 uM vinblastine
(Figures 4A-D and Table 1). Addition of 20 pM vinblastine to microtubules preformed from
unfractionated tubulin, a1 and afjy resulted in depolymerization of microtubules initially;
followed by rapid aggregation (Figures 4A, 4B and 4D). This phenomenon of rapid aggregation

was not observed with either unfractionated or isotypically pure tubulins when the assembly was
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induced by MAP2 (Figures 2A-D). The most striking difference among the isotypes was that
ofy did not aggregate even in the presence of 20 uM vinblastine (Figure 4C). However,
aggregates of tau- induced microtubules appeared once the vinblastine concentration was raised
to 40 uM or above (Figure 5). A tremendous aggregation was observed when 20 puM vinblastine
was included in the assembly mixture prior to initiation of the tau-induced polymerization of
unfractionated tubulin, offj and apyv (Figures 4A, 4B and 4D). Again in contrast, in the case of
oy, there was very little aggregation and the amount of aggregates was only 4% of the one

produced in the presence of 50 uM vinblastine (Figures 4C and 5). Similar results were obtained
when assembly was measured by sedimentation (Figure 7)..

The morphology of the tau-induced polymers obtained from tubulin in the presence and
absence of vinblastine are shown in Figure 6. The polymers of tubulin obtained in the presence
of 1 pM vinblastine included microtubules combined with other protofilamentous structures in
the cases of unfractionated tubulin (Fig.6A2), oy (Fig.6B2) and a1y (Fig.6D2, fop and
bottom). In contrast, in the case of afj] only bundles of protofilaments were observed (Fig.
6C2, top and bottom). The inclusion of higher amounts of the drug, e.g., 20 M vinblastine, in
the assembly mixture led to formation of only protofilamentous spirals in afyv (Fig.6D3), linear
bundles in unfractionated tubulin (Fig. 6A3) and afj; (Fig. 6B3, top) or other aggregates perhaps
resembling spirals in apy (Fig. 6B3, bottom) and afyjj (Fig. 6C3). As shown in Figs. 4 and 5,
irrespective of the presence of vinblastine in the pol&merization mixture, the resultant tau-
induced polymers could be depolymerized by.20-40 UM vinblastine.

As seen in Figure 7, the inhibition of tau-induced polymerization of unfractionated and

isotypically pure tubulins was observed in the lower concentration range of vinblastine.
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However, this range of vinblastine concentration for unfractionated tubulin, ap and afpy (1-5
uM vinblastine) was considerably lower than that required for afyj; (1-20 uM vinblastine). It is
also interesting to note that, in the presence of 1 uM vinblastine, unfractionated tubulin, oy,
ofii; and ofpy lost approximately 50%, 81%, 32% and 67%, respectively, of their ability to
polymerize into microtubules (Figures 7A-D). This is consistent with the pattern of data
obtained by turbidimetry (Table 1). Higher concentrations of vinblastine reveal a striking
difference between af3;; on the one hand and af,, ap,, and unfractionated tubulin, on the other
hand. For the latter three, the least pélymer was obtained at 5 pM vinblastine, whereas for a3,
this occurred at 20 uM vinblastine. For the latter three, formation of non-microtubule aggregate
in the presence of 20 uM vinblastine was much greater than microtubule assembly in the absence
of vinblastine. In contrast, for o, this required 40 uM vinblastine. In conjunction with the
fact that MAP2-induced assembly of afjj isotype is most sensitive to 1 pM vinblastine (Table
1), the data of Figures 2 and 7 suggest that sensitivity of polymerization of tubulin to vinblastine-
induced inhibition is influenced by the type of the tubulin as well as the nature of microtubule

associated proteins.

The concentration of vinblastine required for half maximal inhibition of MAP2-induced
assembly was lowest for afj tubulin and highest for unfractionated tubulin (Table I). However,
oPv whose assembly appeared to have less sensitivity to vinblastine than‘ did that of a3;; when
MAP?2 was used, exhibited a sensitivity to villblastine similar to that of d[ﬂn when tau was used

(Table 1).




DISCUSSION

In the present study we found that vinblastine, at low concentrations, inhibited
polymerization of tubulin and its isotypically pure forms into microtubules. At higher
concentrations, the drug depolymerized microtubules and induced formation and aggregation of
spirals. These observations are in agreement with the consensus on the presence of two types of
vinblastine binding sites on tubulin. The first binding site is specific and strong, involving
residues 175-213 on B-tubulin (29) and is probably responsible for the substoichiometric
inhibition of microtubule assembly (30). There are two additional vinblastine-binding sites on
tubulin that are weak, nonspecific and responsible for aggregation (29,31). Since MAPs are
present in vivo, we considered it important to study the effect of vinblastine on tubulin in the
presence of MAPs.

Our results indicate that the type of MAP used to induce tubulin polymerization affected
the inhibition of this process by vinblastine. The inhibitory effect of vinblastine on MAP-
induced assembly of tubulin may arise from a drug-induced conformational change in either
tubulin itself or at the sites where the MAPs bind. Evidence for a structural change induced in
tubulin by the drug has come from quenching of tubulin fluorescence, from changes in sulfhydryl
reactivity and crosslinking, from altered proteolytic susceptibility, and from immunological
reactivity (32-35). A direct interaction between vinblastine and MAPs has not been documented.
Since the sites of interaction of vinblastine and MAP(s) on the tubulin molecule are distinct, it is
likely that the drug-induced conformational change in tubulin itself is responsigle for the
substoichiometric inhibition of assembly (31). Since the binding of MAPs to the carboxyl

terminal of tubulin influences and regulates both lateral and longitudinal interactions between
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subunits in tubulin polymers, the drug-induced conformational change in tubulin can be
influenced by the nature of the MAPs present in the assembly mixture. It is not surprising,
therefore, that at substoichiometric concentrations of vinblastine, unfractionated tubulin was
resistant to the drug when assembly was induced by MAP2. On the contrary, a 32% inhibition of
the assembly wés observed when its assembly was induced by tau instead of MAP2. This result
is supported by previous findings that, in the presence of vinblastine, tau and MAP2 interact
differently with tubulin (36). This would imply that the regions in the tubulin dimer where the
majority of the vinblastine-induced changes occur might alter the subunit-subunit interactions
and that the latter is propagated differently to the site(s) within the tubulin molecule where
MAP?2 and tau bind. By this interpretation, the substoichiometric inhibition of tubulin
polymerization by vinblastine should not vary among the isotypes of tubulin, provided the
conformations of all the forms of tubulin are identical. As discussed below, however, our results
from the experiments with isotypically pure tubulin dimers differ significantly from these'
expectations.

Vinblastine, at low concentrations, had a very strong inhibitory effect on MAP2-induced
assembly of afy whergas the assembly of the other isotypes was affected much less. This
suggests that tubulin isotypes are structurally different from each other and therefore that the
magnitude and the propagation of vinblastine-induced conformational change differs among the
isotypes. A tubulin isotype with a relatively rigid conformation Would be expected to be more
resistant to vinblastine-induced inhibition of assembly. This conclusioﬂ is alsof supported by our
observation that among the isotypes, oy} dimers were found to be most sensitive to vinblastine

when assembly was induced by either tau or MAP2. It is worth emphasizing that afjj, which
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has a more rigid conformation than those of the other isotypes (37,38) was the least sensitive to
low concentrations of vinblastine when assembly was induced by tau.

If the structural rigidity of tubulin isotypes is assumed to be directly related to their
relative sensitivity to low concentrations of vinblastine, then polymers formed from a rigid
isotype are likely to be most resistant to depolymerization and subsequent aggregation by high
concentrations of the drug. As expected, in contrast to unfractionated tubulin, ofj; and oy, the
polymers obtained from oy1j could not be aggregated by 20 uM vinblastine indicating that of ,
both in its dimeric and polymeric forms, is most resistant to vinblastine. A much higher
concentration of vinblastine (~40-50 uM) was required to induce depolymerization and
subsequent aggregation. This further supports our earlier conclusion that conformational
stability and thus relative sensitivity of tubulin varies among the isotypes.

Both MAP2 and tau stimulated the vinblastine-induced aggregation of unfractionated,
of,; and o,y tubulins, but the aggregation was more evident in the case of tau. Similar
enhancement of aggregation has been reported after the removal of the carboxyl terminals of
tubulin (31). In the case of af,,, however, aggregation of tubulin dimers stimulated by tau in the
presence of 20 uM vinblastine did not occur. This finding further substantiated our conclusion
that among the isotypes, o, is most resistant to vinblastine.

Among all the forms of tubulin tested, only a3, exhibited a significant loss in its ability
té polymerize into microtubules when the assembly was stimulated by MAP2 in the presence of
1 pM vinblastine. The relatively higher sensitivity of o, was also evident from electron
microscopy data. The polymers formed from of,, included microtubules as well as a large

population of other protofilament-based non-microtubule structures. In contrast, at this
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concentration of vinblastine, only microtubules were seen with unfractionated tubulin, a3, or
of,y- Similar abnormal structures were obtained in the case of oy, but higher (20 pM)
vinblastine concentrations were required. At these concentrations, however, other forms of
tubulin generated spirals and aggregates. Since the aggregation is induced by binding of
vinblastine to weak and nonspecific sites on tubulin, it appears that the affinity of these sites also
varies among the isotypes. As described below, our results also provide evidence that
isotypically pure tubulins are more sensitive to vinblastine than is unfractionated tubulin but at
the same time are less prone to vinblastine-induced aggregation.

From the analysis of the morphology of the tau-induced polymers obtained in the
presence of substoichiometric concentration of vinblastine it is clear that in the case of o, and
oBy, polymers include microtubules and other aggregates as well as spirals. In contrast,
polymers obtained from a3;; include aggregates and bundles of protofilaments but not spirals.
In the case of af3;; a small proportion of polymers included aggregates and spirals, but only at
high (20 uM) concentrations of the drug, at which vinblastine interacts nonspecifically with
weaker sites on the tubulin molecule.

Our results would appear to contradict those of Lobert ef al. (11,39) who found no
difference in the binding of vinblastine to the of3;; or B, dimers. They also observed that
vinblastine promoted self-association of a.3;; and a3, to the same extent (11). Interestingly, they
also found that vincristine, which is structurally very similar to vinblastine, enhanced self-
association of a8, better than it did that of af,, (11). A major difference between the
experiments of Lobert et al. (11,40) and ours, however, is that the self-association experiments

described here were done in the presence of either MAP2 or tau while those of Lobert et al.
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(11,39) were performed in the absence of MAPs. It is quite reasonable to postulate that the real
difference among the isotypes involves only the regions on the tubulin molecule which transduce
conformational effects between the vinblastine and the MAP binding sites. We already know
that this region is exquisitely sensitive to temperature, as well as to the nature and integrity of the
MAP (37,40,41).

In summary, our results indicate that a3, is the most sensitive to vinblastine and that o,
is the least sensitive. Since vinblastine is a major anti-tumor drug, our results raise the
possibility that sensitivity and resistance of tumors to this drug can be modulated by the tubulin
isotype composition of the microtubules in the tumor cell, as was previously postulated by
Lobert et al. (11) to be the case for vincristine and as is apparently the case with taxol and
estramustine (42-44). In the case of taxol, we have measured its effect on the dynamic behavior
of microtubules formed from isotypically purified tubulin (7). To choose one parameter, the
shortening rate of microtubules made from a3, is 4.6-4.7 times more sensitive to taxol than is
the case for microtubules made from o, or ap,, (7). Consistent with this finding, tumors
treated with taxol often respond by increasing their expression of a3, and a3,y (42,45). Future
investigation may reveal whether a similar pattern occurs in tumors treated with vinblastine.
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Table 1. Effect of vinblastine on the assembly of tubulin isotypes.

Tubulin % Inhibition? IC b [C°
Tau MAP2 Tau MAP2 VIAP2

Unfractionated 32 (3) 1 3.8 52

ap, 89 29 0.6 0.5 17

B, 31 3 2.1 1.8 33

af, 69 (3) 0.6 2 48
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aAssembly was followed by measuring the turbidity of the samples at 350 nm. Inhibition of tau
and MAP2-induced microtubule assembly of tubulins by vinblastine was calculated from the

data in Figures 1 and 4. The figures in parenthesis represent increase in the assembly.

b Assembly of tubulin was induced by either MAP2 (Figures 1 and 3) or tau (Figures 4 and 7) in
the presence of 0 to 200 uM vinblastine. Assembly was followed by sedimentation and the
vinblastine concentration required for half-maximal inhibition was calculated from the plot of
polymer concentration vs. vinblastine concentration. “The assembly of tubulin was induced by
MAP?2 in the presence of 0-200 pM vinblastine (Figures 3A-D). The polymer concentration at
the onset of aggregation of unfractionated tubulin, oy, opy, and ap,, were 0.17, 0.2, 0.025 and
0.075 mg/mL, respectively (Figures 3A-D). These values together with those for the maximum
yield of polymer for unfractionated tubulin (0.38 mg/mL), o (0.74 mg/mL), ;)LB“, (0.33
mg/mL) and af,, (0.22 mg/mL) (Figufes 3A-D) were used to calculate the IC50 for the

vinblastine-induced aggregation.



FIGURE LEGENDS

Fig. 1. Effect of vinblastine on MAP2-induced assembly of unfractionated and isotypically
purified tubulin isotypes. In each sample, tubulin (1.5 mg/mL) was incubated with MAP 2 (0.3
mg/mL) in the absence (®) or in the presence of vinblastine concentrations of either 1 uM (O) or
20 uM (A). Assembly was followed by turbidimetry. The arrows represent addition of
vinblastine (final concentration 20 uM) to the assembly mixture. Conditions were as described

in "Materials and Methods". Samples were as follows: unfractionated tubulin (A), oy (B),

a i (C) and aPry (D).

Figure 2. Effect of vinblastine on the morphology of the tubulin polymers. The assembly
mixtures containing MAP2 and unfractionated tubulin (A), afy; (B), apiir (C) or afyy (D) were
mixed with the indicated amount of vinblastine at 0 °C (panels 1-3 in Figures A-D). Assembly
was initiated by warming the samples to 37 °C and the polymers formed were processed for
electron microscopy. The magnifications of electron micrographs were as follows: 2A (1),
132000; 2A (2), 264000; 2A (3), 400000; 2B (1), 132000; 2B (2) top, 264000; 2B (2) bottom,
200000; 2B (3), 400000; 2C (1), 400000; 2C (2), 180180; 2C (3), 132000; 2D (1), 132000; 2D

(2), 264000; 2D (3), 200000.

Figure 3. Effect of 0-200 pM vinblastine on MAP2-induced assembly of unfractionated and
isotypically pure tubulins. Assembly was followed by sedimentation. The arrows represent
addition of vinblastine (final concentration 20 uM) to the assembly mixture. Samples were as

follows: unfractionated tubulin (A), apy; (B), aPiir (C) and afjy (D) tubulin.
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Figure 4. Effect of vinblastine on tau-induced assembly of unfractionated and isotypically
purified tubulins. In each sample, tubulin (1.5 mg/mL) was incubated with tau (0.15 mg/mL) in
the absence (®) or in the presence of vinblastine concentrations of either 1 uM (O) or 20 uM (a).

Assembly was followed by turbidimetry. Samples were as follows: unfractionated tubulin (A),

aPir (B), afiir (C) and afyv (D).

Figure 5. Effect of 40-50 uM vinblastine on the polymerization of o). Assembly was
followed by turbidimetry and the depolymerization of microtubules at the steady state was
induced by addition of vinblastine to a final concentration of either 40 pM (O) or 50 uM (@)

(indicated by the arrows).

Figure 6. Effect of vinblastine on the morphology of tubulin polymers. The assembly mixtures
containing tau and either unfractionated tubulin (A), oy (B), oy (C) or aPiy (D) were mixed
with indicated amount of vinblastine at 0 °C (panels 1-3 in Figures A-D). Assembly was
initiated by warming the samples to 37 °C and the polymers formed were processed for electron
microscopy. The magnifications of electron micrographs were as follows: 6A (1), 132000; 6A
(2), 264000; 6A (3), 132000; 6B (1), 132000; 6B (i), 132000; 6B (3), 132000; 6C (1), 132000;
6C (2), top 520000; 6C (2), bottom, 264000; 6C (3), 520000; 6D (1), 99000; 6D (2), top 200000;

6D (2), bottom, 400000; 6D (3), 132000.

Figure 7. Effect of vinblastine on tau-induced assembly of unfractionated and isotypically
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purified tubulins. Samples of tubulin (1.5 mg/mL) were incubated at 37 °C in the presence of tau
(0.15 mg/mL) with the indicated concentrations of vinblastine. Samples were as follows:
unfractionated tubulin (A), By (B), afpy (C) and afjyv (D). Assembly was followed by

sedimentation.
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ABSTRACT

Tubulin, the main component of microtubules, is a major target for anti-tumor
drugs, such as vinblastine. We have recently discovered that the By isotype of tubulin is
present in the nuclei of cultured rat kidney mesangial cells, smooth muscle-like cells
present in the renal glomerular mesangium (Walss, C., Kreisberg, J.1., and Luduefia, R.F.
Cell Motil. Cytoskeleton, 42: 274-284, 1999). Here, we have investigated the effect of
vinblastine on nuclear By-tubulin in these cells. We have found that, at concentrations of
15 nM and higher, vinblastine caused a reversible loss of Py-tubulin from the nucleus.
Our results raise the possibility that nuclear By-tubulin constitutes a population of tubulin

that could be a novel target for anti-tumor drugs such as vinblastine.



INTRODUCTION

Because of their crucial role in chromosome segregation during cell division,
microtubules have long been a target for anti-tumor drugs (1). These drugs inhibit
microtubule dynamics by binding to tubulin, the building block of microtubules (2).
Vinblastine, a member of the Vinca alkaloid family, is an anti-tubulin drug widely used in
chemotherapy (3). By binding to the B-subunit of tubulin, vinblastine inhibits
microtubule dynamics (2). At high concentrations, vinblastine causes microtubule
depolymerization (4) and the formation of tubulin para-crystals (5). Therefore, this drug
is known as a microtubule destabilizing agent. At low, clinically relevant concentrations,
vinblastine is known to arrest cells in mitosis by suppressing the dynamics of spindle
microtubules, without significantly changing the amount of polymerized tubulin (6). The
end result of this drug at low concentrations is to impede cell division and ultimately
cause cell death.

We have previously reported the presence of a specific isotype of tubulin, By, in
the nuclei of rat kidney mesangial cells (7). Nuclear By-tubulin exists as an aff; tubulin
dimer and appears to be in non-microtubule form and, as such, it constitutes a novel
population of cellular tubulin. Recently, we have found that By is present in the nuclei of
a variety of human cancer cells, but seems to be absent from the nuclei of most normal
human cells®. Since tubulin is a major target of certain anti-tumor drugs, it is of interest
to examine the effects of these drugs on nuclear tubulin. Therefore, we have now
investigated the effect of vinblastine on nuclear B;-tubulin in rat kidney mesangial cells,
smooth-muscle-like cells from the renal mesangium. We have found that, at

concentrations higher than clinically relevant, these drugs appear to cause fj tubulin to
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exit the nucleus. Loss of nuclear tﬁbulin occurs after microtubule depolymerization
caused by vinblastine. Removal of the drug allows By to re-enter the nucleus. Treatment
of cells with anti-tumor drugs has been shown to induce apoptosis. The mechanism by
which this occurs remains unclear (8). Our results raise the possibility that vinblastine
may act by binding to nuclear By-tubulin and preventing it from executing its as yet

unknown function.




MATERIALS AND METHODS

Source of cells and antibodies. Rat kidney mesangial cells were obtained as
follows. Glomeruli were isolated from 200 g male Sprague-Dawley rats (Harlan
Sprague-Dawley, Inc, Indianapolis, IN) using a graded sieve technique and were plated
for culture in RPMI 1640 (Gibco BRL, Grand Island, N.Y.) tissue culture medium with
20% FCS plus penicillin, streptomybin and fungizone (E.R. Squibb and Sons) for explant
growth of mesangial cells (9, 10). One hundred percent of the cells were identified as
glomerular mesangial cells. Positive identification was obtained by ultrastructural
examination, contractile responsiveness to vasopressin and angiotensin II, and shape
change in response to cAMf’-elevating agents (9, 10, 11). For the experiments described
below, cells were used between the 4th and 40th passage.

The monoclonal antibodies SAP.4GS5 and JDR.3B8 specific for the f3; and f; isotypes
of tubulin, were prepared as previously described (12, 13).

Immunofluorescence microscopy. Rat kidney mesangial cells were plated on glass
coverslips in RPMI-1640 medium (Gibco BRL, Grand Island, N.Y.) containing 20% fetal
calf serum (Atlanta Biologicals, Nrocross, GA). After 24 h, cells were treated with
various concentrations of vinblastine (Sigma Chemical Co., St. Louis. MO.), from a 1
mM stock solutio.n prepared fresh in H,O. After various periods of time, cells were
washed twice with PBS® (0.15M NaCl, 0.0027 M KCI, 0.00147M KH,PO,, 0.01M
NaHPO,, pH 7.2), fixed for 15 min with 3.7 % paraformaldehyde at room temperature
and permeabilized for 1 min with 0.5% Triton X-100 in PBS. Cells were then incubated
at 4 °C overnight with the respective isotype-specific monoclonal IgG mouse antibody

(anti-By, 0.05-0.1 mg/ml; anti-By;), diluted in PBS containing 10% normal goat serum



(Jackson Immunoresearch, West Grove, PA). After rinsing in PBS, coverslips were
stained with a Cy3-conjugated goat anti-mouse antibody (1:100, Jackson
Immunoresearch) for 1 hr at room temperature. For DNA detection, cells were stained
with DAPI® (Molecular Probes, Eugene, OR.) (2 pl/ml in PBS) ddring the last wash with
PBS after incubation with the secondary antibody. Coverslips were mounted on glass
slides and examined with an Olympus epifluorescence photomicroscope using a Plan-
Neufluar 100x oil objective. For drug reversibility experiments, cells were incubated
with vinblastine at various concentrations for 24 h, after which the drug was removed and
cells were incubated in fresh media for 24 h. Cells were then fixed and treated as

described above.




RESULTS

Because we were not interested in blocking cells in mitosis, we chose to use
vinblastine concentrations higher than those clinically relevant. Therefore, rat kidney
mesangial cells were incubated with vinblastine at concentrations of 15 to 50 nM for 1 to
6 h. Cells were then fixed and stained with monoclonal antibodies to B;- and By-tubulin.
The By-tubulin antibody has been reported previously to detect nuclear By-tubulin (7).
The Bj-tubulin antibody was used to observe the effect of vinblastine on cytosolic
microtubules, since this isotype is present only in the cytosol (7). Cells treated with anti-
Bi in the absence of drug revealed a normal microtubule network in the cytosol (Fig. 14).
However, 1hr treatment with 15 nM vinblastine, the lowest drug concentration used, was
enough to completely depolymerize the microtubules (Fig. 1B). No difference in the
cytosolic fluorescence pattern was observed when cells were treated longer or with higher
drug concentrations.

Staining of control, drug-free cells, with anti-By tubulin revealed that all cells
contained By-tubulin in the nucleus, as had been previously reported (7) (Fig. 1C). Very
little fluorescence was observed in the cytosol. After treatment with 15 nM vinblastine
for 1 h, 3 out of 10 cells seemed to have lost their nuclear tubulin, as they contained no
nuclear fluorescence (Fig. 1D). The nuclei of these cells appeared unaffected, as seen by
DAPI staining (Fig. 1E). After 3 h of treatment with 15 nM vinblastine, 8 out of 10 cells
had lost their nuclear tubulin (Fig. 1F) and, as before, DAPI staining revealed that the
nuclei of these cells appeared intact (not shown). By increasing the vinblastine
concentration to 30 nM, 1 h of treatment was enough to cause the loss of nuclear tubulin

in 7 out of 10 cells (Fig. 1G). At this drug concentration, micro-nucleation, or DNA



fragmentation, was seen by DAPI staining in 3 out of 10 cells, indicating that these cells
were probably undergoing apoptosis (Fig. 1H). Micro-nucleation appeared to occur
regardless of whether By-tubulin was present in the nucleus or not. Furthermore, the
nuclei of cells that had lost their nuclear tubulin, but had not entered apoptosis, appeared
to be normal, as indicated by DAPI staining (Fig. 1H). After 3 h of treatment with 30 nM
vinblastine, nuclear tubulin was absent in 9 out of 10 cells (Fig. 17, J). Treatment of cells
with concentrations of 40 to 60 nm for 1 h caused the total disappearance of nuclear
tubulin (Fig. 1K, L).

In order to determine if the effect of vinblastine on nuclear tubulin was reversible,
cells were incubated with vinblastine at concentrations from 15 to 50 nM for 24 h and
then incubated in media without drug for 24 h. Treatment of these cells with anti-By
revealed that cells were able to recover form the effect of the drug, even at the higher
concentrations used. Cells appeared nearly confluent, indicating that they were able to
proliferate, and very few apoptotic cells were observed. Furthermore, Py-tubulin was
able to re-enter the nucleus of the cells, as appearance of nuclear fluorescence was seen in

nearly all cells examined (Fig. 2).




DISCUSSION

The results shown here revealed that the anti-tumor drug vinblastine, when used
at high concentrations, causes By-tubulin to exit the nucleus. The exit of By-tubulin from
the nucleus may be due to vinblastine binding directly to nuclear tubulin, or, it may be an
indirect result of the effect of this drug on cytoplasmic microtubules. It is possible that,
in an effort to counteract the effect of vinblastine on microtubules, cells may translocate
Bu-tubulin into the cytosol, where it may be needed more. However, our studies did not
reveal an increase in cytosolic By-tubulin after treatment with vinblastine. This is most
likely due to the fact that vinblastine causes microtubule depolymerization. In fact,
vinblastine has been shown to inhibit the assembly of off;; microtubules more than it does
the assembly of afy; and oy microtubules (14).

The effect of vinblastine on nuclear tubulin was fouﬁd to be reversible, since PBy-
tubulin appeared to re-enter the nucleus after the drug was removed and cells were able to
recover. This is consistent with the findings by Jordan er al. (15), who reported that
vinblastine is effluxed from cells after the drug is removed from the media. The
mechanism by which vinblastine, and other anti-tumor drugs, trigger apoptosis remains
unknown (16). It is tempting to speculate that the effect of these drugs on nuclear tubulin
may somehow be related to activation of the programmed cell death pathway. However,
in our present studies we have found that vinblastine causes cells to enter apoptosis
regardless of whether they contain nuclear PBj-tubulin or not. This suggests that
activation -of the apoptotic pathway is independent of the presence of By-tubulin in the

nucleus.
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Our studies on nuclear tubulin have revealed that Bj-tubulin is present in the
nuclei of a wide variety of human cancer cells, while it is absent from the nuclet of
normal human cells®. Although the rat kidney mesangial cells used in the present
experiments are considered normal, they grow extremely fast in culture (17) and in this
sense resemble cancerous cells. These findings have led us to believe that By-tubulin |
may be somehow involved in assisting rapid cell proliferation. By blocking microtubule
dynamics, the anti-tubulin drug vinblastine inhibits cell proliferation (6). Therefore, it is
possible that the function of By-tubulin in the nucleus is inhibited by this drug.
Vinblastine has been shown to affect cellular processes such as DNA and RNA synthesis
(18, 19). The finding of By-tubulin in the nucleus, and the fact that vinblastine appears to
cause this isotype to exit the nucleus, could explain the effect of this drug on these
seemingly non-tubulin related functions. Further studies are necessary to determine
whether nuclear f-tubulin is in fact involved in DNA and RNA synthesis.

In conclusion, our present studies on the effect of vinblastine on nuclear By-
tubulin have revealed that anti-tubulin drugs may be useful tools to determine the exact
role of By-tubulin in the nucleus. They also raise the possibility that these drugs may

exert their anti-tumor activity through an interaction with nuclear tubulin.
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FIGURE LEGENDS

Fig. 1. Effect of vinblastine on nuclear tubulin in mesangial cells. (4), Control, drug-free
cells, stained with anti-B;. (B), Cells treated with 15 nM vinblastine for 1 h, stained with
anti-B;. Notice depolymerization of microtubules. (C), Control, drug-free cells stained
with anti-By;. Notice the strong nuclear fluorescence. (D), Cells treated with 15 nM
vinblastine for 1 h, stained with anti-By;. (E), Same cells as in D, stained with DAPI to
reveal the nuclei. (F), Cells treated with 15 nM vinblastine for 3 h, stained with anti-By,
(G), Cells treated with 30 nM vinblastine for 1 h, stained with anti-By. (H), same cells as
in G, stained with DAPI to reveal the nuclei. (/), Cells treated with 30 nM vinblastine for
3 h, stained with anti-By;.. (J), Same cells as in 7, stained with DAPI to reveal the nuclei.
(K), Cells treated with S0 nM vinblastine for 1 h, stained with anti-By. (L), Same cells as

in K, stained with DAPI, to reveal the nuclei. Arrows indicate micronucleation.

Fig. 2. The effect of vinblastine on nuclear tubulin is reversible. (4, C, E), Cells stained
with anti-By. (B, D, F), Cells stained with DAPIL. (4, B), Cells treated with 15 nM
vinblastine for 6 h, then incubated in media without drug for 24 h. (C, D), Cells treated
with 30 nM vinblastine for 6 h, then incubated in media without drug for 24 h. (E, F),
Cells treated with 50 nM vinblastine for 6 h, then incubated in media without drug for 24

h.
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ABSTRACT

Microtubules are cylindrical organelles that play critical roles in cell division.
Their subunit protein, tubulin, is a target for various anti-tumor drugs. Tubulin exists as
various forms, known as isotypes. In most normal cells, tubulin occurs only in the
cytosol and not in the nucleus. However, we have recently reported the finding of the By
isotype of tubulin in the nuclei of cultured rat kidney mesangial cells (Walss, C.,
Kresiberg, J.I. and Luduefia, R.F. Cell Motil. Cytoskeleton. 42: 274-284, 1999).
Mesangial cells, unlike most normal cell lines, have the ability to proliferate rapidly in
culture. In efforts to determine if nuclear By-tubulin occurred in other cell lines, we
examined the distribution of the By, By and v mammalian tubulin isotypes in a variety of
normal and cancer human cell lines by immunofluorescence microscopy. We have found
that, in the normal ceil lines, all three isotypes are present in the cytosol. However, the
By isotype of tubulin is located in the nuclei of LNCaP prostate carcinoma, MCF-7, MDA
and Calc18 breast carcinoma cell lines. In contrast, the B; and Byy-isotypes, which are
also expressed in these cancer cells, are not localized to the nucleus but are restricted to
the cytoplasm. These results suggest that transformation may lead to localization of (-
tubulin in cell nuclei, serving an as yet unknown function, and that nuclear B may be a

useful marker for detection of tumor cells.



INTRODUCTION

A fundamental fact about cancer is that cancer cells are our own cells
misbehaving. They are not really alien cells. Most anti-cancer drugs target cell division,
a process that is faster in cancer cells than in most normal cells. The problem, however,
is that certain normal cells, such as those of the bone marrow, also divide fairly rapidly.
Hence, the agents of chemotherapy have serious side effects, which limit their use.
Therefore, the challenge for cancer chemotherapy is to find a drug that attacks cancer
cells but not normal cells.

Microtubules, made of the protein tubulin, are organelles that play a critical role
in mitosis; they attach to chromosomes as they line up in metaphase and help move them
into the daughter cells (1). For this reason, the protein tubulin is a major target for anti-
tumor drugs such ag vinblastine and taxol (2). Nevertheless, these drugs do not
discriminate between normal and cancer cells, both of which contain tubulin, and
therefore have serious side effects and limitations.

The tubulin protein is made of two subunits, o and  (1). These subunits exist as
numerous isotypes, which differ in their tissue and subcellular localization, as well as in
their interaction with anti-tumor drugs (3). We have previously found that the By isotype
of tubulin is present in the nuclei of rat kidney mesangial cells (4). In order to determine
whether this unexpected finding was an isolated incident, or occurred in other cell types,
we have now examined the intracellular distribution of the vertebrate 3-tubulin isotypes

B1, Birand Byy in several cultured human cell lines, both normal and cancerous. We have

found that the By-isotype of tubulin is present in all the cancer cells investigated, but is



4

absent from the nuclei of most of the normal cells. These resulté suggest that
transformation may lead to localization of By in cell nuclei, serving an as yet unknown
function. Furthermore, nuclear f;; may be a useful marker for detection of tumor cells
and may serve as a target for anti-tumor drugs, such as taxol and vinblastine, to

selectively attack cancer cells.



MATERIALS AND METHODS

Source of cells and antibodies. The HDF human dermal fibroblasts were a kind gift
from D;. Eugene Sprague. (UTHSCSA, San Antonio, Tx). The 506 smooth muscle cells
from Human colon and the HSK fibroblasts from baby foreskin were a kind gift from Dr.
Mary Pat Moyer. (UTHSCSA San Antonio, TX). The osteoblasts were a kind gift from
Dr. John Lee (UTHSCSA, San Antonio, TX). The MCF-10F breast epithelial cells, the
LNCaP prostate carcinoma cells, as well as the MCF-7, and MDA breast carcinoma cells
were a kind gift from Dr. Nandini Chaudhuri (UTHSCSA, San Antonio, TX). The Calc
18 breast carcinoma cell line was a kind gift from Dr. Arlette Fellous (INSERM, Paris,
France).

The monoclonal antibodies SAP.4G5, JDR.3B8, and ONS.1A6 specific,
respectively, for the f;, PBu, and PBiv isotypes of tubulin were prepared as previously
described (5, 6, 7).

Immunofluorescence microscopy. All cells were grown to near confluency on glass
coverslips at 37 °C and 5% CO,. Cells were then washed twice with PBS? (0.15M Na(Cl,
0.0027 M KCl, 0.00147M KH,POy4, 0.01M NaHPO4, pH 7.2), fixed for 15 min with 3.7
% paraformaldehyde at room temperature and permeabilized for 1 min with 0.5% Triton
X-100 in PBS. Cells were then incubated at 4 °C overnight with the respective isotype-
specific monoclonal IgG mouse antibody (anti-f;, 0.05 mg/ml; anti-By;, 0.03 mg/ml; anti-
Brv, 0.08) diluted in PBS containing 10% normal goat serum (Jackson Immunoresearch,
West Grove, PA). Cells were rinsed in PBS and labeled with Cy3-conjugated goat anti-
mouse antibody (1:100, Jackson Immunoresearch) for 1 hr at room temperature. Cells

were then rinsed three times with PBS. For DNA detection, cells were stained with
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DAPI?, (Molecular Probes, Eugene OR.), (2 pl/ml in PBS) during the last Wash with PBS
after incubation with the secondary antibody. Coverslips were mounted on glass slides
and examined with a Zeiss epifluorescence photomicroscope using a Plan-Neufluar 63x
oil objective.

In situ cell fractionation. LNCaP* cells, grown on glass coverslips, were washed
twice with ice-cold PBS and incubated on ice for 5 min with cold cytoskeleton buffer (10
mM PIPES3, pH 6.8, 300 mM sucrose, 100 mM NaCl, 3 mM MgCl,, I mM EGTA3, 1%
Triton X-100, 1.2 mM PMSF? , 0.1% aprotinin, 0.1% pepstatin A, 1% vanadyl
ribonucleoside complex). This procedure removes all soluble cytoplasmic and
nucleoplasmic proteins. This was followed by 5 min incubation on ice with double
detergent buffer (10 mM Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.5%
deoxycholate, 1% Tween-40, 1.2 mM PMSF, 0.1% aprotinin, 0.1% pepstatin A, 1%
vanadyl ribonucleosicie complex), which removes all cytoskeletal proteins, except the
intermediate filaments that remain tightly associated with the nucleus. Cells prepared
this way are the cytosol-extracted cells. For nuclear matrix preparations, these cells were
further incubated at room temperature for 1 hr in cytoskeleton-50 buffer (same as above
except with 50 mM NaCl instead of 100 mM) containing 100 pg/ml of DNAse I (Sigma
Chemical Co., St. Louis, MQO.). The chromatin was then removed by adding 2M
(NH4),SO4 dropwise to a final concentration of 0.25 M. What is left behind is the nuclear
matrix structure and the intermediate filaments (8). Cells were then fixed with 3.7%
paraformaldehyde in cytoskeleton buffer and treated as in the regular
immunofluorescence procedure. For DNA detection, cells were stained with DAPI, (2

pl/ml in PBS) during the last wash with PBS after incubation with the secondary
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antibody. Removal of chromatin in the nuclear matrix preparations was monitored in this
way. For blocking experiments, primary antibodies were incubated with a 200-fold
excess of the respective peptide for 30 min at room temperature, prior to incubation with

fixed and permeabilized cells.



RESULTS

We have examined the intracellular distribution of the By, B and B;v tubulin
isotypes by indirect immunofluorescence on 5 different cultured normal human cell lines:
HDF human dermal fibroblasts, HSK fibroblasts from baby foreskin, MCF-10F breast
endothelial cells, osteoblasts, and 506 smooth muscle cells. In each case, the ;- and Byy -
tubulin isotypes were found in the cytosol, as part of the microtubule network (Fig. 14,
D,G,J, Mfor Byand C, F, I, L, O for B1v). The same was seen for Bj-tubulin in these cell
lines (Fig. 1B, E, H, K, N). In addition, in the smooth muscle cells, B;-tubulin appeared
to be expressed in the centrosomes (Fig. 1N). In no case were any of the isotypes,
including By, found to be expressed in the nuclei, as no nuclear fluorescence was
observed in any of the cell lines investigated.

The presence of By-tubulin in the nuclei was detected by labeling with anti-f; in
all the cancer cell lines investigated. These include LNCaP prostate carcinoma and three
types of breast carcinoma: MCF-7, MDA and Calc 18 cell lines (Fig. 2B, E, H, J). In the
LNCaP, MCF-7 and MDA cells, the nucleus was almost indistinguishable from the
cytosol; the whole cell appeared to be stained equally with anti-By (Fig. 2B, E, H).
Comparison of the nuclear staining by anti-fj; in these cells with that of DAPI, which
shows the position of the nuclei, reveals that anti-B;; does in fact stain the nucleus in
LNCaP, MCF-7 and MDA cells (not shown). In contrast, in the Calc 18 cells, the cytosol
was labeled only weakly by anti-fy;, while the nuclear labeling was very strong (Fig. 2 J).
The intra-nuclear distribution of By-tubulin appeared to be the same in all the cancer
cells. The pattern of nuclear fluorescence was homogenous within the nucleus, except for

the Calc 18 cells, in which there appeared to be no By staining in the nucleoli (Figure 2J).
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The B;- and PBjv -isotypes were found only in the cytosol, as part of 'the interphase
microtubule network, of each of the cancer cells investigated (Fig. 24, D, G for $; and C,
F, I for B).

To determine the sub-nuclear localization of By-tubulin, in situ cell fractionation
was performed in LNCaP cells. Removal of the soluble cytoplasmic and nucleoplasmic
proteins by detergent extraction did not cause the nuclear fluorescence, obtained by
staining with anti-fy;, to disappear (Fig. 34). Furthermore, nuclear fluorescence was still
detected after chromatin and chromatin-associated proteins were removed by DNAse
digestion (Fig. 3C). In these cells, By appeared to accumulate in the nucleolar remnants.
These results suggest that fy-tubulin is part of the nuclear matrix in LNCaP cells. Pre-
incubation of anti-f;; with its peptide epitope inhibited the nuclear fluorescence in both
the cytosol-extracted, and the nuclear matrix preparations, indicating that nuclear
fluorescence obtained in these cells was due to specific binding of the antibody to Bu-

tubulin (Fig. 3£, G).
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DISCUSSION

The results presented here raise the possibility that localization of tubulin in the
nucleus may be a phenomenon that occurs in cancer cells. We have found By-tubulin to
be present in the nuclei of LNCaP prostate carcinoma as well as in the breast carcinoma
cell lines MCF-7, MDA and Calc-18, but not in the nuclei of normal cells. Similarly,

Ranganathan et al. (9), have found By-tubulin in the nuclei of prostate carcinoma but not

in benign prostate hypertrophy. Our initial discovery of nuclear By-tubulin was in rat
kidney mesangial cells, obtained from a non-transformed primary cell line. Although
these cells are not cancerous, they grow very fast in culture. Mesangial cells are known
to maintain a basal proliferation rate in vitro, even in the absence of exogenous mitogens
(10). This is most likely due to the fact that these cells self-produce growth factors such
as PDGF, (11), and IL-1°, (12), and in this way undergo autocrine-mediated proliferation
in vitro (13). Furthe;more, cultured mesangial cells are commonly maintained in the
presence of 20% fetal calf serum, of which PDGF is the principal mitogen (14). PDGF is
known to be the most potent mitogen for cultured mesangial cells, as it has been shown to
increase the thymidine incorporation rate in these cells by 10-15 fold (14). This explains
the rapid proliferation of mesangial cells in vitro, in contrast to normal mesangial cells in
vivo, which are almost non-proliferative (15), and have been shown to proliferate rapidly
only in cases of renal glomerular injury or disease (16). Considering these facts, together
with our present finding of By-tubulin in the nuclei of cultured cancer cells, we
hypothesize that nuclear Bj-tubulin may play a role in assisting rapid cell proliferation.

This would explain the finding of 8 inside the nuclei of cancer cells but not normal cells.
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It is possible that other normal cells that proliferate rapidly may also confain Bu in their
nuclei.

The By isotype of tubulin has been found to be part of the nuclear matrix in
mesangial cells and also has been shown to accumulate in the nucleolus. We know show
that this is also the case for By-tubulin in LNCaP cells; nuclear fluorescence due to anti-
B staining was detected in the nuclear matrix and the nucleolar remnants after chromatin
digestion. The fact that tubulin has been reported to interact with chromatin in vitro (17)
could be related to the functions of By in the nucleolus and the nuclear matrix. In the
former case, By could be binding to the DNA regions, which contain the ribosomal RNA
genes, whereas in the latter situation it could be functioning as a chromosomal scaffold.
Interestingly, it is known that the anti-tubulin drug vinblastine affects biochemical
processes that are seqmingly unrelated to tubulin, such as DNA and RNA synthesis (18,
19). It is possible that its effects on these processes could occur through an interaction
with nuclear By;- tubulin.

We have shown that fy-tubulin accumulates preferentially in the nuclei of cancer
cells. Perhaps its role in the nucleus is to accelerate DNA and RNA synthesis and
therefore facilitate proliferation. Alternatively, nuclear 3;; may have no specific nuclear
function, but rather a unique and as yet unknown function in the mitotic spindle; its
location in the nucleus, therefore, may allow it to act quickly when mitosis begins. If
either hypothesis were correct, it makes sense that nuclear By would be needed more in
cancer cells, to assist rapid cell proliferation. In conclusion, one may speculate that
nuclear ;; may become an interesting and novel target for cancer chemotherapy; a

tubulin-specific drug whose major effects are on cancer cells would be very exciting.
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FIGURE LEGENDS

Fig. 1. Detection of the tubulin B-isotypes, B, B and Byv in cultured normal human cells.
(4, D, G, J, M), Cells treated with anti-f; by indirect immunfluorescence. (B, E, H, K, N),
Cells treated with anti-f by indirect immunofluorescence. (C, F, I, L, O), Cells treated
with anti-;y by indirect immunfluorescence. (4-C), Human dermal fibroblasts. (D-F),
HSK fibroblasts. (G-I), MCF-10F breast endothelial cells. (J-L), Osteoblasts. (M-0),
506 smooth muscle cells.

Fig.2. Occurrence of fy-tubulin in the nuclei of cultured human cancer cells. (4, D, G),
Cells treated with anti-B; by indirect immunfluorescence. (B, E, H, J), Cells treated with
anti-By by indirect immunofluorescence. (C, F, I), Cells treated with anti-Byy by indirect
immunofluorescence. (4-C), LNCaP prostate carcinoma cells. (D-F), MCF-7 breast
carcinoma cells. (G-[), MDA breast carcinoma cells. ( J), Calc 18 breast carcinoma
cells.

Fig. 3. Subcellular localization of By-tubulin in LNCaP cells. (4), Cytosol-extracted
cells treated with anti-By;. (B), Same cells as in A, stained with DAPI. (C), Cytosol- and
chromatin-extracted cells treated with anti-By. (D), Same cells as in C, stained with
DAPI. The almost complete absence of fluorescence indicates that most of the chromatin
was successfully removed. (£), Cytosol-extracted cells treated with anti-f3; that had been
blocked with its peptide epitope. (F), Same cells as in E, stained with DAPI to show
position of nuclei. (G), Cytosol- and chromatin-extracted cells treated with anti-;; that

had been previously blocked with its peptide epitope. Note the absence of fluorescence.
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Summary
The mammalian B isoform of tubulin, the major protein of microtubules, is known to exist in
seven isotypes with remarkably similar amino acid sequences, and evidence for separate functions for
the isotypes has been lacking. If B tubulin isotypes have separate functions, this should be reflected in
patterns of isotype expression that differ by cell type, or even by sorting of isotypes to pools within the
cell. Olfactory epithelia offer two cell types, the sensory neurons and the respiratory epithelial cells, that
bear microtubule-containing organelles called kinocilia. Comparison of microtubules in these kinocilia,
with those elsewhere in the cells, offers the opportunity to look for sorting of isotypes to within-cell
pools. To characterize the expression of § tubulin isotypes in olfactory and respiratory epithelium,
gerbil nasal epithelium was examined using specific antibodies to four S tubulin isotypes (Bi, Bu, B,
and Byv). Three of the isotypes (B1, Pu, and By were expressed in the dendrites, soma and axons of
olfactory neurons, and in basal cells, but olfactory sensory kinocilia instead contained By, B and Byy.
The kinocilia of respiratory epithelial cells contained only By and By, suggesting that, even in kinocilia,
functional differences may be reflected in differences in isotype expression. Our results therefore

P rov id<
prewtdigp strong corroborative evidence for the hypothesis that 3 tubulin isotypes have specific

functions.

Key Words: Tubulin isotypes, £ tubulin, olfactory neuron, respiratory epithelium, kinocilium
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Introduction

Microtubules perform a variety of functions in the eukaryotic cell, ranging from providing cell
strength and rigidity to controlling movement within the cell. Microtubules consist of heterodimers of o
and B tubulin, both of which exist as numerous isotypes. Seven isotypes of mammalian 3 tubulin have
been shown to exist, termed By, Bir, Put, Piva, Pive, Pv and Pvi (Luduefia 1998). However, little is known
about the significance of the existence of these seven isotypes, except that the vy isotype appears to be
associated with axonemal microtubules (Renthal et al. 1993; Lu et al. 1998; Roach et al. 1998). The §3-
tubulin isotypes are among the most highly conserved proteins known (Luduefia 1998). Yet, it has been
found that different cell types express different isotypes in eﬂ the same tissue (Roach et al., 1998; —=
Hallworth and Ludueiia, 2000).

The multi-tubulin hypothesis (Fulton and Simpson 1976) proposes that the different tubulin
isotypes have specific fuflctional roles. A consequence of this hypothesis is that B tubulin isotypes
should be differentially expressed in different cell types or ﬁ/ even be sequestered to different ~—
compartments in the same cell. Preliminary evidence suggests that 3-tubulin isotypes are segregated to
different pools within vestibular hair cells (Perry et al., 2001). Specifically, the body of the hair cell
contains the By, By and By isotypes, but the kinocilium, an axoneme-like structure, contains only Bjy.

In olfactory epithelia, microtubules exist in discreet populations within sensory neurons (Burton,
1992). Olfactory kinocilia, which extend from the dendritic bulb at the external surface, contain the 9+2
arrangement of microtubules typical of an axoneme, but are not motile. Within the neural dendrites,
microtubules are longitudinally arranged (Graziadei, 1973). The soma of the olfactory neuron
represents a distinct compartment for microtubules and the axons may contain yet another population of
microtubules. In addition, bordering the olfactory sensory epitheliggis respiratory epithelium, whose —

cells contain a population of motile kinocilia.
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The variety of microtubule populations in olfactory and respiratory epithelia therefore offers a
rich opportunity to investigate the multi-tubulin hypothesis. This study was designed to determine if any
of the potential pools of microtubules in nasal epithelia contain different B tubulin isotypes. The
distribution of B tubulin isotypes in the gerbil nasal epithelium has therefore been examined using
isotype-specific antibodies and indirect immunofluorescence. While some overlap in tubulin isotype
expression was found, other isotypes were selectively expressed in different cell types. In sensory

o

neurons, the isotypes found in kinocilia are different m“ﬁose elsewhere in the cell, thus demonstrating

fer

sorting of isotypes in olfactory neurons. Further, the isotypes in sensory kinocilia are different tef those —
in respiratory kinocilia. Our results are therefore consistent with and reinforce the multi-tubulin
hypothesis.

Portions of this study have been presented elsewhere in abstract form (Woo et al., 2001).
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Materials and Methods

The expression of B tubulin isotypes was examined in gerbil nasal epithelium using indirect
immunofluorescence in sections of sensory and respiratory epithelium. Adult gerbils (22 days old or
older) were anesthetized with Nembutal and cardiac-perfused with 4% paraformaldehyde in phosphate
buffered saline (PBS). Nasal epithelium was then dissected away from the septum. The epithelium was
then rinsed in PBS and immersed in solutions of sucrose as a cryoprotectant (30 minutes with agitation
at room temperature at concentrations of, successively, 10% sucrose; 2:1 10%:30% sucrose; 1:1
10%:30% sucrose; 1:2 10%:30% sucrose; and 30% sucrose). Transepithelial frozen sections, 10 pm
thick, were cut after freezing in O.C.T (Tissue-Tek, Miles Laboratories). Sections were blocked and
permeabilized in PBS containing 1% bovine serum albumin (BSA), 0.25% Triton-X100 and 1% normal
goat serum for 3 hours at room temperature and then rinsed in PBS plus 0.1% BSA. Sections were then
labeled with primary antibodies specific for B tubulin isotypes, raised in mouse, for 3 hours at room
temperature, rinsed in PB‘S plus 0.1% BSA, and labeled with secondary antibody (goat anti mouse IgG
coupled to F.I.T.C, Sigma), for 3 hours at room temperature. Sections were rinsed in PBS plus 0.1%
BSA and then sealed under cover slips on glass slides in 50% PBS:50% glycerol containing 1% n-
propylgallate.  Sections were examined under a Zeiss Axioskop II microscope equipped for
epifluorescence with 40x and 100x oil-immersion objectives. Images were acquired digitally using a
Spot RT cooled digital camera.

The monoclonal antibodies used to localize the different tubulin isotypes had the following
specificities: By (SAP.4G5), Bu (JDR.3B8), B (SDL.3D10), and Brv (ONS.1A6). The antibodies were
prepared and tested as previously described (Banerjee et al., 1988, 1990, 1992; Roach et al., 1998).

Each antibody was prepared to an epitope unique to the C-terminus of that isotype. Since the C-termini
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of Biva and By are virtually identical, the anti-Biv antibody was unable to discriminate between them.
Negative controls were performed by omitting the primary antibody.
Animal care and handling was performed in conformance with approved protocols of the

U.T.H.S.C.S.A. Institutional Animal Care and Use Committee.
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Results

The sensory epithelium of the nose consists of a pseudo-stratified layer of round cell bodies. The
lowest layer of cell bodies consists of basal cells, which are embryonic olfactory neurons, and the
middle layer is the somas of the mature sensory neurons. Each neuron sends a dendritic process to the
epithelial surface, and an axonal process away from the epithelium to the olfactory bulb. The long
sensory kinocilia arise from a small swelling at the apical surface of the dendrite, termed the dendritic
bulb. Above the neuronal somata are the cell bodies of supporting cells whose processes span the
epithelium and intercalate between neurons. The respiratory epithelium consists of a thin uniform layer

of epithelial cells bearing multiple short kinocilia.

B
In the sensory portion of the nasal epithelium, label for B tubulin was found in the olfactory

neurons and basal cells (Figure 1A). The label consisted of, first, a bright, slightly irregular strip along
the free surface of the olfz;ctory epithelium, likely representing the receptor kinocilia (kc). Fine strands
of label were also seen to be running perpendicular to the kinocilia layer, apparently representing the
dendrites of the sensory neurons. Deeper in the epithelium, labeling was evident in the somas of the
olfactory neurons (sn) and basal cells (). The nuclei of supporting cells (s) were unlabeled. Irregularly
shaped bundles of bright label, likely representing the axons of olfactory neurons, were present in
scattered locations deep in the epithelium (ax).

i M{’kw‘é\]

In the respiratory portion of the epithelium (Figure 1B), labeling for B; was Lmited<to the

LM /ZD//“‘
kinocilia layer (kc), similar to the labeling present in the olfactory portion. Eittle-orse label was seen

elsewhere in the respiratory epithelium (re). M5l

COMME

{insert Figure I near here}

Bu
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Inspection of the labeling pattern for By in the olfactory sensory epithelium (Figure 2A) failed to

reveal -any-sexmated any label at the epithelial surface, whith—suggested that By was not present in

olfactory kinocilia. Fine strands of dendritic labeling (d) ran from the superficial aspect of the
epithelium to the deeper layers and terminated in the neuronal soma layer (sn), similar to the pattern of
Bi tubulin. Deeper in the epithelium, label in the basal cells (b) also resembled that observed with B;.

As with B, no label was observed in the nuclei of the supporting cells (s). Beneath the epithelium,

bright labeling in the axon bundles was found (ax). o

In the respiratory epithelium (Figure 2B), me labeling with antibodies to By tubulin was detected. —
The figure illustrates the abrupt transition from the label present in the thicker sensory epithelium (se) to
the absence of label in the thinner respiratory epithelium (re).

{insert Figure 2 near here}

B
In the olfactory sensory epithelium (Figure 3A), By tubulin was found in the receptor kinocilia
layer (kc). The somas (sn) and dendrites (d) of the sensory neurons, and the basal cells (bc), were

2 CaN®
labeled in a pattern identical to that of B; and By;. No label was seen in the supporting cells (s)./ The

e
axon bundles (ax) deep in the sub-epithelial tissue contained bright speckles of label.
ohsend € b adilly ot e

B was-ﬁeé—detected in the respiratory epithelium (Figure 3B). In fact, as shown in the figure, the
labelingAstoppﬁ abruptly at the junction between olfactory sensory epithelium (se) and the respiratory =
epithelium (re).

{insert Figure 3 near here}

4- ﬂIV OW /1\/\(

Biv was very prominent in the kinocilia layer of the sensory epithelium (Figure 4A). No label =

was observed in the remainder of the sensory epithelium (se), or in the axons.
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In the respiratory epithelium (Figure 4B), Biv was hsited ter the kinocilia. The label in —
respiratory kinocilia was very bright compared to the label in olfactory kinocilia. No label was present

elsewhere in the respiratory epithelium (re), which may be compared to the sensory epithelium (se).

{insert Figure 4 near here)

COMMEAT 73
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Discussion
B Tubulin isotypes in cells of the nasal epithelium

The results of this study are summarized in Table 1 and depicted in Figure 5. Olfactory neurons
were found to express all four isotypes studied. However, the distribution of the isotypes within the cell
differed. The dendrites, soma and axons of olfactory neurons contained three isotypes (B, Pu and Byy)
while the receptor kinocilia layer contained By, B and Byy. This suggests that olfactory neurons are able
to sort B tubulin isotypes into different cellular compartments. In the respiratory epithelium, the
outermost kinocilia layer contained f; and Bry. No significant label was found in the cell bodies of
respiratory epithelial cells.

All isotypes found in sensory neuron soma were always also found in basal cells, which are

embryonic developing neurons. Thus it is likely that the distribution of B tubulin isotypes in olfactory

F(\o“"

neurons is unchanged (apart foffn the kinocilia) throughout the 40 to 60 day life of the neurons. Thisis

unlike the olfactory marker protein (OMP; Margolis, 1972) which is expressed in mature sensory
neurons only. Thus it is unlikely that expression of OMP is linked to [ tubulin isotypes in any
significant way.

{insert Figure 5 near here}

The label in the kinocilia layer of sensory neurons appears to be in the kinocilia themselves
rather thaﬁ in the dendritic bulbs. Each olfactory neuron bears 10-25 fine kinocilia that together appear
as a dense mat (Morrison and Costanzo, 1992). If label were present only in the dendritic bulbs, we
would expect a more punctate appearance to the label. We also do not believe that the label in the
kinocilia layer represents non-specific binding due to contamination by olfactory mucus. The sharp
transition between By labeled sensory kinocilia and unlabeled respiratory in Figure 3B argues strongly

against the existence of non-specific label in kinocilia layers of these specimens.

10

-
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We did not see label for any B tubulin isotype in the supporting cells of olfactory sensory
epithelium, or in the cell body of respiratory epithelial cells. Undoubtedly these cells have at least some
microtubules, although they may be few in number. It is possible that faint label from one of our
antibodies may have been obscured by the relatively bright label in other cells, or that other isotypes
may be present.

B Tubulin isotypes in kinocilia

The variety of isotypes expressed in a single organelle type, the kinocilium, is most intriguing. It
is not surprising tk:at Brv should be so prominent in kinocilia since, of all the vertebrate  isotypes, By is

reseat’y

the one that comes closest to having a functional assignment, as the B isotype of axonemes. [y has been ™

localized by immuno-electron microscopy to the axonemal microtubules of bovine retinal rod cells and
bovine tracheal Jamecilia (Renthal et al., 1993). It is also the only one of the four isotypes found :i}}T; s
oviduct epithelial lamecilia (Roach et al., 1998), and mouse sperm flagella (Lu et al., 199§)‘.N;he —
presence of Py in axonen;es is also consistent with the prediction of Raff et al. (1997) who postulated
that, for a B isotype to be in an axonemal microtubule, it must have the sequence EGEFEEE near its C-
terminus. By (both Bryva and Bivy) is the only vertebrate isotype that contains this sequence (Luduefia,
1998). This speculation seemed to be confirmed by the finding of only Bjv in vestibular hair cell
kinocilia (Perry et al. 2001). However, olfactory sensory kinocilia are here shown to contain B, By and
Biv, and olfactory respiratory epithelial kinocilia contain f; and Byy. The underlying structure of these
three kinocilia types is similar — each contains the familiar 9+2 arrangement of axonemal microtubules —
but the functions of the kinocilia are nonetheless altogether different. The single kinocilium of
vestibular hair cells is rigid and connects a mechanically-responsive membrane (the otolithic membrane

in macular organs, the cupula in ampullary organs) to the mechanically-sensitive stereociliary bundle of

the hair cell. In contrast, the multiple kinocilia of olfactory sensory neurons are flexible and provide a

11
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surface for the olfactory receptor molecules. Further, the short, motile kinocilia of olfactory respiratory
epithelial cells function to move mucous around the organ, and are therefore perhaps the only kinocilia
in this study to contain the motile protein dynein.

{
Table 2 presents these findings in summary form. Every type oiudn%cilium so far examined has

a different f tubulin isotype composition. The only common feature efthe_isotype-composition is the

presence of Biy. While it remains to be seen what might be the function of each isotype, or combination
of isotypes, it is clear from these studies that cells can exquisitely tailor the isotype composition of even
such a stereotypical structure as the axoneme in order to meet their needs.

The multi-tubulin hypothesis

The multi-tubulin hypothesis proposes that multiple tubulin isotypes exist in separate pools
within the same cell, and are differentially expressed between cell types of the same tissue, due to their
specific physiologic functions (Luduefia 1998). We saw evidence of compartmentalization of tubulin
isotypes in olfactory neurdns, as well as in the respiratory epithelial cell. In olfactory neurons, three of
the four isotypes studied were present in the kinocilia, whereas a different three isotypes were present in
the dendrite, soma and axon. Thus this study provides strong support for the existence of separate pools
of P tubulin isotypes within olfactory neurons.

In its original formulation, the multi-tubulin hypothesis (Fulton and Simpson 1976) envisaged
specific functions for each isotype. The complexity of the isotype expressions patterns that have so far
been observed, in which even neighboring cells of apparently similar function in the same organ express
different isotype panels é{oach et al. 1998, Hallworth and Luduefia 2000, Perry et al. 2001), seemingly
refutes this form of the hypothesis. In the cochlea, for example, it is almost the case that no two cell
types express the same panel of isotypes (Hallworth and Luduefia 2000). Only the adjacent inner and

outer pillar cells in the cochlea express the same isotypes (By and Biy); even the inner and outer hair

12
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cells express different isotypes (f; and Brv versus By and By, respectively). In vestibular hair cells, By,

Thus, —

B and Py are found, while in the adjacent supporting cells the isotypes seen are [, By and Byy. Y

ascribing a single function to a single isotype has proved impossible, at least at our presert level of

understanding about function. The fact remains, however, that cells purposely select

13
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Figures

Figure 1. A) Section of olfactory sensory epithelium stained for ; tubulin, showing label in the somas
(sn) and dendrites (d) of sensory neurons, in basal cells (b), in the axons of sensory neurons (ax), and in
the kinocilia (kc). No label is present in the nuclei of supporting cells (s). B) Section of respiratory
epithelium (re) stained for f; tubulin, showing label in the kinocilia only (kc). Scale bar = 25 um.

Figure 2. A) Section of olfactory sensory epithelium stained for B tubulin, showing label in the somas
(sn) and dendrites (d) of sensory neurons, in basal cells (b), and in the axons of sensory neurons (ax).
No label is present in the nuclei of supporting cells (s). Note the absence of label in the kinocilia. B)
Section showing transition between sensory epithelium (se) and respiratory epithelium (re) stained for
Bu tubulin, showing complete absence of label in respiratory epithelium. Scale bar =25 pm.

Figure 3. A) Section of olfactory sensory epithelium stained for By tubulin, showing label in the somas
(sn) and dendrites (d) of sensory neurons, in basal cells (b), in the axons of sensory neurons (ax), and in
the kinocilia (kc). No labe'l is present in the nuclei of supporting cells (s). B) Section showing transition
between sensory epithelium (se) and respiratory epithelium (re) stained for By tubulin, showing
complete absence of label in respiratory epithelium. Scale bar = 25 pm.

Figure 4. A) Section of olfactory sensory epithelium stained for Brv tubulin, showing absence of label in
the sensory epithelium (se), except for the kinocilia (kc). B) Section showing transition between sensory
epithelium (se) and respiratory epithelium (re) stained for Biv tubulin, showing strong label in the
respiratory kinocilia (kc). Scale bar =25 pm.

Figure 5. Diagram of the distribution of  tubulin isotypes in the microtubule compartments of olfactory

epithelial cells and olfactory neurons, based on the results of this study.
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Table 1

Summary of the results of this study.

Sensory Epithelium

B Bu Bur Brv
Kinocilia v X v v
Dendrites v v v X
Somas v v v X
Axons v v v v
Support cells X X X X
Respiratory Epithelium

B Bu B Brv

Epithelial kinocilia v X X v
Epithelial cells X X X X

18
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Table 2

Beta Tubulin in the Nose

Distribution of § tubulin isotypes in kinocilia of various kinds.

Source B Bir B By  Function of kinocilium

Vestibular hair cells X X X v’ Attach motion detection
membrane (cupula, otolithic
membrane) to the stereocilia
bundle for transduction

Olfactory sensory neurons 4 X v v" Bear olfactory receptor molecules
for transduction

Olfactory respiratory v X X v' Motile — move olfactory mucous

epithelial cells

19
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#905 TUBULIN CONTENT AND B-TUBULIN ISOTYPE DISTRIBUTION IN
CELL LINES USED IN THE NCI IN VITRO DRUG SCREEN. Pascal Verdier-
Pinard, Ruoli Bai, Richard F Luduena, Asok Banerjee, Edward A Sausville, and
Emest Hamel, National Cancer Inst, Frederick, MD, National Cancer Institute-
FCRDC, Frederick, MD, S A | C-Frederick, Frederick, MD, and Univ of Texas
Health Sci Ctr, San Antonio, MD

We have undertaken the characterization of the tubulin content and B-tubulin
isotype distribution of the cell lines used in the NCI drug screen, using a com-
petitive ELISA assay, as part of the molecular characterization of these cell lines.
An additional goal was to determine whether total tubulin content and/or isotype
distribution play a role in the differential cytotoxicity pattern observed with anti-
tubulin drugs. As of October 1999, we have examined a first set of cytosolic
extracts from 34 cell lines for their content of total B-tubulin and of isotypes II, Il
and IV. These data were analysed in terms of possible correlation between tubulin
or B-tubulin isotype content and the relative potency of five antimitotic drugs in
these cell lines. We found that g-tubulin content could be a sensitivity marker for
antimitotic drugs in melanoma cells, that B,,~tubulin content in leukemia cells and
that B,,-tubulin content in melanoma cells, as well as in lung and CNS tumor cells,
could be such markers. So far, neither total g-tubulin nor isotype content were
such markers in ovarian and breast cancer cell lines. We are currently performing
a large scale ELISA study with a second set of cytosolic extracts from each of the
60 cell lines to extend our first set of data. An initial study on y-tubulin content has
been launched. Status reports will be presented. : :

Proc. AACR 41, 142 (2000)



k3522 NUCLEAR TUBULIN AS A POSSIBLE MARKER FOR BREAST
CANCER CELLS. Consuelo Wales, P. Barbier, M. Banerjee, M. C Bissery, R. F
‘[uduena, and A. Fellous, Lab de Pharmacologie Experimentale et Clin, Paris,
‘France, Rhone-Poulenc Rorer S A, Vitry sur Seine, France, and Univ of Health Sci
.Ctr, San Antonio, TX

~Tubulin has generally been thought to be entirely a cytosolic protein, but a
_fecent study (Walss et al., Cell Motil. Cytoskeleton 42, 274, 1999) found the B
tsotype of tubulin, .in non-microtubule form, in the nuclei of cultured rat kidney
mesangial cells. Here we show, by immunoperoxidase staining, that g,-tubulin
localizes to the nuclei of breast tumor cells in situ whereas the non-tumor cells
which surround the cancerous tissue lack nuclear tubulin. Immunofiuorescence
“microscopy shows the presence of substantial amounts of B, in the nuclei of
“MCF-7 breast cancer cells while the non-transformed MCF10-F cells have vari-
_&ble amounts of nuclear By, ranging from similar levels to MCF-7 cells to unde-
tectable. We also observed nuclear B, in tumor tissue obtained from mice which
-had been implanted with Calc 18 breast cancer cells. We have also found B, in the
-nuclei of prostate cancer cells. These results suggest that transformation may
“lead to localization of B, in cell nuclei, serving an as yet unknown function, and
that nuclear B,, may be a useful marker for detection of breast tumor cells in situ.
[Supported by grants to R.F.L. from the US Army (DAMD17-98-1-8246), the NCI
{CA26376) and the Welch Foundation (AQ-0726) and to A.F. from the Société des
‘Amis des Sciences].

Proc. AACR 41, 553 (2000)




NUCLEAR BII-TUBULIN AS A MARKER AND THERA-
PEUTIC TARGET IN BREAST CANCER

Ludueiia, R.F., Banerjee, M., Moore, M., Walss, C.,
Barbier, P., Bissery, M.C. and Fellous, A.

Department of Biochemistry, University of Texas Health
Science Center, San Antonio, TX, Laboratoire de Pharma-
cologie Expérimentale et Clinique, 75 Paris, France, and
Rhéne-Poulence-Rorer S.A., 94 Vitry sur Seine, France
luduena@uthscsa.edu

Using immunofluorescence microscopy, we have observed that the BII isotype of tubulin
is located in the nuclei of a variety of cancer cells, including breast cancer cells. We have
specifically seen BII in the nuclei of MCF-7 cells, Calc-18 cells and in breast tumor cells
in situ. Interestingly, breast cancer cells lacking estrogen receptors sometimes have less
BII in their nuclei. Using confocal microscopy, we also find that the BI, BIII, and BIV
isotypes, all of which are expressed in MCF-7 cells, are not localized to the nuclei, but
are restricted to the cytosol. In the case of BIV, much of it is concentrated in the peri-
nuclear region, although not in the nucleus itself. The function of nuclear BII-tubulin is
as yet unknown; we are attempting to use it as a target for anti-tumor drugs. We have
designed a fluorescent peptide, containing a nuclear localization sequence; we have found
that the peptide can efficiently enter the nucleus. We will be attaching the peptide to a
derivative of colchicine, a drug that binds to tubulin and inhibits microtubule function.
We have also synthesized an estradiol-colchicine derivative, which should also target the
nucleus and we will compare the sensitivity to this compound of cancer cells with and
without estrogen receptors.

The U.S. Army Medical Research and Materiel Command under
DAMD17-98-1-8246 supported this work.

Era of Hope (2000)
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Effect of Taxol and Vinblastine on the BII Isotype of Tubulin in the
Nuclei of Normal and Transformed Cells.

Consuelo Walss', Keliang Xu!, Veena Prasad', Vivek Kasinath!, Richard F.
Luduena’, 'Univ of Texas Health science center, *Biochemistry, Univ of
Texas Health Science Center, 7703 Floyd Curl Drive, San Antonio, Texas
78284

We have previously found that the BII isotype of tubulin is present in the
nuclei of various cells, including rat mesangial cells and a variety of tumor
cells. Taxol and vinblastine represent two different classes of drugs that
target tubulin but have separate binding properties with different
mechanisms of action. We investigated their effects on nuclear BII tubulin in
different cell lines by immunofluorescence microscopy. With increasing
concentrations of vinblastine and taxol, BII tubulin appears to move out of
the nucleus. Normal mesangial cells require only low concentrations of
vinblastine and taxol to see the effect whereas we need higher concentrations
for prostate and breast cancer cells. Although vinblastine and taxol have.
different mechanisms of action on microtubules, the similar effect on nuclear
BII may give an insight into the role of BII tubulin in the nucleus. (Supported
by grants CA26376 from the N.LH, DAMD17-98-1-8246 from the US army
BCRP, and AQ-0726 from the Welch Foundation to R.F.L.)
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Occurrence of the B Il Isotype of Tubulin in the Nuclei of Ovarian Cancer
Cells

Richard F. Luduena, Mohua Banerjee, Victoria Centonze, I-Tien Yeh, Oredius
Pressley, University of Texas Health Science Center at San Antonio, San Antonio, TX.

Tubulin is a major target for anti-tumor drugs. We have previously found the beta-Il isotype
of tubulin in the nuclei of rat kidney mesangial cells and breast cancer cells. We have now
searched for it in cultured SKOV3 ovarian cancer cells and in excisions of ovarian tumors.
SKOV3 cells contained beta-Il in their nuclei as well as in the cytoplasm. However, they
contained the beta-I, beta-lll and beta-IV isotypes only in the cytoplasm. Treatment of
these cells with vinblastine caused changes in the nuclei, including the intra-nuclear
distribution of beta-ll, but did not appear to affect the cytoplasmic microtubules made of
beta-1l. Examination of 13 ovarian tumor biopsies showed 10 out of 13 contained nuclear
beta-1l. Out of 6 Stage | tumors, 1 had beta-Il only in the cytoplasm, 3 had it in both
cytoplasm and nuclei and 2 had it in the nuclei only. Out of 2 Stage 2 tumors, one had
beta-1l only in the nucleus and one only in the cytoplasm. Out of § Stage 3 tumors, 4 had
beta-ll only in the nucleus and 1 only in the cytoplasm. Another way of looking at the data
is by cell type of origin. 9 out of 10 tumors of epithelial origin contained nuclear beta-ll. Out
of 3 tumors of non-epithelial origin, only 1 contained nuclear beta-l, and that only falntly
Normal epithelial cells visible in some of the biopsies appeared to contaln beta-ll only in
the cytoplasm. Our results are consistent with a model whereby transformation, particularly
in epithelial cells, is accompanied by movement of beta-lI tubulin from the cytoplasm into
the nucleus, with this movement being completed in Stage 1. Our resuits also raise the
possibility that antitumor drugs may exert an effect on nuclear beta-ll. It is intriguing that
two of the most successful tubulin-targeting antitumor drugs, taxol and vinblastine, favor
binding to the beta-ll isotype. (Supported by grant DAMD17- 98 1-8246 from the US Army
BCRP and Welch Foundation grant AQ-0726 to R.F.L.)
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Effect of Taxol on the By Isotype of Tubulin in the Nuclei of Cancer Cells.
v K. Xu and R. F. Ludueiia.
University of Texas Health Science Center, San Antonio, Texas USA.

The B isotype of tubulin, which was thought to exist only in the cytoplasm of cells, has recently
been observed in the nuclei of some cancer cells and hypothesized to play an important role in
the proliferation and survival of cancer cells, raising the possibility that nuclear By tubulin may
be a valuable target in cancer chemotherapy. In this study, nuclear By tubulin was also observed
in rat C6 glioma cells, human T98G glioma cells, and human MCF-7 and MDA-MB-435 breast
cancer cells. Given the fact that taxol is an anti-tumor drug with high specificity for By tubulin,
the C6, MCF-7, and MDA cells were treated with taxol at different concentrations for 24 hours.
As a result, By tubulin was observed to disappear in a dose-dependent manner from the nuclei of
these cells, apparently moving into the cytoplasm. In contrast, nuclear By in these cells was not
affected by treatment with nocodazole. These results support the hypothesis that nuclear By
tubulin may play an important role in cancer cells and be a worthwhile target for cancer
chemotherapy. Therefore, it may be a promising strategy to design new anti-tumor drugs with
higher specificity for By tubulin. (Supported by US Army BCRP grant DAMD 17-98-1-8246,
NIH grant CA26376, and Welch Foundation grant AQ-0726).
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