QUANTITATIVE BIOCHEMICAL ANALYSIS OF MICROTUBULE
CONTENT IN NORMAL AND TRANSFORMED 3T3 CELLS

JOHN H. EICHHORN and BEVERLY PETERKOFSKY. From the Laboratory of Biochemistry,
National Cancer Institute, Bethesda, Maryland 20014. Dr. Eichhorn’s present address is the Department of
Anesthesia, Beth Israel Hospital, Harvard Medical School, Boston, Massachusetts 02115.

ABSTRACT

Microtubules in normal and transformed BALB 3T3 cells were preserved in a
stabilizing medium and measured by a [*H]colchicine-binding tubulin assay, and
compared to total cellular tubulin measured under nonstabilizing conditions.
Essentially no change in tubulin or microtubule content was seen with changes in
cell density or with changes in cellular morphology at various stages of growth of
normal or transformed cells or induced by dibutyryl cAMP treatment of trans-
formed cells. Of five cell lines transformed by a variety of agents, four had a
significantly higher total tubulin content than untransformed 3T3 cells and all of
them had an increased microtubule content. None of the transformed lines had a
lower fraction of tubulin recoverable as sedimentable microtubules compared to
untransformed cells, and in three of them this fraction was significantly higher.
These results establish that microtubules are present in transformed cells to at
least the extent (if not greater) than in normal cells but that there are variations in
the total amount of tubulin and microtubules as well as the fraction of the total
tubulin present as microtubules which are not strictly correlated with transfor-

mation or cell morphology.
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The relationship of cytoskeletal structure and, in
particular, cytoplasmic microtubules to cell trans-
formation and neoplastic cell growth recently has
been the subject of much study and speculation.
Some reports have stated that transformed cells,
including 3T3 cells, have a decreased number of
cytoplasmic microtubules (3, 9, 14) or altered mi-
crotubule patterns (5, 13), while others refute these
claims by stating that the microtubule level is the
same in normal and transformed cells (4, 16, 21).
All of these studies, showing either differences or
similarities, have depended upon the visualization
of microtubules with fluorescent antibodies or
electron microscopy. Because of the qualitative
nature of these studies, we approached this ques-
tion by applying a quantitative biochemical pro-
cedure for recovering and measuring intact sedi-
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mentable microtubules in normal and transformed
BALB 3T3 cells. We have also applied this tech-
nique to examining the effect of dibutyrylcAMP
(dbcAMP) on the microtubule content of a trans-
formed cell line since it had been concluded, again
on the basis of electron microscopy, that increasing
the cCAMP level in Chinese hamster ovary (CHO)
cells increased microtubule content (18). One bio-
chemical study of CHO cells (20) tended to sup-
port this conclusion, but our data from Kirsten
sarcoma virus-transformed 3T3 cells (Ki-3T3) do
not.

MATERIALS AND METHODS

Except as noted in Table I, cells in late log phase were
used. All cells were derived from BALB 3T3 A-31. We
used two contact-inhibited subclones of 3T3 (P3 and
714) as normal controls and cell lines transformed by
various agents including Simian virus-40 (SV-3T3), Mo-
loney sarcoma virus (Mo-3T3), Kirsten sarcoma virus
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(Ki-3T3), and 4-nitroquinoline-1-oxide (NQT-3T3).
Two separate isolates of nonproducer Ki-3T3 cells were
used (clones 234-21 and 1) as well as a flat revertant of
Ki-3T3-1 designated as Ki-R. A description of these cell
lines, their sources, and culture methods have been re-
ported previously (11, 17).

The procedure for measuring the fraction of the total
intracellular pool of tubulin present as polymerized mi-
crotubules has been described (6). Briefly, the growth
medium was removed from duplicate sets of cultures in
100 X 20 mm dishes, and 0.50 ml of a microtubule-
stabilizing medium, MTM, (7) consisting of 50% glycerol,
10% DMSO, 5 mM sodium phosphate, 5 mM MgCl;, pH
7, was added to each dish of cells at 22°C. After 7 min,
the cells were harvested, duplicate dishes were pooled,
and the suspension was sonicated. The sonicate was
centrifuged at 43 kG for 60 min at 22°C to sediment the
intact microtubules. The supernate was removed and the
recovered pellet was resuspended in 100 ul of ice-cold
PM buffer (10 mM sodium phosphate, 10 mM MgCl,,
pH 6.95) with | mM guanosine triphosphate and 0.5%
Triton X-100 and then resonicated at 0°C to insure total
disruption of the microtubules. Tubulin in this solution
was measured by the [*H]colchicine-binding DEAE cel-
lulose filter assay (2, 22) and the radioactivity recovered
represented tubulin polymerized into microtubules. It
was not possible to measure the free soluble tubulin in
the 43 kG supernate because MTM inhibited the [°H]-
colchicine binding reaction, an effect also noted by
Rubin and Weiss (20) using the same MTM solution. It
was confirmed that this effect was due to the MTM
rather than to cell components by the observation that
MTM alone inhibits colchicine binding to purified bo-
vine brain tubulin. Therefore, cell samples were prepared
that were treated as described above, except that PM
buffer was substituted for MTM and sonication was
performed at 0°C to insure that all tubulin would be
soluble. Portions of these sonicates were assayed to de-
termine the total amount of tubulin present in the cells,
thus allowing a comparison with the MTM-treated sam-
ples to yield the percent of total tubulin polymerized into
microtubules. The amount of tubulin in samples was
calculated from a standard curve constructed using pu-
rified bovine brain tubulin as described previously (6).
In all cases, the amount of [*H]colchicine bound fell
within the linear portion of that curve and generally
ranged between 1,000 and 10,000 cpm. All assays were
performed in duplicate and deviation of duplicate values
from the averages ranged between 5 and 10%. Experi-
ments were done twice, on separate days, and the results
did not vary.

The assay cannot distinguish between cytoplasmic and
spindle microtubules but, since a very small fraction of
a culture is in mitosis at any one time, comparisons were
assumed to reflect cytoplasmic microtubules. That the
assay measures microtubules has been demonstrated in
part by the fact that pretreatment of cells in the cold as
well as with colchicine significantly reduced the fraction

of tubulin present as microtubules (see Table VII in
reference 6). In the present experiments, all assays were
also carried out on duplicate cultures pretreated with 10
uM colchicine for 1 h to confirm depolymerization. In
preliminary experiments, radioactive colchicine was
added to cells during this pretreatment and it was shown
that no colchicine was carried over into the assay.

Although tubulin will polymerize in vitro in the pres-
ence of glycerol or DMSO, there is a critical concentra-
tion of ~230 ug/ml which must be reached before polym-
erization is induced at room temperature (10). That value
is for tubulin in 4 M glycerol and 0.1 M buffer and
increases as the molarity of the buffer decreases so that
in MTM, which contains a total of 0.01 M salt, the
critical concentration may be even higher. The tubulin
concentration of sonicates, however, was much lower
than 230 pg/ml. The amount of total protein in sonicates
ranged from 1.2 to 3.2 mg/ml. Using the values for ug
tubulin per mg protein shown in Tables I and II, we
calculated that the tubulin concentration in these soni-
cates ranged from 8 to 23 pg/ml.

While it is conceivable that the 43-kG pellet contained
a small component of membrane-bound tubulin (1) or
other forms of insoluble tubulin, or colchicine-insensitive
microtubules, the great majority of the sedimentable
tubulin in these experiments represents microtubules
because pretreatment of the cells with colchicine (Tables
I and II) reduced the sedimentable tubulin by 70-80%.
This reduction of the fraction of tubulin present as
sedimentable microtubules by pretreatment with colchi-
cine was remarkably consistent for the parent cells and
their transformants, further validating the comparison of
microtubules in normal versus transformed cells which
is the focus of this report. Microtubules in the normal
3T3-714 cell line and its chemical transformant NQT-
3T3, however, appeared to be uniquely resistant to dis-
ruption by the standard concentration of colchicine (Ta-
ble II); therefore, we concluded that these results re-
flected properties of the cells rather than the assay.
Colchicine resistance of the microtubules in these cells
correlated well with the observed resistance of 3T3-714
cells to inhibition of growth by concentrations of colchi-
cine which inhibit growth of 3T3-P3." The molar ratio of
colchicine bound to purified bovine brain tubulin was
0.88, indicating that there was very little decay of col-
chicine binding by tubulin during the 90-min assay
period. In addition, as previously shown (6), purified
bovine brain tubulin added to a sample containing 3T3-
P3 sonicate was quantitatively recovered in the assay,
indicating that there were no inhibitory substances pres-
ent and that the cell extract did not cause enhanced
decay of tubulin during the incubation.

Protein was measured using Bio-Rad protein reagent
(Bio-Rad Laboratories, Richmond, Calif.). The reagent

! Peterkofsky, B., and R. Oneson. Unpublished obser-
vations.
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TABLE 1
Effect of Cell Density on Microtubule and Tubulin Content of Normal and Transformed 3T3 Cells

Tubulin present as
sedimentable mi-

Fraction of tubulin present as  Reduction by col-

sedimentable microtubules  chicine of fraction

crotubules

Total tubulin present as sedi-

Cells per ( pg tubulin f #g tubulin ) Plus colchi- mentable microtu-
Cells Growth phase  dish X 107®  \mg cell protein, \mg cell protein/  No colchicine cine bules
% % %
3T3-P3  (un- Early log 1.6 1.99 5.19 39 8 79
transformed) (sparse)
Late log (con- 4.2 1.74 483 36 8 77
fluent)
Ki-3T3-234-21 Early log L6 2.30 4.69 49 16 67
Late log 44 2.69 5.30 51 15 71

Average of two separate determinations. Cells were cultured in 100 X 20 mm Falcon dishes and assayed as described

in Materials and Methods.

TasLe 11
Effect of Transformation on Microtubule and Tubulin Content of 3T3 Cells

Tubulin present
as sedimentable
microtubules

Total tubulin
ug tubulin

Fraction of tubulin present as sed-
imentable microtubules Reduction by coichi-
cine of fraction pres-

ent as sedimentable

mg cell protein) (mg cell protein) No colchicine  Plus colchicine

microtubules

( pg tubulin
Ceil

3T3-P3 (untransformed)* 1.84
SV-3T3 245
Mo-3T3 2.75
Ki-3T3-234-21 2.34
Ki-3T3-234-21 dbcAMP-treated 2.52
Ki-3T3-1 4.03
Flat revertant of Ki-3T3-1 2.50
3T3-714 (untransformed) 1.82
NQT-3T3 3.36

T

S

A

4.83 38 9 76
7.66 32 6 81
6.70 41 10 76
4.78 49 18 63
4.58 55 21 62
7.20 56 11 80
4.55 55 16 71
5.53 33 22 33
6.73 50 38 24

* Average of six determinations; other values are the average of two separate determinations. Cells were cultured as
described in Materials and Methods. Where indicated, Ki-3T3-234-21 was grown in the presence of 0.5 mM dbcAMP

as described previously (17) before analysis.

was diluted 1:4, and 0.8 m! was added to 0.2 ml of
sample containing 4-10 ug of protein.

RESULTS AND DISCUSSION

To examine any effect of cell density on microtu-
bule content, we studied normal and Ki-3T3 trans-
formed cells in early and late log phases of growth.
One previous study of CHO cells suggested that
there were density-dependent differences in the
fraction of tubulin present as sedimentable micro-
tubules (20). The data in Table I show that, in
both normal and transformed cells, there was no
significant density-dependent difference in either
microtubule content or fraction of tubulin recover-
able as sedimentable microtubules. All subsequent
studies were carried out on cells in late log phase.
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Both normal 3T3 and Ki-3T3 cells undergo
major morphological changes as cultures progress
from nonconfluent early log phase to nearly con-
fluent late log phase. The normal cells, in partic-
ular, cease growth, lose their amorphous shape
and cell processes and become flatter, contiguous
and assume a mosaic-like pattern. The absence of
any real difference in microtubule content or frac-
tion of tubulin present as microtubules between
early and late log phases of each line (Table I)
demonstrates that major changes in cell shape can
take place without any quantitative change in
microtubules. Further, in these 3T3 cells, the pres-
ence of contact inhibition appears not to be asso-
ciated with any quantitative change in microtu-
bules.

Two untransformed subclones of 3T3 cells (P3



and 714) had identical microtubule contents and
similar levels of total cellular tubulin and fractions
of tubulin present as sedimentable microtubules
(Table II). All five transformed cell lines (SV-3T3,
Mo-3T3, Ki-3T3 clones 234-21 and 1, and NQT-
3T3) had an increased content of microtubules
(column 1) although the increase was marked only
in Ki-3T3-1 and NQT-3T3. One of the Ki-3T3
lines (clone 1) had more microtubules than the
other and, in fact, had the highest microtubule
content of all cells tested. All of the transformed
cells except Ki-3T3 clone 234-21 had increased
total cellular tubulin (column 2) and all but the
SV-40 transformant had an increased fraction of
tubulin present as sedimentable microtubules (col-
umn 3, no colchicine). It has previously been
reported that an SV-40 transformant of BALB-
3T3 had a slightly higher tubulin content than
untransformed 3T3 (23). The 4-nitroquinoline-1-
oxide transformation of 3T3 clone 714 led to in-
creases in all three parameters. Further, a revertant
of Ki-3T3 clone 1 exhibiting a more normal flat
shape had reduced tubulin and microtubule con-
tents which were similar to those of untransformed
cells, but no change in the fraction of tubulin in
microtubules. This was the only instance in which
a morphological change was associated with a
change in tubulin or microtubule content. Overall,
transformation of 3T3 cells resulted in an in-
creased content of microtubules and the fraction
of tubulin in microtubules as well as total cellular
tubulin. These results may be viewed as represent-
ing the content of the various components per unit
volume of cell, since the levels are expressed on
the basis of protein and protein content is a rea-
sonable measure of cell volume (8). When the data
were calculated on the basis of cell numbers, how-
ever, transformed cells also showed 10-60% in-
creases in total tubulin content per cell compared
to the untransformed clones P3 and 714.
Treatment of transformed cells with dbcAMP
causes them to change their morphology and char-
acteristics so as to more closely resemble the nor-
mal untransformed parent cell lines (13). The Kir-
sten sarcoma virus-transformed cells used here are
more rounded than 3T3 cells and have markedly
refractile cell bodies with a few spindly processes.
DbcAMP treatment returns Ki-3T3 to flat, elon-
gated cells with prominent nuclei very similar in
morphology to the parent 3T3 cells (17). To ex-
amine the relationship of microtubules to these
dbcAMP-induced changes, we studied control and
dbcAMP-treated Ki-3T3-234-21 cells in parallel.
As shown in Table II, there was little difference

between the two in microtubule content, total
tubulin, fraction of tubulin present as sedimenta-
ble microtubules, or reduction of this fraction by
colchicine treatment. This constitutes another ex-
ample of a major morphologic change unaccom-
panied by any quantitative changes in the micro-
tubular system. It has been reported that an in-
crease in the number of microtubules per unit
volume of cytoplasm accompanied and probably
caused the morphological change induced in CHO
cells by dbcAMP (18) and that this treatment
increased the fraction of tubulin in microtubules
by at least 25% (20). Our results on 3T3 cells
showed neither of these changes. Since dbcAMP
treatment increases the intracellular level of cAMP
(12), our results suggest that increasing the intra-
cellular cAMP has no significant quantitative ef-
fect on the microtubular system in 3T3 cells. These
results do not support a recent hypothesis of a
central role for cAMP and the microtubular system
in the transformation of cells from normal to
malignant (18). The general conclusion to be
drawn from the data reported here is that, in
BALB cells, transformation may be associated
with a quantitative change in the microtubular
system, but this change is quite different than that
previously suggested (3, 5, 9, 14, 15, 19).

Received for publication 5 March 1979, and in revised
Jorm 9 May 1979.

REFERENCES

. BHATTACHARYYA, B, and J. WoLFF. 1975. Membrane-bound tubulin
in brain and thyroid tissue. J. Biol. Chem. 250:7639-7646.

. Borisy, G. G. 1972. A rapid method for quantitative determination of
microtubule protein using DEAE-cellulose filters. Anal. Biochem. 50:
373-385.

- BRINKLEY, B. R, G. M. FULLER, and D. P. HIGHFIELD. 1975. Cyto-
plasmic microtubules in normal and transformed cells in culture:
Analysis by tubulin antibody immunofluorescence. Proc. Natl. Acad.
Sci. U. 8. A. 72:4981-4985.

. DEMEY, J., M. JoNiau, M. DEBRABANDER, W. MOENs, and G. GEUENS.
1978. Evidence for unaltered structure and in vivo assembly of micro-
tubules in transformed cells. Proc. Natl, Acad. Sci. U. §. A. 75:1339-
1343,

. EpELMAN, G. M., and 1. YAHARA. 1976. Temperature-sensitive changes
in surface modulating assemblies of fibroblasts transformed by mutants
of Rous sarcoma virus. Proc. Natl. Acad. Sci. U. S. A. 73:2047-2051.

6. EICHHORN, J. H., and B. PETERKOFsKY. [979. Local anesthetic-induced
inhibition of collagen secretion in cultured cells under conditions where
microtubules are not depolymerized by these agents. J. Cell Biol 81:
26-42.

. FILNER, P., and O. BEHNKE. 1973. Stabilization and isolation of brain
microtubules with glycerol and dimethylsulfoxide (DMSO). J. Cell
Biol. 59:99 a {Abstr.).

. FosTer, D. O, and A. B. PARDEE. 1969. Transport of amino acids by
confluent and nonconfluent 3T3 and polyoma virus-transformed 3T3
cells growing on glass cover slips. J. Biol. Chem. 244:2675-2681.

. FuLLer, G. M., and B. R. BRINKLEY. 1976. Structure and control of
assembly of cytoplasmic microtubules in normal and transformed cells.
J. Supramol. Struct. 5:497-514.

10. GaskiN, F., C. R. CANTOR, and M. L. SHELANSKI. 1974. Turbidometric

studies of the in vitro assembly and disassembly of porcine neurotubules.
J. Mol. Biol. 89:737-758,
11. Hata, R., and B. PeTerkoFsKy. B. 1977. Specific changes in the

N

w

R

[y

~

oo

o

RarPip COMMUNICATIONS 575



576

collagen phenotype of BALB 3T3 cells as a result of transformation by
sarcoma viruses or a chemical carcinogen. Proc. Natl. Acad. Sci. U. S.
A. 74:2933-2937.

. Hsie, A, W., K. KawasHiMa, J. P. O'NELL, and C. H. SCHRGDER.

1975. Possible role of adenosine cyclic 3":5-monophosphate phospho-
diesterase in the morphological transformation of Chinese hamster
ovary cells mediated by N°,0%-dibutyryl adenosine cyclic 3':5-mono-
phosphate. J. Biol. Chem. 250:984-989.

. JonnsoN G. S., and I. PasTaNn. 1972. Role of 3',5"-adenosine mono-~

phosphate in regulation of morphology and growth of transformed and
normal fibroblasts. J. Natl. Cancer Inst. 48:1377-1387.

. McCLaIN, D. A, P. D’EUSTACHIO, and G. E. EDELMAN. 1977. Role of

surface modulating assemblies in growth control of normal and trans-
formed fibroblasts. Proc. Natl. Acad. Sci. U. S. A. 74:666-670.

PAR

22

thesis in Kirsten sarcoma virus-transformed BALB 3T3 cells grown in
the presence of dibutyryl cyclic AMP. Cell. 3:291-299.

. PORTER, K. R, T. T. Puck, A. W. Hsig, AND D. KELLEY. 1974, An

electron microscope study of the effects of dibutyryl cyclic AMP on
Chinese hamster ovary cells. Ce/l. 2:145-162.

. Puck, T. T. 1977. Cyclic AMP, the microtubule-microfilament system,

and cancer. Proc. Natl. Acad. Sci. U. 5. A. 74:4491-4495,

. RuBiN, R. W., and G. D. WEss. 1975. Direct biochemical measure-

ments of microtubule assembly and disassembly in Chinese hamster
ovary cells. J. Cell Biol. 64:42-53.
Tucker, R. W,, K. K. SANFORD, and F. R. FRANKEL. 1978. Tubulin
and actin in nonneoplastic and spontaneously transformed neoplastic
cell lines in vitro. Cell. 13:629-642.
WEISENBERG, R. C., G. G. Borisy, and E. W. TayLOR. 1968. The

b

c ine-binding protein of mammalian brain and its relation to

. MiLLER, C. L., J. W. FUSELER, and B. R. BRINKLEY. 1977. Cytopl

microtubules in transformed mouse X nontransformed human cell
hybrids: correlation with in vitro growth. Cell. 12:319-331.

. OsBoRN, M,, and K. WeBEr. 1977. The display of microtubules in

transformed cells. Cell. 12:561-571.

. PETERKOFSKY, B., and W. B. PRATHER. 1974. Increased collagen syn-

RAPID COMMUNICATIONS

23.

microtubules. Biochemistry. 7:4466-4478.

WICHE, G., V. J. LUNDBLAD, and D. R, CoLz. 1977. Competence of
soluble cell extracts as microtubule assembly systems. Comparison of
simian virus 40 transformed and nontransformed mouse 3T3 fibro-
blasts. J. Biol. Chem. 252:791-796.



