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Most animal cells rapidly depress the synthesis of new a- and P-tubulin polypeptides in response to
microtubule inhibitors that increase the pool of depolymerized subunits. This apparent autoregulatory control
of tubulin synthesis is achieved through the modulation of tubulin mRNA levels. To begin to analyze the
molecular mechanism responsible for such regulation, we have introduced exogenous "-tubulin gene sequences
into cultured mouse cells by DEAE-dextran-mediated DNA transfection. We find that the heterologous tubulin
genes are expressed and that their RNA transcripts are accurately processed to mature mRNAs. Moreover,
after drug-induced microtubule depolymerization, the expression of unintegrated tubulin gene sequences is
regulated coordinately with the endogenous mouse a- and 3-tubulin RNA transcripts. Such regulation appears
to be specific for transfected tubulin genes, since similar down-regulation is not observed in a cotransfected
,-actin gene. Curiously, in response to microtubule depolymerization, the amount of RNA transcripts from a
transfected ,-actin gene increases twofold, which qualitatively and quantitatively parallels that seen by the
RNAs encoded by the endogenous actin genes. Thus, the transient DNA transfection approach may permit the
unambiguous elucidation of regulatory sequences involved in establishing the proper level of expression of these
two important cytoskeletal gene families.

Microtubules, which are comprised principally of dimeric
subunits of one a- and one ,B-tubulin polypeptide, participate
in a diverse spectrum of cellular functions, including the
establishment of programmed modifications of cell shape
during morphogenesis, the formation of mitotic and meiotic
spindles, and the establishment of some forms of intracel-
lular and intercellular motility. Given the important func-
tions of these dynamic arrays of microtubules, it is not
surprising that the synthesis of tubulin should be a closely
regulated process. As initially reported by Ben Ze'ev et al.
(1), marked alterations in the morphology of cultured animal
cells after drug-induced microtubule depolymerization are
accompanied by the specific repression of new tubulin
synthesis. What emerged less expectedly from this work and
from our own subsequent efforts (7, 8, 10-12) is the realiza-
tion that the rates of tubulin synthesis are apparently estab-
lished in these cells by an autoregulatory pathway which is
closely linked to the pool size of unpolymerized subunits.
Evidence in support of this autoregulatory model has

accumulated from a variety of experiments. The treatment of
cells with colchicine or nocadozole, antimicrotubule drugs
which induce microtubule depolymerization (for examples,
see references 13 and 28) and a concomitant twofold increase
in the pool of depolymerized subunits (17, 25), results in a
specific (5- to 10-fold) repression of new tubulin synthesis (1,
10). On the other hand, the treatment of cells with
vinblastine, an antimicrotubule drug which induces not only
microtubule depolymerization but also precipitation of the
depolymerized subunits (for an example, see reference 4),
yields a mild increase in new tubulin synthesis (1, 10).
Moreover, treatment with taxol, a drug that stimulates
polymerization and presumably lowers the pool of unpoly-
merized subunits to a negligible level (22, 23), induces an
increase in new tubulin synthesis (10) which under some
conditions can be quite dramatic (J. S. Pachter and D. W.
Cleveland, unpublished data).

* Corresponding author.

These alterations in tubulin synthetic rates do not simply
reflect an inherent cell cycle-dependent program of tubulin
synthesis which is uncovered by drug-induced cell cycle
disruption. This conclusion arises from three independent
lines of evidence. First, the maximum effect is seen within 3
h of drug addition, a time too short to yield a substantial cell
cycle blockage in an initially unsynchronized culture. Sec-
ond, colchicine and nocadozole induce mitotically blocked
cell populations which are essentially identical to that in-
duced by vinblastine, even though the effects on tubulin
synthetic rates are of opposite signs. Third, in contrast to the
dramatic repression of tubulin synthesis induced by colchi-
cine or nocodazole treatment, a simple calculation using the
reported threefold decline in the overall rate of protein
synthesis during mitosis (14) coupled with the known two-
fold relative increase in tubulin synthesis at mitosis (3) yields
a predicted 6% increase in the relative tubulin synthetic rate
after a 3-h drug-induced mitotic arrest for cells with a
doubling time of 16 h.

Further support for the autoregulatory model has emerged
from the elevation of intracellular tubulin content by direct
microinjection of purified tubulin subunits to a level compa-
rable to that which would be liberated by endogenous
microtubule depolymerization. After microinjection, tubulin
polypeptide synthesis has been found to be rapidly and
specifically repressed (11).
Although the molecular mechanism through which this

apparent autoregulation is achieved has not yet been identi-
fied, we have previously determined that the down-regula-
tion of tubulin synthesis in response to an increased pool size
of free subunits is accompanied by a rapid loss of tubulin
mRNAs (10). Hence, regulation cannot be achieved through
a reversible RNA sequestration mechanism. In addition, the
apparent rates of tubulin gene transcription in nuclei isolated
from cells with normal or elevated pools of tubulin subunits
have been found to be indistinguishable (7). This finding
strongly suggests that transcription is not the principal level
at which control of tubulin synthesis is exercised. Thus, the
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sum of the present data points to a relatively novel
autoregulatory control mechanism which is operative at the
level of tubulin mRNA processing/transport efficiency or
mRNA stability.
To further dissect the precise molecular events which

underlie this autoregulation, we have now sought to define
the important control sequences that are carried on a tubulin
gene or its corresponding mRNA or both. To this end, we
have used DNA transfection to transiently introduce a
heterologous chicken ,-tubulin gene into cultured mouse L
cells. We report that the mouse cells correctly express and
process the RNA transcript copied from this gene. More-
over, upon elevation of the intracellular pool of unpolymer-
ized tubulin subunits by drug-induced microtubule depoly-
merization, the level of the transfected chicken tubulin gene
RNA transcripts is down-regulated coordinately with the
endogenous mouse a- and ,-tubulin RNAs. Curiously, at
least in mouse L cells, the level of RNAs encoded by the
endogenous actin genes is elevated by ca. twofold in re-
sponse to the antimicrotubule drug colchicine. This up-
regulation of actin expression is also reconstituted upon
transfection of a chicken 0-actin gene into mouse L cells.
Hence, the appropriate expression of heterologous tubulin
and actin genes can be successfully reconstructed after
transfection into cultured cells.

MATERIALS AND METHODS

Recombinant plasmids carrying tubulin or actin sequences.
Plasmids ppiGl and p,BG2, carrying the complete transcrip-
tion units of the chicken P1 and ,2 tubulin genes, respec-
tively, have been described previously (21). A clone contain-
ing the human M40 P-tubulin gene (19) was a kind gift from
Nick Cowan, New York University Medical Center. The
entire M40 gene contained on a single HindIII-EcoRI frag-
ment (see restriction map of Lee et al. [19]) was subcloned
between the HindlIl and EcoRI sites of pBR322. We have
designated the final construct pM40. p3Act, a plasmid con-
taining the chicken 1-actin gene (18) cloned into the EcoRI
site of pBR322, was kindly provided by Thomas Kost of
Norden Laboratories. cDNA plasmids pTl, pT2, and pAl,
carrying 92, 99, and 99% of chicken a-tubulin, chicken 02
tubulin, and chicken P-actin mRNA sequences, respectively,
have been previously characterized (9, 27).

Cell culturing and transfection protocol. Mouse L cells
were routinely maintained in Dulbecco modified Eagle me-
dium (DMEM) supplemented with 10% fetal calf serum. One
day before transfection, cells were plated onto 100-mm
Falcon dishes at a density of 1.8 x 106 cells per dish. The
transfection procedure was essentially as described previ-
ously by Lopata et al. (20). Briefly, the cells were washed
with DMEM without serum, and the medium was replaced
with 4 ml ofDMEM containing 0.5 mg of DEAE-dextran (Mr
of -500,000; Pharmacia Fine Chemicals, Inc., Piscataway,
N.J.) per ml and 2.0 ,g of DNA per ml. The dishes were
returned to a 37°C, 5% CO2 incubator for 4 h. After this
incubation, the medium was removed by aspiration, and the
cells were subjected to a brief (3-min) shock with 2.5 ml of
10% dimethyl sulfoxide in HBS (137 mM NaCl, 5 mM KCI,
0.7 mM Na2HPO4, 6 mM glucose, 21 mM HEPES [N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid] [pH 7.1]).
This 10% dimethyl sulfoxide solution was removed, and the
cells were washed with phosphate-buffered saline. Finally,
DMEM containing 10% fetal calf serum was added, and the
cells were returned to the 37°C, 5% CO2 incubator. Typi-
cally, total cell RNA was prepared from the cells 20 to 26 h
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FIG. 1. Modulation of chicken tubulin mRNA levels in response
to colchicine-induced microtubule depolymerization. Triplicate
dishes of secondary chicken fibroblasts were incubated for 0 h (lane
1), 3 h (lane 2), or 6 h (lane 3) in media containing 10 ,uM colchicine.
Total RNA was prepared, and equal amounts of RNA from each
were analyzed by RNA blotting for the presence of P-tubulin RNAs
(A), a-tubulin RNAs (B), or rRNAs (C). The resultant autoradio-
grams are shown. The probe used for the detection of P-tubulin
RNAs was constructed from the coding sequences carried by
plasmid pT2 (9); probe for a-tubulin was from the coding sequences
carried by plasmid pTl (9); probe for rRNA was from plasmid
pXLrlOlA (the gift of B. Sollner-Webb, Johns Hopkins School of
Medicine). This plasmid carries part of the Xenopus laevis 18S and
28S ribosomal sequences. The arrow in (A) denotes the position of
RNAs derived from the ,2 tubulin gene (16).

after transfection. When appropriate, colchicine was added
to the media to a final concentration of 10 ,uM for a specified
period before harvesting the cells. In all cases, RNA was
prepared by the guanidine isothiocyanate procedure of
Chirgwin et al. (6) coupled with the cesium chloride centri-
fugation step of Glisin et al. (15).

Secondary chicken fibroblasts were prepared from 10-day
White Leghorn embryos and propagated in M119 medium
(GIBCO Laboratories, Grand Island, N.Y.) supplemented
with 1% heat-inactivated chick serum and 10% fetal calf
serum.

S1 analysis of RNA. Unless otherwise indicated, probes
used for Si analysis were generated by 5'-end labeling of calf
intestine alkaline phosphatase-treated DNA fragments with
polynucleotide kinase (Boehringer Mannheim Biochemicals,
Indianapolis, Ind.) and [-y-32P]ATP (Amersham Corp.,
Arlington Heights, Ill.). Typically, for the Si protocol, 5 ,ug
of RNA was coprecipitated with 0.05 pmol of labeled probe
and 70 ,ug of tRNA as the carrier. The pellet was washed
with 70% ethanol and dissolved in 20 RIl of 80%
formamide-0.4 M NaCl-1 mM EDTA-40 mM PIPES
[piperazine-N-N'-bis(2-ethanesulfonic acid)] (pH 6.4) (5).
The mixture was heated to 90°C in a tightly sealed tube and
left to cool slowly to 60°C. Hybridization was allowed to
continue overnight at 60°C. The mixture was then diluted
10-fold and made to 0.25 M NaCI-5 mM ZnCl2-30 mM
sodium acetate (pH 4.5). At this point, 100 to 200 U of S1
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FIG. 2. Modulation of mouse L cell 1-tubulin mRNA levels in

response to colchicine. RNA was isolated from parallel dishes of L
cells, one of which was exposed to 10 F.M colchicine for the final 3
h. Equal amounts of RNA from each were analyzed by RNA
blotting. (A) The resultant filter was hybridized to the 1-tubulin
coding sequences from the cDNA plasmid pT2. (B) A duplicate blot
was hybridized to 18S ribosomal sequences from the plasmid
pXLr1O1A. In each part of the figure, lane 1 contains RNA from
control cells; lane 2 contains RNA from colchicine-treated cells.

nuclease (Bethesda Research Laboratories, Rockville, Md.)
and 10 jig of denatured carrier (salmon sperm) DNA were
added. The reaction was allowed to proceed at room tem-
perature for 60 min, after which EDTA was added to 10 mM
and the nucleic acids were precipitated with ethanol. The
labeled, protected probe fragments were sized on 9.0 M urea
sequencing gels and visualized by autoradiography.
For the construction of an Si probe which spanned the

transcription initiation site of chicken gene ,2, a labeled
synthetic oligonucleotide, [32P]-CGGTGTCTTGCCGGTGC,
that is complementary to a region of the 5' untranslated
region of P2 RNA (nucleotides 41 to 57 with respect to the
cap site) was hybridized to a single-stranded M13 subclone
containing the 5' portion of the ,2 gene. The complementary
strand that was synthesized with the Klenow fragment of
DNA polymerase I and deoxynucleotide triphosphates was
used as the probe in S1 mapping analysis.

Blot analysis of RNA. Gels for the separation ofRNA were
poured from 1% agarose containing 2.2 M formaldehyde (2).
RNA was transferred to nitrocellulose (26) and hybridized to
32P-labeled probes as previously described (10). 32P-labeled
probes for blot analysis were prepared by the random
priming method of Shank et al. (24). The strength of hybridi-
zation of 32P-labeled probes to filters was quantitated by
scanning autoradiographic tracks with a densitometer
(Kontes Co., Vineland, N.J.) equipped with a Hewlett-
Packard numeric integrator.
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RESULTS
Regulated expression of endogenous chicken and mouse

tubulin genes. Virtually edl animal cells respond to colchicine-
induced microtubule d--polymerization with a specific re-
pression (5- to 10-fold) cof new tubulin polypeptide synthesis
(10). As we have previously shown for cultured CHO cells,
this depression is the re:sult of a loss of cellular tubulin RNA
sequences (7, 8, 10). T'hat an analogous situation exists for
tubulin RNAs in chick,en fibroblasts is demonstrated in Fig.
1. Total cellular RNA was prepared from control cells and
from cells incubated for 3 or 6 h in 10 ,uM colchicine.
[Although lower conceZntrations of colchicine ultimately in-
duce microtubule depc)lymerization, this higher level of drug
was utilized to induce: complete microtubule depolymenza-
tion within 15 min ('Pittenger and Cleveland, unpublished
data).] Equal amount.s of RNA from each sample were then
analyzed by RNA blotting. a- and P-tubulin RNAs were
detected by hybridization to the cDNA sequences from
plasmids pTl and pT2, respectively (9). Clearly, both a-
tubulin (Fig. 1B) a.nd 3-tubulin (Fig. 1A) RNAs were de-
pressed ca. fivefold in colchicine-treated cells as compared
with control cells. In particular, the 1,800-base RNA, which
is derived almost entirely from the chicken 02 gene (16), was
down-regulated in response to colchicine treatment. A paral-
lel blot probed for rRNA sequences (Fig. 1C) showed that
rRNA signals were comparable in each of the three RNA
samples, thus demonstrating that the loss of tubulin RNA
sequences in the colchicine sample could not be due to
inadvertent differences in RNA quantitation and preparation
in control and colchicine-treated cells.
Mouse L cells also respond to colchicine-induced

microtubule depolymerization by the specific depression of
endogenous tubulin RNAs. As shown in Fig. 2, the exposure
of L cells to colchicine for 3 h resulted in a significant loss of
1-tubulin RNAs (cf. lanes 1 and 2 in Fig. 2A). Again, this
loss was not due to inadvertent differences in RNA quantita-
tion in control and colchicine-treated samples, since a paral-
lel blot probed for 18S ribosomal sequences showed no
difference between control and colchicine-derived RNAs
(Fig. 2B, lanes 1 and 2).
Taken together, these data indicated that both chicken and

mouse cells possess the requisite machinery for tubulin
autoregulation. We therefore undertook further experiments
to test whether the appropriate regulation of a chicken
P-tubulin gene could be reconstituted in the mouse cells after
introduction by transfection.

Expression of the chicken j32 gene in mouse L cells. Initially,
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FIG. 3. Schematic diagrams of genes coding for chicken 132 tubulin, chicken 13 tubulin, and human M40 ,B-tubulin that are contained in

p,BG2, p1Gl, and pM40, respectively. Boxed regions represent exon sequences. Pertinent restriction site abbreviations are as follows: P, PstI;
B, BamHI; H, Hindlll; and R, EcoRl.
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FIG. 4. Synthesis of chicken ,2 tubulin mRNA by mouse L cells. RNAs prepared from mock- and p,BG2-transfected L cells were analyzed
either by Si mapping analysis (A and B) or RNA blotting (C). For the Si analysis, equal amounts of RNA recovered from mock- or

pPG2-transfected cells were hybridized to a pPG2-specific probe, the mixtures were digested with Si nuclease, and the Si-resistant fragments
were displayed by electrophoresis and autoradiography. In (A), an Si probe 5' end labeled at nucleotide 57 of the normal ,2 transcript was

utilized (details of probe construction are in the text). Lanes 1 to 3, Results obtained with RNAs from mock-transfected cells,
pPG2-transfected cells, and chick brain, respectively. In (B), a similar Si mapping analysis, with the exception that the probe was generated
from pT2-H3, a plasmid carrying a cDNA copy of the chicken ,2 tubulin gene. This plasmid was opened and 5' end labeled at the unique BgIII
site located 313 nucleotides from start of the cDNA sequence. Lanes 1 to 3, Fragments protected by RNA from mock-transfected cells,
pPG2-transfected cells, and chick brain, respectively. M, Molecular weight markers (in nucleotides). (C) An RNA blot analysis with a
32P-labeled probe specific for the 3' untranslated region of the chicken P2 tubulin mRNA. Lanes 1 to 3, RNA from chick brain,
mock-transfected cells, and pPG2-transfected cells, respectively.

to determine whether correct transcription and processing of
a transfected chicken ,2 tubulin gene could be achieved, we
introduced the P2 gene into mouse L cells. Figure 3 is a
schematic drawing of the major structural features of this
gene, including the four protein-coding exon sequences, the
position of the presumptive TATA promoter sequence, and
the location of the ACATAAA signal for polyadenylation.
The complete nucleotide sequence, starting 275 bases 5' to
the presumptive cap site for RNA transcription through 270
bases 3' to the site of polyadenylation, has been determined
and presented elsewhere (K. F. Sullivan, J. T. Y. Lau, and
D. W. Cleveland, submitted for publication). As described

previously (21), the entire ,2 tubulin gene has been isolated
on a 4.5-kilobase EcoRI fragment and subcloned into the
unique EcoRI site of pBR322 in an orientation such that
transcription would proceed clockwise in the normal pres-
entation of pBR322.
The ability of L cells to correctly express the ,2 tubulin

gene and to process its nascent RNA transcript was tested
by Si nuclease analysis. For this, two different end-labeled
probes were utilized. To confirm that the expression of the
transfected chicken ,2 gene was derived from the appropri-
ate P2 transcription initiation site, we used an Si probe
corresponding to sequences spanning the normal transcrip-
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FIG. 5. Effects of colchicine-induced microtubule depolymeriza-

tion on the level of expression of the chicken 132 tubulin gene
introduced by transfection. Duplicate dishes of cells were
transfected in parallel with pPG2 DNA. At 23 h posttransfection,
colchicine was added to one dish to a final concentration of 10 ,uM.
After 3 additional h, total RNA was prepared from each dish, and
equal amounts of RNA from each were assayed for 12-specific
RNAs by Si mapping. In (A), an S1 probe labeled within the third
exon sequence (the BglII probe from pT2-H3 [see the legend to Fig.
4]) was utilized. (B) to (D) each represent analyses of RNAs from
independent transfection experiments. In each of these instances,
the Si probe utilized was the one labeled at position 57 of the 132
RNA transcript (as detailed in the text). Lane 1 of each part
represents probe protected by RNA from untreated control cells;
lane 2 represents probe protected by RNA from colchicine-treated
cells. Size markers generated from an HpaII digest of pBR322 were
loaded in lanes labeled M, and their appropriate sizes in nucleotides
are indicated. (E) RNA blot analysis of the same transfected RNAs
which were examined by Si analysis in (D). Five micrograms of
total RNA from control (lane 1) and colchicine-treated (lane 2) cells
were blotted and probed for the presence of the transfected 12
RNAs with a 32P-labeled probe specific for the 3' untranslated region
of the chicken 12 tubulin mRNA. An autoradiograph of the resultant
hybridization is shown.

tion start site. This probe was 5' end labeled at a position
corresponding to nucleotide 57 of the authentic 132 tran-
script. The probe was hybridized under R-looping conditions
(5) to RNA prepared from L cells which had been
transfected with the 12 gene. After digestion with the
single-strand-specific nuclease S1, the protected probe frag-
ments were resolved by electrophoresis on DNA sequencing
gels and detected by autoradiography. A closely spaced

series of protected fragments (57 ± 2 bases, Fig. 4A, lane 2)
identical in size to that protected by authentic chicken RNA
(Fig. 4A, lane 3) was produced. This Si probe was specific
for transcripts from the chicken gene since endogenous
mouse RNAs did not yield any protected fragment(s) (Fig.
4A, lane 1).
To determine whether L cells can appropriately process

the chicken tubulin primary transcript, a second Si probe
was prepared from a nearly full-length cDNA clone of the
mature 12 mRNA transcript. Plasmid pT2-H3 (which is a
subclone of pT2 [9] and contains 132 cDNA sequences
starting 61 bases 5' to the AUG translation initiation codon
and terminating at the 3' polyadenylate tract) was opened at
the unique BglII site which lies 313 nucleotides from the start
of the cDNA sequence. After 5'-end labeling, this probe was
hybridized to various RNAs and subsequently subjected to
digestion with Si. As clearly demonstrated in Fig. 4B, lane
3, authentic chicken mRNA protected the expected 313-
nucleotide probe fragment. (The weaker 265-nucleotide sig-
nal in lane 4 is derived from the presence of an mRNA
encoded by the chicken ,13 gene, which diverges in strong
sequence homology to 132 265 bases 5' to the BglII site
[Sullivan et al., submitted for publication].) This Si probe
DNA is, however, specific for the RNA transcripts copied
from chicken tubulin genes, since endogenous mouse L cell
RNAs do not protect any portion of the probe from S1
digestion (Fig. 4B, lane 1). When RNA prepared from cells
26 h after transfection with the 132 gene was analyzed, the
presence of authentic 132 mRNA was demonstrated by the
presence of the 313-nucleotide fragment (Fig. 4B, lane 2).
Moreover, since the probe was end labeled at a site within
the third exon (amino acid position 84), the presence only of
a 313-nucleotide protected fragment indicates efficient exci-
sion of the first and second introns of the transfected gene
transcript.

Finally, to further verify the correct expression of the
heterologous chicken mRNA in L cells, RNA from
transfected cells was analyzed by RNA blotting with a probe
specific for the 3' untranslated region of chicken 132 mRNA.
This probe did not hybridize to endogenous L cell transcripts
(Fig. 4C, lane 2). However, a single 1,800-base, 12-specific
RNA species was detected in transfected L cells (Fig. 4C,
lane 3); moreover, this RNA species was indistinguishable in
size from the authentic 12 transcripts present in chicken
RNA (Fig. 4C, lane 1).

Regulation of chicken J2 expression in mouse L cells. We
next sought to determine whether the level of expression of
the chicken 132 gene after introduction into L cells by
transient transfection was sensitive to drug-induced
mnicrotubule depolymerization as are the endogenous mouse
13-tubulin genes (Fig. 2A) or indeed the 12 gene in its normal
chromosomal environment (Fig. 1A). To test this, two
identical dishes of cells were transfected with the ,B2 gene,
and at 23 h posttransfection colchicine was added to one dish
to a final concentration of 10 p.M. Three hours later, total
RNA was prepared from each dish, and equivalent amounts
of RNA from each were examined for the level of 132-specific
RNAs by the Si protocol. The results of that analysis with
the probe beginning at the BglII site within the third exon are
shown in Fig. 5A. Remarkably, the level of 12 RNAs in the
transfected cells was depressed ca. fivefold as a conse-
quence of treatment with colchicine (cf. lanes 1 and 2).
Moreover, to document the reproducibility of the diminution
of transfected 13-tubulin RNA content after colchicine-
induced microtubule depolymerization, the results of three
additional, independent transfection experiments are shown
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in Fig. 5B to D. For these experiments, the 5' Sl probe
(which spans the transcription initiation site) was utilized to
analyze RNA from parallel dishes of transfected cells which
either had (lane 2) or had not (lane 1) been treated with
colchicine for the final 3 h. Clearly, the transfected ,B-tubulin
RNA declines significantly in all experiments. Furthermore,
that the levels ofRNA were accurately quantitated by the Sl
assay was verified by RNA blot analysis with a labeled probe
specific to the transfected ,B-tubulin RNA (as documented in
Fig. 4C). An example of such a blot experiment is shown in
Fig. SE, in which we have reexamined the RNAs from the
experiment analyzed by Sl in Fig. 5D. Densitometry of both
the Sl (Fig. 5D) and blot analyses (Fig. SE) confirmed that,
in this experiment, the transfected gene RNA levels fell
4.5-fold as measured by either assay.
To determine whether the transfected 132 gene was down-

regulated coordinately with the loss of endogenous mouse
tubulin gene transcripts, we used blot analysis of RNAs
prepared from parallel dishes of transfected cells which had
been incubated for increasing lengths of time in colchicine.
The hybridization probe specific to the 3' untranslated region
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FIG. 7. Quantitation of the effects of coichicine treatment on
tubulin and actin expression. The autoradiogram displayed in Fig. 6
was analyzed by densitometric scanning, and the relative levels of
each RNA in cells incubated for increasing times in colchicine are
shown. Symbols: (0) endogenous actin RNAs; (N) 18S rRNA; (A)
endogenous a-tubulin RNAs; (0) transfected chicken 132 RNA; and
(O) endogenous ,B-tubulin RNAs.
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FIG. 6. Effects of colchicine-induced microtubule depolymeriza-
tion on the level of expression of a transfected chicken 132 tubulin
gene and the endogenous mouse tubulin genes as assayed by RNA
blotting. Identical dishes of cells that had been transfected with
p,BG2 were exposed to colchicine for 0, 0.5, 1.5, 3.0, 4.5, and 6.0 h
(lanes 1 to 6, respectively). Equal amounts of RNA prepared from
these cells were subjected to RNA blot analysis with the following
probes. (A) The 3' untranslated region of chicken 12 mRNA. This
probe is specific for the 132 transcript. (B) The 13-tubulin cDNA
sequences from pT2 (9). This probe recognizes the endogenous
mouse ,B-tubulin RNAs and the transfected chicken RNAs. (C)
The a-tubulin cDNA sequences from pTl (9). This probe recognizes
endogenous mouse a-tubulin RNAs. (D) The 13-actin coding se-
quences from pAl (9). This probe recognizes endogenous mouse
actin RNAs. (E) Plasmid pXlrlOlA. This probe recognizes mouse
rRNAs.

of the 132 gene was utilized (Fig. 6A). As expected, in light of
the Sl results of Fig. 5, 12-specific RNAs decline in amount
upon treatment of the cells with colchicine. A qualitatively
similar decline in tubulin RNAs was found when a probe
which recognizes total 1-tubulin RNAs (both endogenous
and transfected gene RNAs) (Fig. 6B) or a probe which
hybridizes to endogenous mouse a-tubulin RNAs was uti-
lized (Fig. 6C). This loss of RNA was, however, specific to
the tubulins, since actin RNAs were not lost (Fig. 6D). In
addition, that the differences in tubulin RNA levels were not
due to unintentional loading or blotting artifacts was also
examined with a final blot which was probed for rRNA
sequences (Fig. 6E). No differences in rRNA amount were
apparent.
To quantitate the various RNA levels as a function of time

of incubation in colchicine, we analyzed the autoradiograms
displayed in Fig. 6 by densitometry. The results of this
quantitation are plotted in Fig. 7. As is obvious by inspection
of the figure, rRNA levels were in fact constant, whereas
tubulin RNAs were depressed by a factor of ca. 3 during the
time course. Moreover, the transfected chicken 12 tran-
scripts were lost at a rate indistinguishable from the rate of
loss of the endogenous a- and 13-tubulin sequences. Curi-
ously, actin RNA levels were affected in the opposite
direction, showing a ca. twofold increase. This response,
perhaps due to an indirect effect of colchicine on the actin
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FIG. 8. Regulated expression of chicken ,B-actin after transfec-
tion into mouse L cells. Multiple dishes of L cells were mock
transfected or transfected with the plasmid ppAct, which contains
the complete chicken P-actin gene. Three hours before harvesting,
colchicine was added to some dishes to a final concentration of 10
,uM. Total RNA was prepared from each dish, and equal amounts
were analyzed by Si mapping for the presence of chicken P-actin
RNA transcripts. An appropriate Si probe (derived from plasmid
pAl [9], which carries a nearly full-length copy of chicken 3-actin
RNA) was opened and end labeled at the unique BgIII site located in
the fourth exon of the P-actin sequence. Lanes 1 and 2, Probe
fragments protected by mock-transfected cells; lanes 3 and 4,
corresponding fragmnents from p,Act-transfected cells. Lanes 2 and
4, cells treated with colchicine; lanes 1 and 3, cells not treated with
the drug. HpaII-digested pBR322 fragments were used as size
markers (lanes M), and their appropriate sizes in nucleotides are as
indicated.

network, is quite reproducible. Moreover, as we document
below, the expression of a heterologous, transfected 1-actin
gene is similarly elevated by colchicine.

Antimicrotubule drug-induced down-regulation is specific to
transfected tubulin gene sequences. The obvious implication
of the transfection data presented in Fig. 5 and 6 is that L
cells are able to recognize and appropriately regulate the
expression of an unintegrated, heterologous ,B-tubulin gene.
Presumably, one or more regions of DNA sequence located
on the 32 transcription unit contain a necessary regulatory
region(s). However, these data alone do not exclude the
possibility that the observed down-regulation in response to

colchicine treatment is the result of a nonspecific response
arising as a consequence of nontubulin sequences present on
the plasmid vector or, alternatively, as an artifact of the
transfection protocol.
To test this possibility, we have examined the effects of

colchicine on the expression of a plasmid carrying the
chicken P-actin gene. The actual plasmid, piAct (kindly
provided by T. Kost and S. Hughes [18]), contains the entire
chicken ,-actin gene cloned on an 8.9-kilobase fragment
inserted in a clockwise orientation into the EcoRI site of
pBR322. This plasmid was either introduced into L cells
alone or cotransfected along with the P2 tubulin plasmid. At
26 h posttransfection, some dishes of cells were treated with
10 ,uM colchicine; 3 h later, RNA was prepared in parallel
from control and drug-treated cells and subjected to Si
analysis for the level of expression of both chicken P-actin
RNA and chicken P2-tubulin RNA.

Figure 8 shows the results of transfection of the P-actin
gene alone. The probe utilized for analysis of the expression
of the chicken actin gene was isolated by restriction cleavage
of a nearly full-length chicken 13-actin cDNA clone (clone
pAl [9]) at the BgII site which lies 331 nucleotides from the
5' end of the cDNA. Hence, after 5'-end labeling, hybridiza-
tion to authentic chicken 3-actin RNA should yield a 331-
base Si-protected fragment. Such a fragment was in fact
observed with RNA derived from cells transfected with
plasmid p,BAct (Fig. 8, lane 3). Endogenous mouse actin
RNAs did not, however, protect any portion of the probe
from digestion (Fig. 8, lanes 1 and 2). When RNA was
analyzed from cells which had been transfected with ppAct
and subsequently incubated in colchicine for 3 h, an increase
in transfected actin RNAs was observed (Fig. 8, lane 4).
Clearly, unlike the situation found for the ,B2 tubulin gene,
colchicine treatment of cells transfected with an actin gene
does not result in depression of the level of actin expression.

This finding is established even more firmly in cells
cotransfected with both the ,2 tubulin and ,3-actin genes.
RNA isolated from parallel dishes of transfected cells which
had been incubated for the final 3 h in the absence or
presence of colchicine was analyzed by the S1 technique for
the expression of both genes. As is evident in Fig. 9, lanes 3
and 4, ,-tubulin RNAs declined by ca. threefold as the result
of colchicine treatment, whereas 0-actin RNAs actually
increased by ca. twofold (Fig. 9, lanes 1 and 2). As noted
above, this increase in actin RNAs parallels that found for
the endogenous actins after treatment with colchicine.

Regulation of other vertebrate P-tubulin genes after trans-
fection. To determine whether the appropriate down-regula-
tion after drug-induced microtubule depolymerization was
unique to the chicken P2 tubulin gene or whether such
regulation was a general feature of transfected vertebrate
P-tubulins, we have analyzed the expression of two ad-
ditional ,-tubulin genes after transient transfection into L
cells. The first of these is the chicken ,1 gene whose
structure is shown in Fig. 3. Although this gene is extraor-
dinarily homologous to the ,2 gene in nucleotide sequences
in the protein-coding regions, it diverges in nucleotide se-
quences in the promoter, the 5' untranslated region, the first
intron, and the 3' untranslated region sequences (Sullivan et
al., submitted for publication). To assay for the expression
of this gene after transfection, we utilized the S1 probe
beginning at the BgIII site within the cDNA of pT2. As
shown earlier (Fig. 4B, lane 3), although this probe is
actually a cDNA copy of the RNA transcript from the ,2
gene, sufficient homology is present in the authentic chicken
RNA transcript from the 31 gene to protect a probe fragment

VOL. 5, 1985 1617



1618 LAU, PITTENGER, AND CLEVELAND

of 265 nucleotides in length. (This 265-base-pair fragment
corresponds to the known region of sequence homology
between 131 and 12 transcripts, extending from 8 nucleotides
5' to the AUG translation initiation codon through the BglII
site at amino acid residue position 84.) When this probe was
used to analyze RNA from cells transfected with the ,13
gene, the expected 265-nucleotide protected fragment was
detected (Fig. 10A, lane 1), indicating that the 131 gene was
transcribed and most probably properly processed. When
the level of the 11 tubulin RNA in control and colchicine-
treated transfected cells was compared (cf. lanes 1 and 2 of
Fig. 10A), it was apparent that the ,13 transcripts were
depressed ca. twofold in the colchicine-treated cells. Hence,
this gene is down-regulated in a qualitatively similar fashion
to that already reported for 12 tubulin.

Finally, we have investigated the expression of the human
,B-tubulin gene M40 (19). The important structural features of
this gene are shown in Fig. 3. This gene (generously pro-
vided by N. Cowan) was subcloned in a counterclockwise
orientation between the HindIII and EcoRI sites of pBR322.
For Si analysis, a probe (prepared from the M40 gene itself)
was 5' end labeled at the unique BamHI site which lies 86
bases 3' to the third intron-fourth exon junction. Thus, when
this probe is utilized to analyze mature processed RNAs, a
protected fragment of 86 bases would be expected. After
transfection of the M40 gene into L cells, the expression of
the transfected gene was confirmed by the presence of this
86-base protected fragment (Fig. 10B, lane 2). Under our Si
conditons, however, the probe was not completely specific
to the human gene since a very weak Si signal was detected
in mock-transfected cells (Fig. 10B, lane 1). Nonetheless,
mindful of this minor contaminating signal, it was still clear
in comparing the level of M40 RNA transcripts in control
(Fig. 10B, lane 2) and colchicine-treated (Fig. 10B, lane 3)
transfected cells that colchicine produced a marked (ca.
fivefold) depression in the level of M40 RNAs.

DISCUSSION
Our present data have demonstrated that cultured L cells

efficiently express heterologous tubulin RNAs after transient
transfection with appropriate genes carried on plasmid vec-
tors. The heterologous tubulin RNA transcripts are, at least
for the chicken 12 tubulin gene, processed to yield correctly
spliced mature mRNAs which are identical in size to the
authentic chicken RNAs. In view of the many eucaryotic
genes which have been successfully expressed by this kind
of methodology, this finding is not particularly unexpected.
More remarkable is that the expression of the heterologous
tubulin genes is subject to the same pattern of control as that
of the endogenous tubulin genes. Using colchicine to induce
rapid depolymerization of microtubule networks and to raise
the intracellular concentration of free tubulin subunits, we
have found that the levels of RNAs encoded by the endog-
enous mouse tubulin genes and the exogenously introduced
transfected genes are coordinately down-regulated. Such
regulation has been found for each of three 13-tubulin genes
examined. This repressibility concomitant with microtubule
depolymerization is, however, specific to tubulin genes, as
indicated by the failure of an actin gene to display simnilar
regulation.
The sum of these data mandates the conclusion that the

requisite recognition signal(s) for appropriate tubulin gene
regulation by the apparent pool size of depolymerized
tubulin subunits must reside directly in the primary tubulin
gene DNA sequences. Furthermore, since appropriate mod-
ulation was achieved on heterologous tubulin gene se-

1 2 3 4

FIG. 9. Cotransfection of chicken 1-actin and 132 tubulin genes.
Plasmids p1Act and p1G2 were cotransfected into duplicate dishes
of L cells. RNA was prepared from these doubly transfected cells
(lanes 1 and 3) and from cotransfected cells that were exposed to
colchicine for the final 3 h of incubation (lanes 2 and 4). Si mapping
analyses were performed with probes specific for the chicken
,B-actin mRNA (lanes 1 and 2) or the chicken 132 tubulin mRNA
(lanes 3 and 4). The construction ofeach of these probes is described
in the legends to Fig. 4 and 8.

quences that were presumably present as unintegrated,
episomal copies, chromosomal position effects cannot con-
stitute an important factor in this regulatory pathway. Simi-
larly, it is equally unlikely that a specific chromatin structure
is required for tubulin autoregulation, since this structure
would have to form on the naked tubulin gene DNA which is
flanked not by the normal eucaryotic regions but rather by
plasmid sequences. Finally, since the plasmid DNAs utilized
for transfection were prepared by growth in bacteria, requi-
site regulatory signals cannot reside in specific modifications
to particular nucleotides (such as methylation, etc.) unless
such events occur on the plasmid-bound genes after trans-
fection.
An unexpected finding emerging from the present work is

that actin RNA levels in L cells are elevated after colchicine-
induced microtubule depolymerization. However, since
microtubules act in concert with actin filaments and inter-
mediate filaments to establish the internal cytoarchitecture,
it seems reasonable that perturbations of the cytoskeleton by
antimicrotubule drugs might directly or indirectly influence
actin expression as well. Furthermore, in response to
microtubule depolymerization, a transfected 1-actin gene
shows an elevated level of expression which parallels that
displayed by the endogenous actin genes. Thus, as we have
already seen in the preceding tubulin example, the requisite
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FIG. 10. Regulated expression of chicken 11 tubulin and human M40 3-tubulin RNAs in L cells. (A) pIGl, a plasmid containing the
complete chicken f1 tubulin gene, was transfected into duplicate dishes of L cells. S1 analysis was performed on equal amounts of RNA
prepared from control cells (lane 1) and from cells incubated for the final 3 h in colchicine (lane 2). The probe utilized was generated from
the BglII site within the cDNA sequence of pT2-H3 (see the legend to Fig. 4). (B) pM40, a plasmid containing the complete human M40
,B-tubulin gene, was transfected into L cells. A probe generated by 5'-end labeling of the unique BglII site in the third exon of the M40
1-tubulin gene sequence was used. The results obtained with equal amounts of RNA obtained from mock-transfected cells (lane 1),
pM40-transfected cells (lane 2), and pM40-transfected cells that were exposed to colchicine for 3 h (lane 3) are shown. Size markers generated
from HpaII-digested pBR322 are shown (lanes M), and their appropriate sizes in nucleotides indicated.

regulatory sequences must also reside in the primary actin
nucleic acid sequences.

Finally, previous work measuring apparent tubulin tran-
scription rates in nuclei isolated from control or colchicine-
treated cells has strongly suggested that the loss of cellular
tubulin RNA sequences in response to microtubule depoly-
merization is not the result of down-regulation of tubulin
gene transcription (7). If this is in fact correct, then modula-
tion must be achieved either by alterations in the rates or
efficiencies of processing or transport of tubulin RNAs in the
nucleus or by changes in the rate of cytoplasmic tubulin
RNA degradation. The determination of the precise molecu-
lar events involved is certainly a technically challenging
problem. The demonstration that proper tubulin gene regula-
tion can be achieved on a cloned tubulin gene that has been
reintroduced into cultured cells affords a powerful and
potentially tractable tool for further investigation of the
DNA sequences required to specify regulated tubulin ex-
pression. As a consequence, it seems very likely that by
construction and analysis of hybrid tubulin genes containing
tubulin promoter, coding, intron, or flanking region se-
quences, the requisite regulatory sequences and pathway of
regulation can be identified.

ACKNOWLEDGMENTS

We thank Nick Cowan at New York University Medical Center
for generously providing us with the human 3-tubulin gene M40.
Similarly, we thank Tom Kost (Norden Laboratories) and Steve
Hughes (Frederick Cancer Center) for providing the chicken 3-actin
gene. Many thanks, also, to Margaret Lopata for advice on DNA
transfections.

This work has been supported by Public Health Service grants
GM 29513 and CA38675 from the National Institutes of Health (to
D.W.C. and J.T.Y.L., respectively) and American Heart Associa-
tion grant 83-751 (to D.W.C.). D.W.C. is the recipient of a National
Institutes of Health Research Career Development Award. J.T.Y.L.
was supported by a National Institutes of Health postdoctoral
fellowship during the early stages of this work.

LITERATURE CITED
1. Ben Ze'ev, A., S. R. Farmer, and S. Penman. 1979. Mechanisms

of regulating tubulin synthesis in cultured mammalian cells. Cell
17:319-325.

2. Boedtker, H. 1971. Conformation independent molecular weight
determinations of RNA by gel electrophoresis. Biochim. Bio-
phys. Acta 240:448-453.

3. Bravo, R., and J. E. Celis. 1980. A search for differential
polypeptide synthesis throughout the cell cycle of HeLa cells. J.

m 1 2 M

309_,

242
-_

238

122

210

_

2 .-I

VOL. 5, 1985 1619

h L-i; "



1620 LAU, PITTENGER, AND CLEVELAND

Cell Biol. 84:795-802.
4. Bryan, J. 1971. Vinblastine and microtubules. I. Induction and

isolation of crystals from sea urchin oocytes. Exp. Cell Res.
66:129-136.

5. Casey, J., and N. Davidson. 1977. Rates of formation and
thermal stabilities of RNA:DNA duplexes at high concentra-
tions of formamide. Nucleic Acids Res. 4:1539-1552.

6. Chirgwin, J. M., A. E. Przybyla, R. J. MacDonald, and W. J.
Rutter. 1979. Isolation of biologically active ribonucleic acid
from sources enriched in ribonuclease. Biochemistry 18:
5294-5299.

7. Cleveland, D. W., and J. C. Havercroft. 1983. Is apparent
autoregulatory control of tubulin synthesis nontranscriptionally
regulated? J. Cell Biol. 97:919-924.

8. Cleveland, D. W., and M. W. Kirschner. 1982. Autoregulatory
control of the expression of a and 13 tubulins: implications for
microtubule assembly. Cold Spring Harbor Symp. Quant. Biol.
46:171-183.

9. Cleveland, D. W., M. A. Lopata, R. J. MacDonald, N. J. Cowan,
W. J. Rutter, and M. W. Kirschner. 1980. Number and evolu-
tionary conservation of a and ,B tubulin and cytoplasmic 1 and
y actin genes using specific cloned cDNA probes. Cell
20:95-105.

10. Cleveland, D. W., M. A. Lopata, P. Sherline, and M. W.
Kirschner. 1981. Unpolymerized tubulin modulates the level of
tubulin mRNAs. Cell 25:537-546.

11. Cleveland, D. W., M. F. Pittenger, and J. R. Feramisco. 1983.
Elevation of tubulin levels by microinjection suppresses new
tubulin synthesis. Nature (London) 305:738-740.

12. Cleveland, D. W., M. F. Pittenger, and M. A. Lopata. 1983.
Autoregulatory control of expression of a and 13 tubulin. J.
Submicrosc. Cytol. 15:353-358.

13. DeBrabander, M. J., R. M. L. Van De Veire, F. E. M. Aerts, M.
Borgers, and P. A. J. Janssen. 1976. The effects of methyl
[5-(2-thienylcarbonyl)-lH-benzimidazol- 2-yl] carbamate (R 17
934: NSC 238159), a new synthetic antitumoral drug interfering
with microtubules, on mammalian cells cultured in vitro. Cancer
Res. 36:905-1005.

14. Fan, H., and S. Penman. 1970. Regulation of protein synthesis in
mammalian cells. J. Mol. Biol. 50:655-670.

15. Glisin, V.; R. Crkvenjakov, and C. Byus. 1974. Ribonucleic acid
isolation by cesium chloride centrifugation. Biochemistry
13:2633-2637.

16. Havercroft, J. C., and D. W. Cleveland. 1984. Programmed

expression of 13 tubulin genes during development and dif-
ferentiation of the chicken. J. Cell Biol. 99:1927-1935.

17. Hiller, G., and K. Weber. 1978. Radioimmunoassay for tubulin:
a quantitative comparison of the tubulin content of different
established tissue culture cells and tissues. Cell 14:795-804.

18. Kost, T. A., and S. R. Hughes. 1983. The nucleotide sequence of
chick cytoplasmic 13 actin gene. Nucleic Acids Res. 11:8287-
8301.

19. Lee, M. G.-S., S. A. Lewis, C. D. Wilde, and N. J. Cowan. 1983.
Evolutionary history of a multigene family: an expressed human
13 tubulin gene and three processed pseudogenes. Cell 33:477-
487.

20. Lopata, M. A., D. W. Cleveland, and B. Sollner-Webb. 1984.
High level transient expression of a chloramphenicol acetyl
transferase gene by DEAE-dextran mediated DNA transfection
coupled with a dimethyl sulfoxide or glycerol shock treatment.
Nucleic Acids Res. 12:5707-5717.

21. Lopata, M. A., J. C. Havercroft, L. T. Chow, and D. W.
Cleveland. 1983. Four unique genes required for 13 tubulin
expression in vertebrates. Cell 32:713-724.

22. Schiff, P. B., J. Fant, and S. B. Horwitz. 1979. Promotion of
microtubule assembly in vitro by taxol. Nature (London) 277:
665-667.

23. Schiff, P. B., and S. B. Horwitz. 1980. Taxol stabilizes
microtubules in mouse fibroblast cells. Proc. Natl. Acad. Sci.
U.S.A. 77:1561-1565.

24. Shank, P. R., S. H. Hughes, H.-J. Kung, J. E. Majors, N.
Quintrell, R. V. Guntaka, J. M. Bishop, and H. E. Varmus. 1978.
Mapping unintegrated avian sarcoma virus DNA: termini of
linear DNA bear 300 nucleotides present once or twice in two
species of circular DNA. Cell 15:1383-1395.

25. Spiegelman, B. M., S. M. Penningroth, and M. W. Kirschner.
1977. Turnover of tubulin and the N site GTP in Chinese
hamster ovary cells. Cell 12:587-600.

26. Thomas, P. S. 1980. Hybridization of denatured RNA and small
DNA fragments transferred to nitrocellulose. Proc. Natl. Acad.
Sci. U.S.A. 77:5201-5205.

27. Valenzuela, P., M. Quiroga, J. Zaldivar, W. J. Rutter, M. W.
Kirschner, and D. W. Cleveland. 1981. Nucleotide and cor-
responding amino acid sequences encoded by a and 13 tubulin
mRNAs. Nature (London) 289:650-655.

28. Weber, K., R. PoUack, and T. Bibring. 1975. Antibody against
tubulin: the specific visualization of cytoplasmic microtubules in
tissue culture cells. Proc. Natl. Acad. Sci. U.S.A. 72:459-463.

MOL. CELL. BIOL.


