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HuT-14T is a highly tumorigenic fibroblast cell line which exhibits a reduced steady-state level of I-actin due
to coding mutations in one of two ,I-actin alleles. The normal rate of total actin synthesis could be restored in
some clones of cells following transfection of the functional fI-actin gene but not following transfection of the
functional y-actin gene. In -y-actin gene-transfected substrains that have increased rates of -y-actin synthesis,
j-actin synthesis is further reduced in a manner consistent with an autoregulatory mechanism, resulting in
abnormal ratios of actin isoforms. Thus, both II- and -y-actin proteins can apparently regulate the synthesis of
their coexpressed isoforms. In addition, decreased synthesis of normal I-actin seems to correlate with a
concomitant down-regulation of tropomyosin isoforms.

In all nonmuscle cells of higher eucaryotes, cytoskeletal
actins and tropomyosins form a complex and dynamic net-
work of microfilaments (19). The two major cytoskeletal
actin isoforms in human fibroblasts, 3- and y-actins, differ by
only four amino acids near the amino terminus (20), and no
unique functional role is known for either actin isoform (17).
These facts raise the following questions: first, since the
ratios of the co-expressed 3- and -y-actins are similar in most
fibroblast cell lines (8, 20), would drastic alterations of this
ratio have an impact on cellular phenotypes? For example,
would an induced imbalance of actin isoforms affect tropo-
myosin expression? Second, is there a unique functional role
for either the y-actin or the ,B-actin protein? For example, we
recently demonstrated that the ,B-actin protein autoregulates
the synthesis of both 3- and -y-actin isoforms (12, 13); does
the -y-actin protein have the same autoregulatory function?

Previously, we introduced cloned mutant (Gly244-*
Asp244) and wild-type human (-actin genes into normal and
transformed human fibroblasts to examine the effects of
synthesis of exogenous actin on endogenous actin gene
expression, the total cellular program of protein synthesis,
and cellular phenotypes (12, 13). We succeeded in identify-
ing transfected substrains that expressed the exogenous
mutant (-actin gene in excess of the combined amount of P-
and y-actin synthesized from the highly active endogenous
actin genes. These transfected substrains consistently exhib-
ited reduced levels of synthesis of endogenous actin in
apparent compensation for elevated exogenous actin synthe-
sis to maintain the normal cellular concentration of actin.
The expression of both endogenous ,B- and y-actin decreased
proportionately in response to expression of exogenous
mutant ,B-actin, resulting in an unnatural imbalance in the
two actin isoforms in individual transfected substrains.

This abundant expression of the transfected mutant 1B-
actin gene also resulted in changes in cell morphology and
concomitant reduction of rates of synthesis of five of six
tropomyosin isoforms (12, 13). Such modulations in tropo-
myosin synthesis are characteristically seen in neoplastic
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transformation of avian, rodent, and human fibroblasts (1, 2,
5, 11, 15). Furthermore, abundant expression of mutant
(-actin in immortalized, nontumorigenic human HuT-12
fibroblasts led to stable tumorigenic conversion of a subpop-
ulation of transfected cells which exhibited enhanced mutant
,B-actin synthesis (13). These results from these previous
studies left unanswered the question of whether it is the
mutant ,B-actin itself or an imbalance in actin isoforms that
contributes to the neoplastic phenotype of immortalized
human fibroblasts by imposing cytoarchitectural defects or
inducing abnormal expression of cytoskeletal tropomyosins
or both.

In an attempt to distinguish these two possibilities and to
address the other questions posed above, we have expressed
exogenous wild-type (- and -y-actin genes in HuT-14T cells
and examined the effect on actin and tropomyosin syntheses.
The HuT-14T cell line has less ,B-actin, 70% that of KD,
HuT-12, and HuT-14 cells (11), due to three coding muta-
tions in one (-actin allele (7, 14) which encodes a labile
variant protein (7). Another consequence of the mutant
(-actin gene in HuT-14T cells, is a slightly higher rate of
-y-actin synthesis relative to that of (-actin. In KD, HuT-12,
and HuT-14 cells, the relative ratio of (3-/y-actin synthesis
rates is 1.65 (8, 12). In contrast, the relative ratio of
(3-/-y-actin synthesis rates is about 0.82 in HuT-14T cells.
These cells also exhibit abnormal expression of the tropo-
myosin isoforms (11). We have now found that, after intro-
duction and expression of functional (- or -y-actin gene
clones in HuT-14T cells, we can alter the ,IBy actin synthesis
ratios to greater degrees than in the cell lines previously
studied, which have all of their normal actin alleles. Analysis
of several such derived cell lines has allowed us to correlate
alterations in expression of both (3- and -y-actin with synthe-
sis of microfilament proteins.

Wild-type actin gene expression in transfected HuT-14T
cells. HuT-14T cells were transfected with either a wild-type
human (-actin gene, 14T(-17 (10), or a wild-type human
y-actin gene, -yNMA-1 (la) in SV2neo vectors (18) and
selected by resistance to G418 (12, 13). Eighteen and 22
subclonal isolates of HuT-14T cells transfected with either
wild-type human ,B-actin or y-actin genes, respectively, were
picked and screened by examination of their relative rates of
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FIG. 1. Autoradiograms of [35S]methionine-labeled polypeptides separated by two-dimensional polyacrylamide gel electrophoresis from
total unfractionated HuT-14T (7) fibroblast G418-resistant subclones. (A) Unsaturated autoradiograms of actin polypeptides from 14T,8
(control, Table 1); (B) from 14TP9; (C) from 14T-y4; (D) from 14T-y6; (E) long-exposure autoradiograms of the abundant acidic polypeptides
including the actin and tropomyosin isoforms and p45 from 14TP9; (F) from 14T-y4; and (G) from 14T-y6. Numbers 1 through 6 refer to the
six tropomyosin isoforms (11), A indicates P- and -y-actin combined in saturated autoradiograms (E, F, G), I and -y indicated ,-actin and
-y-actin, respectively, in unsaturated autoradiograms (A, B, C, D), m indicates the triple mutant ,B-actin (7, 14), p45 indicates the 45-kilodalton
polypeptide whose expression is induced accompanying expression of the exogenous y-actin gene (Table 1). The small arrow indicates a
polypeptide next to p45 (p45', Table 1) that is coinduced with p45.

actin synthesis, using two-dimensional gel electrophoresis
and computerized microdensitometry (11-13).

Figure 1 shows autoradiograms of [35S]methionine-labeled
total proteins from subclonal cells transfected with the
wild-type P-actin (Fig. 1A, B, and E) or y-actin (Fig. 1C, D,

F, and G) gene clone. The relative rates of actin synthesis,
determined by microdensitometry (11), are listed in Table 1.
In our previous experiments, a mutant ,-actin gene with a
distinguishing amino acid mutation was introduced into
these cell types (12, 13). In the experiments described here,
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TABLE 1. Relative rates of protein synthesisa

Protein synthesis rate (%)
Polypeptide Avg of

14Te-y5 14TO-8 controlsb 14TP-10 14T13-9 14Ty-4 14Ty-6

1-Actin (wild type) 7.0 6.8 6.9 8.7 14.9 2.8 1.5
y-Actin (wild type) 8.9 9.4 9.2 7.1 6.9 11:9 16.5
Exogenous p-actinc d ND 2.9 9.2
Exogenous -yactine NDf - 9.5 14.7
Total stable actin 15.9 16.2 16.1 15.8 21.8 15.7 18.0

Total Tm isoforms 1.5 1.7 1.6 1.6 1.5 1.2 1.0

p45 ND ND ND ND ND 0.055 0.522
p45' ND ND ND ND ND 0.012 0.184

a The amount of each polypeptide is based on incorporation of [35S]methionine after labeling cells for 2 h, expressed as the percentage of each polypeptide in
700 abundant cellular polypeptides.

b Average of measurements for the two control cell strains 14T-y-5 and 14T1-8.
I Exogenous 13-actin = total 3-actin - 0.82 x total y-actin.
d -, Not present.
' Exogenous y-actin = total -y-actin - 1.22 x total 1-actin.
f ND, Not detectable.

in which wild-type human actin genes are introduced and
expressed, there is no way to distinguish the endogenous and
exogenous actin proteins. Our previous studies have estab-
lished that these wild-type 13- and -y-actin genes are vigor-
ously expressed following transfection, whether linked or
cotransfected with selectable markers driven by a simian
virus 40 promoter (12-14; Erba et al., in press). Further-
more, both the 1- and y-actin promoters are expressed at
high levels when transfected in all cell lines used in these
experiments: this is evident either following transfection of
chloramphenicol acetyltransferase recombinant DNA con-
structs tested in transient transfection assays or when linked
to SV40neo vectors and stably expressed in cloned isolates
(4; S.-Y. Ng and J. Leavitt, unpublished data). Thus, we
assume that alterations of cytoskeletal actin expression in
the transfected HuT-14T cells reported here is directly
related to the accumulation of actin proteins engendered by
the transfected genes.
Of the 18 subclonal isolates of HuT-14T cells transfected

with the wild-type human ,B-actin gene clone, 14 did not
show any apparent change in the P/-y-actin ratio and thus
probably did not express the exogenous 1-actin gene at any
significant level. The radiolabeled polypeptides from one of
these transfectant clones are shown in Fig. 1A. However,
four subclonal isolates of HuT-14T transfectants did exhibit
an altered relative ratio of P-/y-actin synthesis rates ranging
from 1.2 to 2.2, up from the ratio in control cells of 0.82. The
radiolabeled polypeptides from the transfectant clone ex-
pressing the exogenous ,B-actin gene at the highest level,
14T,B-9, are shown in Fig. 1B. We infer from this increase in
the ratio of P/-y-actin synthesis rates that the exogenous
13-actin gene expresses 62% of the cellular ,B-actin in the
14T1-9 substrain. A 1/-y ratio as high as 2.2 has also been
found in a subclonal isolate of KD cells transfected with the
same wild-type human ,B-actin gene clone (12). Furthermore,
14T1-9 has an increased rate of total actin synthesis (Table
1), comparable to that of KD and HuT-12 cells. Therefore,
expression of exogenous wild-type human ,B-actin genes can
restore the normal rate of total actin synthesis in HuT-14T
cells.
Of 22 subclonal isolates of HuT-14T cells transfected with

a wild-type human -y-actin gene clone, 18 did not show any
apparent change in the relative ratio of 13- and y-actin

synthesis rates and thus probably did not express the exog-
enous y-actin gene at any significant level (for example,
14T-y-5, Table 1). In contrast, four subclonal isolates of
HuT-14T transfectants did show increased rates of y-actin
synthesis as well as decreased 13/y actin synthesis ratios, and
we conclude that these cell strains expressed the exogenous
-y-actin gene. The polypeptides synthesized by two of these
transfectant clones, 14T-y-6 and 14T-y-4, are shown in Fig. 1D
and C. The 13-/y-actin ratios in these two isolates are 0.09 and
0.22, respectively (Table 1). These dramatic reductions in
the 131y ratios indicate that the exogenous -y-actin gene was
responsible for the expression of 89o of the -y-actin in
14T-y-6 cells and 74% in 14Ty-4 cells. Thus, in the 14Ty-6
substrain y-actin gene expression increased almost eightfold
relative to ,B-actin expression.
Concomitant with the expression of the exogenous human

y-actin gene clone in HuT-14T cells, we found the expres-
sion of a previously undetected polypeptide, designated p45
(Fig. 1F and G), at levels as high as 3% of total actin levels
in 14Ty-6 (Table 1). This protein is not detectable in HuT-12
or HuT-14T cells or in these cells following transfection with
the ,B-actin recombinant DNA clone (Fig. 1E). Furthermore,
this protein has also been detected in threp of eight subclonal
isolates of HuT-12 cells transfected with the wild-type hu-
man y-actin gene clone and which appear to be expressing
the exogenous y-actin genes. The other five subclonal iso-
lates which did not have an altered P-/y-actin ratio did not
synthesize p45. Finally, the 18 isolates of HuT-14T cells that
did not express the exogenous y-actin gene clone also did not
have detectable p45 synthesis. Thus, there is a direct corre-
lation between increased y-actin accumu,ulation due to
expression of the exogenous y-actin gene and the expression
of p45. However, we cannot distinguish, based on our
present data, whether p45 is induced by abnormal levels of
y-actin expression or is in some way encoded by the trans-
fected y-actin genomic segment. Analysis of the p45 peptide
will be required to distinguish these alternatives.

Regulation of endogenous actin synthesis. After transfec-
tion of a human 1-actin gene clone encoding a mutant 13-actin
into both diploid KD and immortalized HuT-12 cells, our
previous work demonstrated that the steady-state level of
13-actin appears to autoregulate its own synthesis to maintain
a presumably optimal homeostatic cellular concentration of
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actin (12, 13). Furthermore, the autoregulation mechanism
does not seem to discriminate between 13- and y-actin since
the relative rates of endogenous 13- and y-actin syntheses are
each diminished to the same degree.
One of the goals of the experiments described here was to

determine whether exogenous expression of -y-actin leads to
a similar autoregulation or whether this function is peculiar
to the 1-actin isoform. Our analysis of HuT-14T cell clones
expressing the transfected wild-type 1- or -y-actin genes
demonstrates that expression of either isoform leads to a
down-regulation of endogenous actin synthesis and that the
autoregulatory function does not distinguish 13- from -y-actin
isoforms. For example, in the two positive 1-actin gene
transfectant clones, 14Tf3-10 and 14T,B-9, there is an appar-
ent decrease in the rate of y-actin synthesis concomitant
with an increase in the rate of ,B-actin synthesis (Table 1).
Since this increase in 1-actin synthesis must be due to
expression of the transfected 1-actin gene, the correspond-
ing decrease in the rate of y-actin synthesis would most
likely be due to the autoregulation of actin synthesis. Simi-
larly, we also observe a down-regulation of endogenous
actin synthesis in HuT-14T cells concomitant with the
expression of the transfected wild-type y-actin gene: in the
two positive y-actin gene transfectant clones, 14Ty-4 and
14Ty-6, there is an apparent decrease in the rate of ,B-actin
synthesis (Table 1). Thus, although the expression of the
transfected y-actin gene in HuT-14T cells does not appear to
restore total actin synthesis to normal levels, it does appear
to down-regulate endogenous 1-actin synthesis. We con-
clude that since the overproduction of either ,B-actin or
-y-actin proteins from exogenous genes down-regulates the
expression of endogenous 13- and ly-actin genes, autoregula-
tion of actin synthesis is a common characteristic of both
isoforms and may involve common functional domains of the
1- and -y-actin proteins or a common effector molecule(s).

In our previous studies on the effects of expression of
transfected mutant 1-actin genes (12, 13), we determined
that it was the accumulation of 1-actin proteins that effected
the accumulation of endogenous -y-actin mRNA. Our con-
clusions in this report are based on the measurements of the
relative rates of actin protein synthesis and assume that no
major changes in the turnover of the usually long-lived actin
proteins (>30 h) are induced by overexpression of the
exogenously introduced genes. In support of this assumption
we note that the ratios of the actin isoforms in the stained
gels parallel the autoradiographic data (not shown). A more
precise examination of the mechanism of this autoregulation
is currently under study.

Regulation of tropomyosin synthesis. The alterations of
accumulation of the actin proteins by expression of trans-
fected genes also offers the opportunity to examine the
impact on the synthesis rates of other proteins associated
with the microfilament network. In particular, down-regula-
tion of tropomyosin isoforms has been associated with
neoplastic transformation (1, 2, 5, 11, 15). For example, the
synthesis of tropomyosin isoforms is reduced in HuT-14T
cells to levels half that of diploid KD and nontumorigenic
HuT-12 cells (11). In HuT-14T cells, this decreased level of
tropomyosin synthesis can be mostly accounted for by
reduction in levels of tropomyosin isoforms Tml, -2, and -6
(11). Furthermore, the expression of transfected mutant
,B-actin genes in KD and Hut-12 cells also led to down-
regulation of the synthesis of the various tropomyosin iso-
forms (13). Analysis of total tropomyosin synthesis in the
two clones, 14T,B-10 and 14T1-9, which overexpress the
wild-type ,B-actin appears normal (Table 1). In addition, a

more detailed examination of the six tropomyosin isoforms
in these two clones demonstrated no significant alterations
among their relative rates of synthesis (e.g., Fig. 1E).

In contrast, in the two y-actin transfectant subclones that
synthesize significant levels of -y-actin, 14T-y-4 and 14T-y-6,
the total synthesis of tropomyosin was down-regulated
(Table 1). Analysis of the synthesis of the individual tropo-
myosin isoforms of these two clones (Fig. 1F and G) reveals
that much of the alteration is related to down-regulation of
Tm3 (decreased 36% in 14T-y-4 and 65% in 14T-y-6) and to a
lesser extent to down-regulation of Tml and Tm6. Although
the effect of overproduction of -y-actin on overall rates of
tropomyosin synthesis is clear, additional clones must be
examined to verify and confirm the more subtle changes we
observed in the patterns of relative levels of individual
tropomyosin isoforms.
Our experiments have successfully reversed the low 13-

actin phenotypes unique to HuT-14T cells by introduction of
wild-type actin genes into these cells. Despite this, but not
surprisingly, the transfectant clone 14T1-9 retains its tumor-
igenicity and still produces tumors after inoculation of 2 x
105 cells per mouse (7). Nor is the expression of the
transfected wild-type 1-actin gene in these cells accompa-
nied by reversal of the suppressed rate of synthesis of
tropomyosin isoforms seen in HuT-14T cells. This results in
an even further increase in the molar ratio of actin to
tropomyosin in 14T1-9 relative to HuT-14T cells. A high
actin/tropomyosin molar ratio is associated with, and may
have an important role in, the maintenance of the neoplastic
state. Notably, mutant 13-actin expression (13) and, at least
in the case of the two clones 14T-y-4 and 14T-y-6, excessive
-y-actin expression is associated with a reduction in synthesis
of the four transformation-sensitive tropomyosin isoforms
(Tml, Tm2, Tm3, and Tm6). It will be of interest to learn
whether a reduction in 13-/y-actin ratio (other examples are
HuT-14T and FocT [9]) may be directly or indirectly (for
example, via down-regulation of tropomyosin synthesis)
involved in oncogenic transformation.

In regard to the questions posed at the outset, we can
tentatively conclude the following: the autoregulatory func-
tion is common to both 13- and -y-actin proteins and does not
distinguish these two isoforms on a functional basis. Second,
at least in the case of clone 14T1-9, a rise in the 3/-y ratio
does not affect tumorigenicity. Finally, a rise in the 1/y ratio
by overproduction of 13-actin does not appear to effect the
synthesis of the microfilament-associated tropomyosins.
However, levels of tropomyosin do fall in those cases in
which the wild-type 1/3y ratio is lowered, by either produc-
tion of a mutant 13-actin (12, 13) or overproduction of -y-actin
(this study). One caveat to this conclusion is that the degrees
of overproduction of 1-actin in the clones we examined did
not match those of y-actin. With this reservation in mind, it
remains tempting to speculate that tropomyosin levels may
be sensitive to decreased levels of normal 1-actin in cells and
that this role of 1-actin may prove to distinguish it from the
function of the -y-actin isoform. Attempts to evaluate this
hypothesis by direct alteration of synthesis rates of individ-
ual actins and tropomyosins are in progress.
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