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ABSTRACT The accelerated protein accumulation char-
acteristic of cardiomyocyte hypertrophy results from in-
creased cellular protein synthetic capacity (elevated ribosome
content). The rate limiting step in ribosome accumulation is
transcription of the rRNA genes. During neonatal cardiomy-
ocyte hypertrophy induced by norepinephrine or spontaneous
contraction, changes in the expression of a ribosomal DNA
transcription factor, UBF, correlated with increased rates of
ribosome biogenesis. We hypothesized that elevated expres-
sion of UBF was part of the mechanism by which these
hypertrophic stimuli effected increases in the rate of tran-
scription from the rDNA promoter. In this study, we have
examined directly the effect of overexpressing UBF on rDNA
transcription in neonatal cardiomyocytes in culture. In con-
trol experiments, a novel reporter construct for rDNA tran-
scription (pSMECAT) showed similar increases in activity in
response to hypertrophic stimuli (10-4M phenylephrine, 10-7
M endothelin, and spontaneous contraction) as did the en-
dogenous rRNA genes. When contraction-arrested cardiomy-
ocytes were cotransfected with pSMECAT and increasing
amounts of a UBF1 expression vector, a dose-dependent (3-5
fold) increase in rDNA transcription was observed. Western
blot analysis confirmed that the overexpressed, FIAG-tagged
UBF accumulated in the cardiomyocyte nuclei. The observa-
tion that overexpression of UBF1 is sufficient to increase
rDNA transcription in neonatal cardiomyocytes provides
evidence in support of the hypothesis that the regulation of
UBF is a key component of the increased ribosome biogen-
esis and protein accumulation associated with cardiomyo-
cyte hypertrophy.

Hypertrophic growth of the heart muscle cells (cardiomyo-
cytes) is a prominent feature both of normal cardiac develop-
ment and of many adult cardiovascular diseases (for review,
see refs. 1 and 2). This process requires an increased protein
synthetic capacity (elevated ribosome content) that is regu-
lated at the level of transcription of the ribosomal genes
(rDNA) (for review, see ref. 3). However, the molecular
mechanisms by which hypertrophic stimuli regulate rDNA
transcription and thus ribosome accumulation in cardiomyo-
cytes are not known.

Increased rates of rDNA transcription can be due to alter-
ations in the chromatin structure or to changes in the amounts
and/or activities of RNA polymerase I and/or the rDNA
transcription factors (4-6). Recent studies have demonstrated
that different cell types use different mechanisms to regulate
rDNA transcription. Thus, observations in one system cannot
necessarily be extrapolated to others. For example, the down-
regulation of rDNA transcription associated with the differ-

entiation of U937 cells can, at least partially, be attributed to
the direct interaction of Rb"l0 with the rDNA transcription
apparatus (7). In contrast, when murine lymphosarcoma P1798
cells are exposed to hormones that repress growth, the con-
comitant reduction in rDNA transcription activity has been
attributed to the inactivation of an RNA polymerase I-asso-
ciated factor referred to as TFIC (8, 9). In the context of
cardiomyocyte hypertrophy, one factor that has recently been
implicated in the regulation of ribosome biogenesis is the
rDNA transcription factor UBF (3, 10-13).
UBF is a nucleolar protein required for efficient transcrip-

tion of the 45S rDNA promoter in vitro (4-6). Purified UBF
consists of two proteins (UBF1, 97 kDa; UBF2, 94 kDa) that
form homo- and heterodimers and bind to DNA (14-17).
Interestingly, only UBF1 has been shown to activate transcrip-
tion in vitro (18). Rat UBF binds between nucleotides -70 and
-110 of the 45S promoter (19, 20) and interacts with at least
one other transcription factor complex termed SL-1 (21-23).
UBF is a phosphoprotein and, in vitro, hypophosphorylated
forms of the protein are less efficient at trans-activating the 45S
rDNA promoter than hyperphosphorylated forms (24, 25).

Evidence suggesting that UBF is a potential target for
regulation during periods of altered rDNA transcription in
cardiomyocytes stems from the strong correlation between the
expression/phosphorylation of this protein and the growth
status of the cells. For example, the increased rDNA tran-
scription associated with endothelin-1 (Et-1)-induced hyper-
trophy of neonatal cardiomyocytes is characterized by the
hyperphosphorylation of a constant amount of UBF (13). In
contrast, the elevated rate of rDNA transcription associated
with either adrenergic- or contraction-mediated hypertrophy is
associated with 2- to 4-fold increases in the content of UBF
protein and mRNA levels (11, 12). Moreover, in the absence
in changes in phosphorylation, the elevated levels of UBF
protein observed during hypertrophy induced by adrenergic
stimulus (2- to 3-fold) and contraction (3.5- to 4.5-fold) were
proportional to the increased rates of rDNA transcription
observed in response to each hypertrophic stimulus (175% and
210%, respectively) (3, 11, 12). These latter results are partic-
ularly interesting in light of in vitro studies that have demon-
strated that the addition of UBF to UBF-depleted nuclear
extracts increases the efficiency of rDNA transcription (26, 27).

In this study, we have examined part of the hypothesis that
alterations in UBF expression/activity alone were sufficient to
increase transcription from the rDNA promoter in neonatal
cardiomyocytes. To do this, we constructed a reporter for
rDNA transcription (pSMECAT). We show here that the
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activity of pSMECAT accurately reflects the endogenous rate
of rDNA transcription, meaning that chloramphenicol acetyl-
transferase (CAT) activity was increased 2- to 3-fold when
contraction-arrested neonatal cardiomyocytes were stimulated
with various hypertrophic agents. These increases are similar
to those observed for the endogenous ribosomal genes after
hypertrophic stimuli (3). When cardiomyocytes were cotrans-
fected with UBF1 under the control of the cytomegalovirus
promoter (pCDNA3-UBF1) and pSMECAT, CAT activity
increased proportionally to the amount of pCDNA3-UBF1
cotransfected.

MATERIALS AND METHODS
Cardiomyocyte Culture. Neonatal cardiomyocytes were iso-

lated from the ventricles of day old Sprague-Dawley rat pups
and cultured as described (11, 12, 28). KCl (50 mmol/liter) was
added to the media to prevent the spontaneous contraction
characteristic of neonatal cardiomyocytes plated at high den-
sity (4 x 106 cells per 60-mm dish) (29).
Western Blot Analysis. Western blot analyses with a poly-

clonal anti-UBF antibody and a monoclonal anti-FLAG M2
antibody (catalog no. IB13026/6D1311, IBI) were carried out
on nuclei isolated from cardiomyocytes as described previously
(11-13). Protein and DNA determinations were performed as
described (12).

Construction of rDNA Transcription Reporter Constructs.
The murine ribosomal promoter fragment (30) containing the
sequence from -152 to +60, relative to the site of transcription
initiation (+1), was subcloned by PCR using the primers
5'-GAATTCTGAGGTCCGGTTCTTTTCG-3' and 5'-
GAATTCCTTAAATCGAAAGGGTCTC-3'. Amplification
of this subclone with the primers 5'-GAATTCTGAGGTC-
CGGTTCTTTTCG-3' and 5'-CCTTCCAGGTATTC-
TCTG-3' resulted in a 150-bp fragment containing a G to A
mutation of base -7 within the core promoter. After purifi-
cation on an agarose gel, the mutated fragment was used in
combination with the primer 5'-GAATTCCTTAAATC-
GAAAGGGTCTC-3' to generate a complete mutant pro-
moter, i.e., -152 to +60. Both the mutant and the small
wild-type promoters (SM) were then inserted into a vector
(pECAT) containing the encephalomyocarditis virus IRES
upstream (31) of the Escherichia coli CAT gene (CAT),
resulting in pSMECAT (see Fig. 1A).

Construction of UBF Expression Constructs. Two UBF
expression constructs containing the entire open reading
frame of UBF-1 were used in this study (see Fig. iB).
pCDNA3-UBF1 was generated by PCR from the rat UBF1
cDNA (14) using the primer 5'-CATCCGGGATCCAAT-
GAACGGAGAAGCCGACTG-3', which contains a BamHI
linker followed by the first 20 nucleotides of the 5' end of the
UBF1 coding region, and a second primer 5'-GGACTC-
GAGAATTCTCAGTTGGAGTCAGAGTC-3' that was
complimentary to the last 19 nucleotides of the UBF-1 cDNA
followed by an EcoRI linker. pCDNA3-UBFlFLAG was
constructed using the same 3' primer as used for
pCDNA3UBF-1; however, the 5' primer, 5'-CATCCGG-
GATCCATGGACTACAAGGACGACGATGA-
CAAGAACGGAGAAGCCGACTG-3' contained an addi-
tional 24 nucleotides coding for the FLAG peptide (IBI),
inserted in-frame, between the start ATG and second codon
of UBF1 cDNA. After PCR amplification, the products were
cloned into the mammalian expression vector pCDNA-3 (In-
vitrogen). This vector drives expression of UBF-1 under the
control of the cytomegalovirus promoter. The orientations of
the inserts were confirmed by sequencing and restriction
endonuclease mapping.

Transfection, CAT, and Luciferase Assays. After 2 days in
culture, neonatal cardiomyocytes were cotransfected in the
presence of Opri-MEM (GIBCO/BRL) with the indicated

constructs, (1-5 ,ug per 60-mm dish) and pSV40-f3GAL (0.5 ,ug
per 60-mm dish) (Promega) using Lipofectamine (GIBCO/
BRL). Variable amounts of the basic vector, pCDNA3, was
included in the transfection media so that all transfections
contained the same amount of DNA. Five hours after trans-
fection, the culture media was replaced with fresh, serum-free,
defined media containing 50 mM KCI. Hypertrophic growth
was initiated by treatment of the contractile arrested cardio-
myocytes with phenylephrine (10-4 M) (12), endothelin (10-7
M) (13), or by allowing the cells to resume spontaneous
contraction (29). After transfection (12 or 24 hr), the cells were
harvested, lysates were prepared as described (32) and frozen
at -80°C until assayed for CAT, luciferase, or ,B-galactosidase
activity (,BGAL) (32). The cells from 8 dishes (32 x 106 cells)
were combined for each assay point. The synthesis of acety-
lated chloramphenicol was measured by separating acetylated
['4C]chloramphenicol from unmodified [14C]chloramphenicol
by TLC (32). The results of the CAT and luciferase assays were
normalized by the results of the f3GAL assays to correct for
variations in the efficiency of transfection. Transfection effi-
ciency, as assayed by an in situ GAL assay (Promega), was 5-7%.

RESULTS
pSMECAT Is an Accurate Reporter for Endogenous rDNA

Transcription. The transfection efficiency of neonatal cardi-
omyocytes using standard techniques (e.g., CaPO4, DEAE-
Dextran, cationic lipids) is usually less than 10% (33). For this
reason, it is not possible to directly measure the effects that
UBF overexpression might have on endogenous rDNA tran-
scription. This necessitated the utilization of a reporter plas-
mid (pSMECAT) that would reflect the rate of transcription
of the endogenous ribosomal genes (see Materials and Meth-
ods; Fig. IA).
The first series of experiments was designed to determine

whether pSMECAT was an accurate reporter for endogenous
rDNA transcription in neonatal cardiomyocytes during growth
and quiescence. Neonatal cardiomyocytes were transfected
with the wild-type 45S rDNA promoter construct, pSMECAT,
or the mutant 45S rDNA promoter construct, pSMECAT-7,
and then exposed to either vehicle or to hypertrophic stimuli
as described. After 24 hr of stimulus, the cells were harvested
and their relative CAT activities were measured.

Extracts prepared from contraction-arrested quiescent or
stimulated (10-4 M phenylephrine) cardiomyocytes that had
been transfected with the mutant rDNA promoter construct,
pSMECAT-7, exhibited minimal CAT activity (Fig. 2A, lanes
1 and 2). Extracts prepared from cardiomyocytes that had been
transfected with the wild-type rDNA promoter, pSMECAT,
demonstrated 10-fold more CAT activity than the pSME-
CAT-7 transfectants (Fig. 2A, lane 3). These findings confirm
previous studies that have demonstrated that the guanine at
- 7 is essential for transcription by RNA polymerase I from the
45S promoter in vivo (34). They also indicate that the expres-
sion of pSMECAT must to be due to transcription by RNA
polymerase I rather than spurious initiation from cryptic
polymerase II or III promoters.

Cardiomyocytes transfected with the wild-type promoter
construct, pSMECAT, demonstrated reproducible 2- to 3-fold
increases in CAT activity after stimulation with either phen-
ylephrine or Et-1 (Fig. 2A, lanes 4-6; Table 1) or spontaneous
contraction (Fig. 2B). These increases in pSMECAT activity
are in close agreement with the increases in endogenous rDNA
transcription observed in neonatal cardiomyocytes in response
to the same hypertrophic stimuli (11-13, 29). Interestingly,
treatment of cardiomyocytes with the combination of phenyl-
ephrine (10-4 M) and Et-1 (10-7 M) induced a greater
transcription of pSMECAT than observed using either com-

pound alone (Table 1). Importantly, none of the hypertrophic
stimuli investigated had any significant effect on the expression
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FIG. 1. Reporter constructs for 45S rDNA transcription and UBF1
expression plasmids. (A) Schematic representation of the 45S rDNA
reporter construct, pSMECAT and pSMECAT-7. (B) Schematic
representation of the UBF1 and UBF1-FLAG expression plasmids,
pCDNA3-UBF1 and pCDNA3-UBF1(FLAG). The relevant segments
of each of the vectors are indicated.

of a cotransfected reporter construct, pSV40,BGAL (Table 1).
Therefore, the observed increases in pSMECAT activity were
not due to nonspecific affects of the growth stimuli, and
pSMECAT was both quantitatively and qualitatively an accu-
rate reporter of endogenous 45S rDNA transcription in neo-
natal cardiomyocytes.

Overexpression of UBF-1 Increases rDNA Transcription in
Cardiomyocytes. We next examined the hypothesis that over-
expression of UBF-1, in the absence of hypertrophic stimuli,
would be sufficient to increase transcription from the 45S
rDNA promoter.
We first determined whether the transfection of primary

neonatal cardiomyocyte cultures with increasing amounts of a
UBF-1 expression plasmid would result in a dose-dependent
accumulation of recombinant UBF-1 protein in the cardiomy-
ocyte nuclei. To differentiate the transfected UBF-1 from the
endogenous UBF-1, we constructed a plasmid [pCDNA3-
UBF1(FLAG)] that would drive the expression of FLAG-
tagged UBF1 (Fig. 3). Cardiomyocytes transfected for 12 hr
with increasing amounts (1, 2, and 5 ,ug per 60-mm dish) of
pCDNA3-UBF1(FLAG) exhibited a dose-dependent increase
in expression of an anti-FLAG immunoreactive protein that
migrated at the size predicted for UBF1-FLAG (98.5 kDa),
slightly more slowly than the wild-type protein. Immunohis-
tochemical analysis demonstrated that the FLAG-tagged
UBF1 was restricted to the nucleoli of the cardiomyocytes
(data not shown).
We then determined if the overexpression of UBF1 would

increase transcription of a cotransfected rDNA reporter.
While cotransfection of pCDNA3-UBF1 with the mutant
promoter construct, pSMECAT-7, did not alter the level of
CAT activity (Fig. 4A, lanes 1-4), the cotransfection of
pCDNA3-UBF1 and the wild-type rDNA reporter resulted in
a significant increase in CAT activity (Fig. 4A, lanes 4-8). The
increases in CAT activity were proportional to the amount of
UBF1 accumulated. Cotransfection of 2 and 5 ,ug ofpCDNA3-
UBF1 with pSMECAT resulted in 2.1- and 4.5-fold increases
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FIG. 2. Transcription from pSMECAT accurately reflects the
activity of the endogenous cardiomyocyte ribosomal genes. (A) Phen-
ylephrine and Et-1 stimulate transcription from pSMECAT. Cultured
neonatal cardiomyocytes were transfected with the indicated con-
structs (2 jig per 60-mm dish) and the control vector, pSV40,3GAL (0.5
jig per 60-mm dish), using lipofectamine as described. The cardiomy-
ocytes were then treated with vehicle (lanes 1 and 3), phenylephrine
(Phen., 10-4 M, lanes 2, 4, and 6), Et-1 (10-7 M, lanes 5 and 6), or a
combination of phenylephrine and Et-1 (lane 6). After 24 hr, cell
lysates were prepared and assayed for CAT activity and /3GAL as
described. (B) Contraction stimulates transcription from pSMECAT.
Cardiomyocytes transfected with pSMECAT and pSV403GAL as
described either were contraction-arrested or allowed to spontane-
ously contract. After 24 hr, CAT and 83GAL assays were performed
and the results of the CAT assays were adjusted for the efficiency of
transfection. The results are presented as the average fold increase
(+SD) in pSMECAT activity in spontaneously contracting cells as
compared with matched contraction arrested cells (*, P < 0.05; n = 3).

in CAT activity, respectively (Fig. 4B). In contrast, cotrans-
fection of 5 gg of pCDNA3-UBF1 had no affect on transcrip-
tion from pSV403GAL (Table 2). The average of the B3GAL
assays presented in Table 2 was 24.8 ± 1.9. This was not
significantly different from the values obtained when the cells
were transfected with either pSMECAT or pSMECAT-7 and
pSV40,3GAL (25.2 ± 1.7) or when the cells were cotransfected
with pCDNA3-UBF1 (24.3 ± 2.0). Since the f3GAL gene is
transcribed by polymerase II, it was unlikely that overexpres-
sion of UBF-1 was altering cardiomyocyte transcription in a
nonspecific manner. We also examined the possibility that
overexpression of UBF might stimulate transcription from
another gene, e.g., ANF, that has been shown to respond to
phenylephrine (35). Treatment of cardiomyocytes with either
phenylephrine (10-4 M) or Et-1 (10-7 M) induced ANF
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Table 1. pSMECAT is an accurate reporter for endogenous 45S rDNA transcription

Ratio
CAT, % (3GAL, [(CAT/P3GAL)

conversion milliunits x 100] Induction*

Experiment 1
pSMECAT-7 0.19 27.32 0.68
pSMECAT-7 + Phen 0.13 27.23 0.49
pSMECAT 2.92 28.66 10.19 1.00
pSMECAT + Phen 6.92 32.78 21.12 2.07
pSMECAT + Et-1 6.91 28.11 24.58 2.41
pSMECAT + Phen/Et-1 10.19 31.28 32.58 3.20

Experiment 2
pSMECAT-7 0.16 25.88 0.62
pSMECAT-7 + Phen 0.17 28.29 0.59
pSMECAT 2.74 25.25 10.84 1.00
pSMECAT + Phen 6.75 30.40 22.22 2.05
pSMECAT + Et-1 7.51 29.61 25.36 2.34
pSMECAT + Phen/Et-1 10.43 32.93 31.68' 2.92
Cultured neonatal cardiomyocytes were transfected with either pSMECAT-7 or pSMECAT and

pSV40OGal as described. The cardiomyocytes were then treated with either vehicle, phenylephrine (Phen,
10-4 M) or Et-1 (10-7 M) or a combination of phenylephrine and Et-1 for 24 hr after which the cells were
harvested and analyzed for CAT and 3GAL activity as described.
*The ratio of (CAT/,BGAL) x 100 derived from cardiomyocytes transfected with pSMECAT and treated
with vehicle was set as 1.

expression, as demonstrated by the increased levels of lucif-
erase activity (Fig. 4C). However, the cotransfection of
pCDNA3-UBF1 with Np328 had no affect on transcription
from the ANF gene.
We have demonstrated here that the engineered overex-

pression of UBF can drive rDNA transcription in cardiomy-
ocytes, perhaps duplicating the mechanism of action by which
adrenergic agents increase rDNA transcription in neonatal
cardiomyocytes (11). Et-1 also elevates rDNA transcription in
cardiomyocytes, but Et-1 appears to effect this change by
increasing the phosphorylation of UBF (13). Accordingly, we
carried out experiments (n = 3) to determine whether the
treatment of cardiomyocytes overexpressing UBF with Et-1
would result in an even greater level of rDNA transcription,
i.e., CAT activity (Fig. 5). When cardiomyocytes were treated
with Et-1 (Fig. 5, lane 4) or cotransfected with 2 ,ug of

pCDNA3-UBF(FIag)

*: a-f *mm UBF1 (Flag)UBF1_..
UBF2--

1 2 3 4

FIG. 3. Transfection of pCDNA3-UBF1(FLAG) results in a dose-
dependent accumulation of UBF-1 protein in cardiomyocyte nuclei.
Twelve hours after transfection with increasing amounts of pCDNA3-
UBF1(FLAG) (1, 2, and 5 ,g), cardiomyocyte nuclei were isolated,
fractionated by SDS/PAGE, blotted to nylon membranes, and FLAG-
tagged UBF was detected with a monoclonal antibody to the FLAG
epitope (lanes 2-4). Nuclei of control cells transfected with the empty
expression vector pCDNA3 was fractionated on a parallel lane and
blotted with an anti-UBF antibody (lane 1).

pCDNA3-UBF1 (Fig. 5, lane 5), CAT activity increased sig-
nificantly, 2.0 ± 0.12-fold and 2.1 + 0.13-fold, respectively.
When cardiomyocytes were both cotransfected with pCDNA3-
UBF1 and treated with Et-1, we observed a significantly
greater (3.9 + 0.4-fold;P < 0.05) increase in CAT activity (Fig.
5, lane 6), suggesting that the affect of overexpressing UBF1
and treating with Et-1 was additive.

DISCUSSION
We have shown that a transfected reporter for 45S rDNA
transcription (pSMECAT) demonstrates similar increases in
activity in response to hypertrophic stimuli (10-4 M phenyl-
ephrine, 10-7 M endothelin, spontaneous contraction) as do
the endogenous ribosomal genes in primary cultures of neo-
natal cardiomyocytes (3). In contrast, a mutant promoter with
a substitution of an adenine for an guanine at -7 relative to
the transcription initiation site is inactive. Thus, pSMECAT is,
both quantitatively and qualitatively, an accurate reporter for
45S rDNA transcription. Because increased rDNA transcrip-
tion is a consistent feature of all forms of cardiomyocyte
hypertrophy (3), pSMECAT should prove to be of general use
as an accurate marker of growth to investigators who need to
carry out transfection experiments measuring the effects of
overexpression or "knockout" of putative components of
hypertrophic signaling pathways.
Most importantly, we have also demonstrated that when

cardiomyocytes were cotransfected with a vector that expresses
UBF-1 (pCDNA3-UBF1) and pSMECAT, transcription from
the rDNA reporter was increased. Furthermore, the increase
in CAT activity was proportional to the amount of UBF1
overexpressed. The observation that transcription from pS-
MECAT responded to manipulation of the cellular content of
UBF1 suggests that within the cell, the UBF, SL-1, and the
other components of the rDNA transcription apparatus may be
in an equilibrium between those that are free and those that
are bound to the promoter. In this model, an increase in the
activity of any single component, such as UBF, would drive the
formation of initiation complexes and increase the rate of
rDNA transcription. It is formally possible that the overex-
pression of UBF1 may affect rDNA transcription indirectly. It
has been demonstrated that UBF can bind to Rbl° (7). The
overexpression of UBF1 might cause the release of unidenti-
fied Rb-binding proteins, which then stimulate rDNA tran-
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FIG. 4. Overexpression of UBF1 increases rDNA transcription but

not ANF expression. (A) Cultured neonatal cardiomyocytes were
transfected with pSV40,BGAL (0.5 ,ug) and various combinations of
pSMECAT (2 jig), pSMECAT-7 (2 jig), and pCDNA3-UBF1 (5 ,ug)
as described. After 24 hr, cell lysates were prepared and assayed for
CAT activity. (B) Experiments similar to those described in A were
quantitated and the results adjusted for the efficiency of transfection.
The results represent the average increase (±SD) in CAT activity in
cells cotransfected with increasing amounts ofpCDNA3-UBF1 (*,P <
0.01; n = 5). (C) Cultured neonatal cardiomyocytes were transfected
with pGL3Basic (0.5 jig), a luciferase vector lacking a promoter,
Np328 (0.5 ,Lg), the ANF promoter driving luciferase expression, and
pSV40,BGAL (0.5 jig) and treated with vehicle, Et-1 (10-7 M),
phenylephrine (10-4 M), or cotransfected with pCDNA3-UBF1 (2
,ug). After 12 hr, cell lysates were prepared and assayed for luciferase
activity (*, P < 0.01; n = 4).

scription by a mechanism not directly dependent upon UBF1.
Even so, regardless of the mechanism(s), these results are
consistent with the hypothesis that the regulation of the
cellular content of UBF is part of the mechanism by which
rDNA transcription is regulated during adrenergic- and con-
traction-induced hypertrophy of neonatal cardiomyocytes.

In contrast to the affect of phenylephrine, Et-1, a potent
stimulator of rDNA transcription, does not increase the cel-
lular content of UBF (13). Stimulation of cardiomyocytes with

Table 2. Overexpression of UBF does not affect transcription of a
gene transcribed by RNA polymerase II

Ratio
CAT (% J3GAL, [(CAT/,3GAL)

conversion) milliunits x 100]
pSMECAT-7 0,14 23.85 0.57
pSMECAT-7 0.25 23.47 1.05
pSMECAT-7 + UBF 0.23 27.59 0.83
pSMECAT-7 + UBF 0.25 22.19 1.14
pSMECAT 2.32 27.67 8.4
pSMECAT 2.49 25.92 9.6
pSMECAT + UBF 9.41 23.59 39.9
pSMECAT + UBF 7.88 23.73 33.2

Cultured neonatal cardiomyocytes were transfected with pSV,3Gal
(0.5 jLg) and various combinations ofpSMECAT (2 ,ug), pSMECAT-7
(2 ,ug), and pCDNA3-UBF1 (UBF; 5 ,ug) as described. After 24 hr, the
cell lysates were prepared and assayed for J3GAL and CAT activity.

Et-1 results in hyperphosphorylation of UBF (13), which may
be the mechanism by which Et-1 increases rDNA transcription.
Interestingly, the treatment of cardiomyocytes with optimal
doses of Et-1 and phenylephrine together resulted in a greater
stimulation of rDNA transcription (3.1-fold) than that ob-
served in response to either agent individually (2- and 2.4-fold,
respectively). It is provoking to speculate that the ability of
Et-1 to further enhance rDNA transcription in those experi-
ments results from the hyperphosphorylation of the increased
levels of UBF (24-26).

It is possible that affect of combining phenylephrine and
Et-1 was only partially additive because the pathway(s) that
connect these two stimuli to increased rDNA transcription
overlap. Alternatively, the pathways may partially interfere
with each other due to signal "cross-talk." Consistent with
these models, an additive 4-fold response was observed when
the cells were simultaneously transfected with pCDNA3-
UBF1 (that would increase the cellular content of UBF) and
stimulated with Et-1 (that would increase the activity of UBF).
In this case, because the cellular content of UBF was elevated
by direct overexpression, there was no potential for interfer-
ence between the phenylephrine and Et-1 pathways.

In summary, these studies have demonstrated that the rate
of rDNA of transcription can be increased in neonatal cardi-
omyocytes by the increased expression of the rDNA transcrip-
tion factor UBF. Future studies on the regulation ofUBF gene
expression should be extremely useful in determining the second
messengers and molecular signals that couple growth stimuli,
such as ai-adrenergic agents and contraction, to the activation of
rDNA transcription and growth in cardiomyocytes.

Et-1
pCDNA3-UBF1
pSMECAT
pSMECAT-7

+ - - ++

+ + -

2 3 4 5 6

FIG. 5. The affects on rDNA transcription of overexpressing UBF1
and treating cardiomyocytes with Et-1 are additive. Cultured neonatal
cardiomyocytes were transfected with pSMECAT-7 (2 ,g) or pSME-
CAT (2 ,gg) and treated with vehicle (lanes 1 and 3), Et-1 (10-7 M,
lanes 2, 4, and 6) or cotransfected with pCDNA3-UBF1 (2 ,ug, lanes
2,5, and 6). After 24 hr, cell lysates were prepared and assayed for CAT
activity.
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