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Abstract

UAP56, an ATP dependent RNA helicase that also has ATPase activity, is a DExD/H box protein
that is phylogenetically grouped with the eukaryotic initiation factor eIF4A, the prototypical member
of the DExD/H box family of helicases. UAP56, also known as BAT1, is an essential RNA splicing
factor required for spliceosome assembly and mRNA export but its role in protein synthesis is not
known. Here we demonstrate that UAP56 regulates protein synthesis and growth in cardiomyocytes.
We found that wild-type (WT) UAP56 increased serum induced protein synthesis in HeLa cells.
UAP56 mutants lacking ATPase and/or helicase activity inhibited protein synthesis compared with
WT UAP56, suggesting that the ATPase and RNA helicase activity of UAP56 is important for protein
synthesis. UAP56 siRNA inhibited phenylephrine (PE) induced protein synthesis in cardiomyocytes
and inhibited PE induced cardiomyocyte hypertrophy. Our data demonstrate that UAP56 is an
important regulator of protein synthesis and plays an important role in the regulation of
cardiomyocyte growth.
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INTRODUCTION

Cardiac hypertrophy occurs in response to various factors including mechanical, hemodynamic
and pathological stimuli [1]. While this response is initially adaptive, it can result in pathologic
hypertrophy and subsequent heart failure. Regression or inhibition of cardiac hypertrophy may
lead to improved outcomes as was the case in the HOPE trial in which the angiotensin
converting enzyme (ACE) inhibitor ramipril was shown to decrease the development of and
cause regression of electrocardiographic markers of left ventricular hypertrophy (LVH) [2].
These changes were independent of blood pressure reduction and were associated with reduced
risk of death, myocardial infarction, stroke and congestive heart failure. Enhanced protein
synthesis is a critical component of cardiac hypertrophy. Cardiac hypertrophy in vivo, and
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cardiac myocyte hypertrophy in vitro are characterized by increases in total protein content,
increased cell size and up-regulation of fetal genes including atrial natriuretic peptide and B-
type natriuretic peptide [3]. Initiation of translation, peptide chain elongation and translation
termination are the main stages of protein synthesis. Increased rates of protein synthesis in
cardiomyocytes correlate with an increase of activity of translation initiation factors [3].

UAP56 is an ATP dependent RNA helicase that also has ATPase activity [4,5], utilizing the
energy derived from ATP hydrolysis to unwind double stranded RNA. UAP56 is a DExD/H
box protein and is phylogenetically grouped with eukaryotic initiation factor elF4A, the
prototypical member of the DExD/H box family of helicases [5-7]. UAP56 was initially
identified in an analysis of genes centromeric to HLA-B in the human major histocompatibility
complex and was named BAT1 (HLA B associated transcript 1) [8]. BAT1 was rediscovered
as an essential RNA splicing factor and renamed UAP56 [9]. UAP56 is required for
spliceosome assembly and mMRNA export from the nucleus to the cytoplasm [10-12]. Binding
of ATP to lysine 95 (K95) of UAP56 is required for mRNA export [11]. Depletion of HEL,
the Drosophila equivalent of UAP56 has been shown to inhibit protein synthesis [10]. Given
the role of UAP56 in RNA splicing and mRNA export, we hypothesized that UAP56 plays an
important role in protein synthesis and subsequent hypertrophy. In the present study we found
that UAP56 regulates protein synthesis and cardiomyocyte growth an effect that is blocked by
helicase dead mutant UAP56.

Neonatal rat cardiomyocytes were isolated from the cardiac ventricles of 2-3 day old Sprague-
Dawley rat neonates as described previously [13]. Briefly, the ventricular tissue parts were
excised and rinsed in Hank’s balanced salt solution (HBSS) prior to digestion with multiple
rounds of collagenase type Il (Worthington). Cells were collected by centrifugation,
resuspended in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine
serum (FBS), 100 1U/ml penicillin and 100 pg/ml streptomycin. Non-myocytes were removed
by two rounds of pre-plating on culture dishes at 37 °C for 1 hour. Cells were then cultured in
DMEM containing 20 uM cytosine p-D- arabinofuranoside (Ara-C) (Sigma) for 24 hours on
0.2% gelatin coated plates prior to any treatments. For stimulation of protein synthesis
cardiomyocytes were stimulated with phenylephrine (PE) (Sigma) for 4 hrs.

HelLa cells were grown in DMEM containing 10% fetal bovine serum (FBS), 100 1U/ml
penicillin, and 100 pug/ml streptomycin. 20% fetal bovine serum was used to stimulate the cells
to measure protein synthesis.

Plasmids and Transfection

UAP56 wild-type (WT) plasmids were obtained from Origene. The single point mutations of
WT UAP56 were created with the Quick-Change site directed mutagenesis kit (Stratagene) as
previously described [14]. For transient plasmid expression, cells were transfected with
Lipofectamine-2000 (Invitrogen) according to manufacturer instructions as described
previously [15]. Cardiomyocyte transfection with UAP56 oligonucleotides siRNA
(Dharmacon-Smart pool) to a final concentration of 50 nM was performed using Lipofectamine
RNAIMAX (Invitrogen) according to the manufacturer’s instructions. Briefly, 1 x 10* cells
(in a 12-well plate) were transfected in 0.8 ml of serum-free and antibiotics-free DMEM
containing 200 pl of Opti-MEM (Invitrogen), 3 ul of Lipofectamine RNAIMAX, and 50 nM
of each siRNA. The medium was replaced 4 hours later with fresh DMEM containing 10%
FBS. The cells were harvested 72 hours later for Western blotting.
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Western blotting

After treatment, the cells were washed with PBS and harvested in modified RIPA buffer
containing protease inhibitor cocktail (Sigma). 50 pg total protein lysates were separated on a
10% SDS-PAGE, transferred to a nitrocellulose membrane and immuno-blotted with a UAP56
(Santa Cruz), or a tubulin antibody (Sigma) followed by horseradish peroxidase-conjugated
secondary antibody (Amersham Life Science).

[3H] Leucine Incorporation Assay

Cardiomyocytes were transfected with 50 nM of control or UAP56 siRNA for 72 hours and
protein synthesis was measured after treating the cells with or without 50 uM PE for 4 hours.
HelL a cells were treated with 20% FBS for 24 hours prior to measurement of protein synthesis.
During the last one hour (HeLa cells) or two hours (cardiomyocytes) of incubation 1 uCi/ml
of 3[H] leucine was added to the medium. The cells were washed with cold PBS three times
and 10% trichloroacetic acid was added to each well and the precipitate was then collected on
a glass micro-fiber filter under vacuum using a manifold. Filters were washed twice with cold
5% trichloroacetic acid followed by 95% ethanol, allowed to air dry and then suspended in 5-
ml scintillation fluid. Acid precipitable counts per minute (cpm) were quantitated using a liquid
scintillation counter.

Immunofluorescence

Statistics

Results

Cardiomyocytes were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton, and
stained with UAP56 antibody (Santa Cruz) followed by anti-mouse Alexa Fluor 488 secondary
antibody (Invitrogen). Nuclei were stained with DAPI (Sigma). Cells were visualized with an
Olympus (BX-51) fluorescent microscope. Depicted images were adjusted evenly across the
image to match contrast and brightness of the DAPI and UAP56 images. To assess cell size,

cardiomyocytes were stained with a myocyte marker, sarcomeric a-actinin antibody (Sigma)
followed by anti-rabbit Alexa 546 (Invitrogen) secondary antibody. Fluorescent images were
taken at 40X magnification using an Olympus BX-51 fluorescent microscope. Cardiomyocyte
total surface area was calculated using NIH Image J software, and expressed as the average of
approximately 25 randomly selected cells per condition.

Numeric data are expressed as means = SEM or SD as indicated in the figure legends. Statistical
analysis was performed with the StatView 5.0 package (ABACUS Concepts, Berkeley, Calif).
Differences were analyzed with a 1-way or a 2-way repeated-measures ANOVA as appropriate,
followed by Scheffe’s correction for multiple comparisons. A probability value of <0.05 was
considered significant.

UAPS56 increases protein synthesis in HeLa cells

To assess the effect of UAP56 on protein synthesis, WT UAP56 was overexpressed in HeLa
cells and [3H] leucine incorporation was measured. In cells stimulated with 20% FBS, WT
UAPS56 increased protein synthesis 2.0+£0.27-fold compared with control vector (Figure 1A).
We next examined the effect of UAP56 lysine 95 mutants on protein synthesis. Lysine 95 of
UAPS56 is part of motif I, a conserved DExD/H box protein motif that is important for the
helicase and ATPase activity of UAP56 (Figure 1B) [16]. Binding of ATP to lysine 95 of
UAPS56 is required for mRNA export [11]. We found that overexpression of UAP56 K95M
and K95Q mutants both inhibited serum induced protein synthesis compared with WT UAP56
(Figure 1C). These results demonstrated that lysine 95 of UAP56, critical for the ATPase and
helicase activity of UAP56 [5], is important for protein synthesis.
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Helicase dead UAP56 mutant inhibits protein synthesis

Similar to motif I, motif I1, the “DExD/H box” (Figure 1B), is also important for the helicase
and ATPase activity of UAP56 [5]. We next examined whether mutation of motif Il affects
protein synthesis. Overexpression of the UAP56 mutant D199A (blocks the helicase activity
of UAP56 but not its ATPase activity) [5] inhibited serum induced protein synthesis compared
with WT UAP56 in HeL a cells (Figure 1C) suggesting that the RNA helicase activity of UAP56
is important for protein synthesis.

Localization of endogenous UAP56

We next examined the localization of endogenous UAP56 in cardiomyocytes.
Immunofluorescence staining demonstrated that endogenous UAP56 is present in the nucleus
of cardiomyocytes (Figure 2). UAP56 endogenous expression in cardiomyocytes was also
confirmed by Western blot (Figure 3).

Knockdown of UAP56 inhibits protein synthesis in cardiomyocytes

We then examined the effect of UAP56 on protein synthesis in cardiomyocytes.
Cardiomyocytes were transfected with 50 nM of UAP56 or control siRNA for 72 hours and
treated with or without phenylephrine (50 uM) for four hours. Cells were then harvested and
[3H] leucine incorporation was measured. UAP56 siRNA inhibited PE induced protein
synthesis by 62.7+ 5.6% compared with control siRNA (p<0.01) (Figure 3).

Knock down of UAP56 inhibits cardiomyocyte growth

We next examined whether or not the effect of UAP56 on protein synthesis in cardiomyocytes
was associated with an effect on cardiomyocyte growth. Cardiomyocytes were treated with
UAP56 siRNA or control siRNA and then treated with or without PE 50 uM for four hours.
PE increased cardiomyocyte size by 3.9 £+ 0.5 fold compared to control and this increase was
inhibited by UAP56 siRNA (Figure 4). These data suggest that UAP56 is an important mediator
of PE induced protein synthesis and cardiac hypertrophy.

Discussion

This is the first report to show that UAP56 is an important regulator of protein synthesis and
cellular hypertrophy. The results presented here demonstrate that overexpression of UAP56
increases protein synthesis while the knockdown of UAP56 inhibits it. The results with UAP56
mutants also suggest that ATP binding and the ATPase and helicase activity of UAP56 are
important in the regulation of protein synthesis. These findings are consistent with other reports
showing that UAP56 plays an important role in RNA splicing and mRNA export from the
nucleus to the cytoplasm.

Our findings further define the role of DExD/H box proteins and RNA helicases in regulating
protein synthesis. While there is not complete understanding of the function of DExD/H box
proteins, a clearer picture is beginning to emerge. DExD/H box proteins share several
conserved motifs of which the DExD/H box (named after the amino acid sequence) comprises
motif 1l [16,17]. Most DEXD/H box proteins hydrolyze nucleoside triphosphates (NTPs, such
as ATP) into nucleoside diphosphates (NDPs, such as ADP) and some DExXD/H box proteins
possess RNA or DNA helicase activity [17]. DEXD/H box proteins are associated with most
processes involving RNA from transcription to RNA decay [16,18]. The eukaryotic initiation
factor elF4A is the prototypical DExD/H box helicase [19]. Eukaryotic initiation factors are
important in several steps of translation initiation including recruitment of mMRNA to the small
(40S) ribosome subunit and recruitment of the initiator methyionyl-tRNA (Met-tRNA;) that
recognizes the start codon at the beginning of the coding region [20]. The eukaryotic initiation
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factor elF4E binds to the 5'-cap structure of mMRNA [20,21] and also binds the scaffold protein
elF4G and elF4A. The complex of elF4A/elFAG/elF4E is known as elF4F [20,21]. elF4A
unwinds RNA secondary structures in the 5'untranslated region (5" UTR) of mRNA and
promotes the scanning process in which the preinitiation complex, including the 40S subunit
and Met-tRNA, scan the 5" UTR of the mRNA for the start codon [20-22]. ATP hydrolysis
by elF4A is required for translation initiation [23]. Similarly, the DExD/H box protein Ded1p,
an RNA helicase is also required for translation initiation [24]. We have now demonstrated
that UAP56 is another RNA helicase that is important for protein synthesis. Similar to our
findings with UAP56 mutants, mutations of motif | and motif Il of elF4A in yeast have been
shown to block translation as well as cell growth [25].

Our findings further define the role that UAP56 plays in RNA synthesis and function. The
different stages of RNA metabolism including transcription, splicing, RNA export and
translation, are linked and in some instances one protein may affect more that one stage of
RNA synthesis. For example, the splicing factor ASF/SF2 is an important mediator of
translation initiation and mMRNA export [26,27]. Similarly, UAP56 affects several stages of
RNA synthesis and function. Along with the THO complex and the export factor ALY, UAP56
is part of the TREX (transcription/export) complex [28]. TREX is recruited to activated genes
during transcription and travels the length of the gene with RNA polymerase Il during
transcription elongation [28]. UAP56 is required for RNA splicing and spliceosome assembly
[12]. UAP56 also recruits the export factor REF/ALY to mRNA [29] and is critical for mRNA
export from the nucleus with knockdown of UAP56 resulting in the accumulation of
polyadenylated mRNAs in the nucleus [10,30]. We have now shown that UAP56 also plays a
role in protein synthesis. While the splicing factor ASF/SF2 regulates translation and is present
in the nucleus and cytoplasm, our findings and prior findings demonstrate the presence of
UAPS56 in the nucleus [11]. This does not however preclude the possible presence of UAP56
in the cytoplasm. In Drosophila, Meignin et al. have reported that while HEL/UAP56 is
predominantly in the nucleus, it is also present in the cytoplasm where it directs MRNA
cytoplasmic localization and post translational modification [31]. They did not detect UAP56
co-localized with mRNA in the cytoplasm and hypothesized that UAP56 may only transiently
associate with RNA in the cytoplasm [31].

In conclusion, we have shown that UAP56 is an important regulator of protein synthesis and
growth in cardiomyocytes. Our findings suggest that the RNA helicase activity of UAP56 is
important in this regulation. Our findings further define the role of DExD/H box proteins in
regulating RNA synthesis and function and suggest that UAP56 may be a key target for
regulating cardiac hypertrophy.
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Figure 1. Overexpression of UAP56 increases protein synthesis in HeLa cells

(A) Following transfection with UAP56 WT plasmid or control, cells were serum starved for
24 hours and then treated with or without 20% FBS for 24 hours. During the last 1 hour of
incubation, cells were pulse labeled with [3H] leucine and then [3H] leucine incorporation assay
was performed. (**p<0.01). (B) Schematic of the conserved DExD/H box motifs in UAP56.
Not drawn to scale. (C) Following transfection with WT UAP56, control plasmid or UAP56
mutants, HelLa cells were serum starved for 24 hours and then treated with or without 20%
FBS for 24 hours. [3H] leucine incorporation was measured as in A. Western blot demonstrating
UAPS56 protein levels after transfection and tubulin control is shown below. (**p<0.01;
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#p<0.01 compared with UAP56 plus 20% FBS). For figures, the data are the mean + SD of
two or more independent experiments performed in triplicate.
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UAPS56 DAPI

Figure 2. UAP56 is present in cardiomyocytes
Cardiomyocytes were fixed, permeabilized, and stained with UAP56 antibody followed by
Alexa Fluor 488 secondary antibody (green). Nuclei were stained with DAPI (blue).
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Figure 3. Knockdown of UAP56 expression inhibits PE induced protein synthesis in cardiomyocytes
(A) Cardiomyocytes were transfected with control or UAP56 siRNA for 72 hours and treated
with or without 50 uM PE for 4 hours. During the last two hours of incubation, cells were pulse
labeled with [3H] leucine and then [3H] leucine incorporation was measured. (B) Rat
cardiomyocytes were treated with control SiRNA (50 nM) or UAP56 siRNA (10 or 50 nM) for
72 hours, and whole cell lysates were harvested for Western blotting demonstrating that UAP56
SiRNA reduces UAP56 protein expression. (**p<0.01).
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Figure 4. Knockdown of UAP56 expression inhibits PE induced cardiomyocyte growth
Cardiomyocytes were transfected with control or UAP56 siRNA for 72 hours and then treated
with or without 50 pM PE for 4 hours. To assess cell size, cardiomyocytes were stained with
a myocyte marker, sarcomeric a-actinin antibody, followed by Alexa 546 secondary antibody
and fluorescence imaging was performed. Data are mean + SEM. Cell area was measured for
approximately 25 randomly chosen cells per condition. (**p<0.01).
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