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Dear Dr. Lennarz:

Enclosed is our manuscript entitled: “UAPS56 is a novel interacting partner of Ber in regulating
vascular smooth muscle cell DNA synthesis”. We previously demonstrated that Ber (breakpoint
cluster region) is a critical regulator of vascular smooth muscle cell (VSMC) inflammation and
proliferation. Specifically, we demonstrated that Bcr acts in part via phosphorylation and
inhibition of the transcription factor PPARy. We have now identified the DExD/H box protein
UAP56 as another substrate of Bcr. We have found that UAP56 binds to Ber and demonstrate
that binding of UAP56 to Bcr is critical for Ber induced DNA synthesis in VSMC. We
demonstrate that UAP56 is an important cell cycle regulator. Our data identify UAP56 as an
important binding partner of Ber and a novel target for inhibiting vascular smooth muscle cell
proliferation.

Yours truly,

Jeffrey Alexis, MD
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e UAP56 is an important regulator of DNA synthesis in vascular smooth muscle
cells.

e UAPS56 binds to Bcr.
e Interaction between Bcr and UAPS5G6 is critical for Ber induced DNA synthesis.
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ABSTRACT

Bcr is a serine/threonine kinase that is a critical regulator of vascular smooth muscle cell inflammation
and proliferation. We have previously demonstrated that Bcr acts in part via phosphorylation and
inhibition of PPARy. We have identified the RNA helicase UAP56 as another substrate of Bcr. In this
report we demonstrate that knockdown of UAP56 blocks Ber induced DNA synthesis in vascular smooth
muscle cells (VSMC). We also found that over expression of Bcr increased the expression of cyclin E
and decreased the expression of p27. Knockdown of UAP56 reversed the effect of Ber on cyclin E and
p27 expression. Furthermore, we found that Bcr binds to UAP56 and demonstrate that binding of UAP56
to Ber is critical for Ber induced DNA synthesis in VSMC. Our data identify UAP56 as an important

binding partner of Bcr and a novel target for inhibiting vascular smooth muscle cell proliferation.
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INTRODUCTION

Pathologic vascular smooth muscle cell (VSMC) proliferation occurs in many disease states including
hypertension, atherosclerosis and restenosis after injury [1, 2]. This proliferation is mediated by growth
factors such as platelet-derived growth factor (PDGF) and vasoconstrictive hormones such as Angiotensin
I1 (Ang I1), which induces protein synthesis and DNA synthesis and enhances PDGF induced DNA
synthesis [1, 3, 4]. We have recently reported that breakpoint cluster region (Bcr), a serine/threonine
kinase is an important mediator of Ang Il and PDGF mediated responses in VSMC [5]. We found that
knockdown of Bcer inhibited Ang Il mediated NF-«xB activation in VSMC. Specifically, we found that
over expression of Bcr inhibits PPARYy transcriptional activation via phosphorylation of PPARYy, resulting
in enhancement of NF-«B transcriptional activation. In addition to PPARY, we found evidence of UAP56

as another substrate for Bcr.

UAP56 is an RNA helicase that was first identified in an analysis of genes centromeric to HLA-B in the
human major histocompatibility complex and was nhamed BAT1 (HLA B associated transcript 1) [6].
BAT1 was rediscovered as an essential RNA splicing factor recruited to mRNA precursors (pre-mRNA)
by the splicing factor U2AF® and was renamed UAP56 (56-kD U2AF associated protein) [7]. UAP56 is
a member of the DExD/H box family of proteins (named after the amino acid sequence) and is an RNA
dependent ATPase, hydrolyzing ATP into ADP [8, 9]. UAP56 is part of the TREX (transcription/export)
complex [10] which is recruited to activated genes during transcription and travels the length of the gene
with RNA polymerase during transcription elongation [10]. UAP56 plays a major role in several steps of
RNA biology including spliceosome assembly, mRNA export and protein synthesis [11- 14], and
knockdown of UAP56 leads to down regulation of genes involved in the cell cycle, mitosis, cell division
and DNA repair [15]. In the present study, we found that UAP56 is a key cell cycle regulator and is a

novel interacting partner of Bcr in VSMC DNA synthesis.



MATERIALS AND METHODS

Cell culture
Rat VSMC were isolated as previously described [5] and were maintained in DMEM. HeLa cells were

grown in DMEM containing 10% fetal bovine serum.

Plasmids and transfection

UAP56 wild-type plasmid was purchased from Origene. The single mutation of UAP56 was created with
the QuikChange site-directed mutagenesis kit (Stratagene) as previously described [13]. For transient
expression experiments, cells were transfected with Lipofectamine 2000 (Invitrogen) as previously
described [13]. For siRNA experiments, VSMC were transfected with control or UAP56 siRNA

oligonucleotides (Dharmacon) using Lipofectamine RNAIMAX reagent (Invitrogen).

Immunoprecipitation and Western blot

After treatment with reagents (indicated in the legends), the cells were washed twice with PBS and
harvested in 0.5 mL of lysis buffer as previously described [5]. For immunoprecipitation, cell lysates were
incubated with mouse anti-UAP56 antibody (1-2 pg) overnight at 4°C, and then protein A/G beads were
added and further incubated for 2 hours. The beads were then washed and boiled in 2X SDS sample
buffer and western blotting was performed with primary antibodies as indicated in the legends followed

by incubation with horseradish peroxidase-conjugated secondary antibody (Amersham Life Science).

[*H] Thymidine Incorporation assay

Cells were plated in 12 well plates and transfected with wild type (WT) Bcr or WT UAP56 plasmids
using Lipofectamine 2000 according to manufacturer’s instructions. Cells were pulsed with [*H]
thymidine during the last one-hour of incubation and DNA synthesis was measured as described before

[5]. Briefly, cells were washed twice with cold PBS, then 500 uL of 10% ice-cold trichloroacetic acid was



added to each well, and precipitates were collected on a micro-fiber filter using a manifold. Filters were
washed twice with ice-cold 5% trichloroacetic acid, followed by 95% ethanol, allowed to air-dry, and
then suspended in scintillation fluid. Acid precipitable counts were quantitated using a scintillation
counter. Each experiment was performed at least 3 times, and triplicate wells were used in each

experiment.

Mammalian Two-hybrid assay

HelLa cells were transfected in Opti-MEM (Invitrogen) with Lipofectamine mixture containing the pG5-
luc vector and various pBIND and pACT plasmids (Promega) for 4 h. The pBIND vector contains the
yeast GAL4-DNA-binding domain upstream of a multiple cloning region, and the pACT vector contains
the herpes simplex virus VP16 activation domain upstream of a multiple cloning region. Bcr and various
UAP56 fragments/mutants were cloned into the pBIND and pACT vector, respectively. Because pBIND
also contains the Renilla luciferase gene, the expression and transfection efficiencies were normalized
with the Renilla luciferase activity. Cells were collected 48 hours after transfection and the luciferase
activity was assayed with the Dual-Luciferase kit (Promega) using a luminometer (TD-20/20; Turner

Designs).

Statistics

Numerical data are expressed as mean £ SD. Statistical analysis was performed with the StatView 5.0
package (ABACUS Concepts, Berkeley, CA). Differences were analyzed with a one-way or a two way
repeated—measure analysis of variance as appropriate, followed by Scheffé’s correction for multiple

comparisons. A probability value < 0.05 was considered significant.

RESULTS



UAPS56 is a substrate for Bcr

In an in vitro kinase assay using rat VSMC, in which Bcr was immunoprecipitated with Bcr antibody, we
previously demonstrated that Bcr phosphorylates PPARY [5]. In these studies, we also identified a protein
around 60 kDa which we believed to represent another Bcr substrate that coimmunoprecipitated with Ber
in VSMC (Figure S1). We repeated these experiments (without P*) , cut out the band corresponding to
the 60 kDa protein, and performed mass spectrometry. The highest hit was the protein UAP56 (BAT1)

(Figure S2).

Knockdown of UAP56 blocks Ber induced DNA synthesis

We previously demonstrated that knockdown of Ber inhibits DNA synthesis [5]. As UAP56 was
identified as a substrate of Bcr, we assessed the importance of UAP56 in Ber induced DNA synthesis.
Using UAP56 siRNA and WT Bcr adenovirus (Ad-Bcr), we demonstrated that knock down of UAP56
blocks Ber induced DNA synthesis in rat VSMC (Figure 1A and 1B). Similarly, utilizing WT Bcr and a
dominant negative UAP56 mutant (K95N, [16]), we demonstrated that knockdown of UAP56 blocks Ber

induced DNA synthesis in HeLa cells (Figure 1C).

UAP56 blocks cell cycle activation

DEXD/H box proteins are thought to affect cell growth via cell cycle regulation [17, 18]. For example,
the RNA helicase p68 plays an important role in PDGF induced cell proliferation by up-regulating cyclin
D1 expression [18]. We therefore assessed the effect of Bcr and UAP56 on the expression of several key
cell cycle genes. Using WT Bcr adenovirus, we found that over expression of Bcr decreased the
expression of the cyclin dependent kinase inhibitor p27 (Figure 2), a negative regulator of the cell cycle
G1/S transition [19, 20]. This effect of WT Bcr was reversed by knockdown of UAP56 expression with
UAP56 siRNA (Figure 2). While the RNA helicase p68 acts in part via cyclin D1 expression, we
previously saw no effect of Ber expression on cyclin D expression (unpublished data). We did find

however that over expression of Bcr increased the expression of cyclin E, a positive regulator of cell cycle



G1/S transition [21, 22], an effect that was reversed by knockdown of UAP56 expression with UAP56

SiRNA (Figure 2).

Bcer binds to UAP56

As our findings suggest an interaction between Bcr and UAP56 we next examined whether Ber binds to
UAP56. Immunoprecipitation/immunoblot studies demonstrated that Ber does bind to UAP56 (Figure
3A). We also demonstrated that Ber binds to UAPS56 using a mammalian-two hybrid assay (Figure 3B).
In addition to using full length UAP56, mammalian-two hybrid assay using UAP56 fragments (amino
acids 1-100, 101-200, 201-300 and 301-428) demonstrated that fragment 2 (amino acids 101-200) of
UAP56 binds to Ber (Figure 3B). In addition, immunoprecipitation/immunoblot studies demonstrated
that over expression of UAP56 fragment 2 blocked the binding of UAP56 and Bcr in HeLa cells (Figure

3C), further evidence of the importance of fragment 2 in Bcr/UAP56 binding.

UAPS56/Bcr interaction is critical for Ber induced DNA synthesis

Having demonstrated that UAP56 binds to Bcr, we next examined whether the interaction between
UAP56 and Bcr plays a role in Ber induced DNA synthesis. Over expressing Ber WT, UAP56 WT,
UAP56 fragment 1 and UAP56 fragment 2 in HelLa cells, we found that over expression of UAP56
fragment 2 but not fragment 1, inhibited Ber induced DNA synthesis (Figure 4A). Similarly, using Ber
WT, UAP56 WT, and UAP56 fragment 2 adenoviruses, we demonstrated that over expression of UAP56
fragment 2 inhibits Bcr induced DNA synthesis in VSMC (Figure 4B and 4C). These data demonstrate

that UAP56/Bcr interaction is important for Ber induced DNA synthesis.

DISCUSSION
The major findings of this study are that UAP56 binds to Bcr and interaction between UAP56 and Bcr is
critical for Ber induced DNA synthesis. We previously demonstrated that Ber is a major regulator of

SMC proliferation and inflammation. We demonstrated that this effect was in part via inhibition of



PPARYy transcriptional activation by Bcr. Our data now show that Bcr also acts via PPARy independent
signaling. While our initial studies of the interaction between Bcr and UAP56 were in HelLa cells, using
Ad-Bcr and Ad-WT UAP56 we demonstrated the importance of this interaction in VSMC as well. These
findings demonstrate an important role of UAP56 in VSMC proliferation and identify UAP56/Bcr

interaction as a potential target for treatment of vascular proliferative disease.

UAP56 is known to play an important role in RNA splicing, mRNA export, and protein synthesis. Our
study now demonstrates that UAP56 plays an important role in DNA synthesis as well, and further
defines the role of UAP56 in cellular proliferation. Yamazaki et al. recently reported that knockdown of
UAP56 in HeLa cells was associated with down regulation of genes affecting the cell cycle, mitosis,
MRNA transport, DNA replication, DNA repair and cell division, demonstrating the important role of
UAP56 in cell growth [15]. Depletion of UAP56 causes mitotic delay and sister chromatid cohesion
defects [15]. These findings suggest that UAP56 is a major control point for cell growth. UAP56 has a
close homolog (URH49) which has 90% homology with UAP56 [12, 15]. Like UAP56, URH49 is also a
DEXD/H protein and an RNA helicase. The two helicases have different expression profiles in different
tissues [12] but whether the two proteins have completely overlapping roles has been unknown. Using
UAP56 and URH49 siRNA, Yamazaki et al demonstrated that similar to UAP56, URHA49 is important in
mitotic progression, but unlike UAP56, depletion of URH49 causes chromosome arm resolution defects
and failure of cytokinesis. These findings demonstrate that UAP56 is an important regulator of mitosis,
distinct from URH49. Our data extend these findings demonstrating the role of UAP56 in VSMC DNA

synthesis.

Our results also further define the role of DExD/H box proteins and RNA helicases in cellular
proliferation. DEXD /H box proteins have been thought to control cell growth through regulation of the
cell cycle but the mechanism has been unknown [17]. Yang et al. demonstrated that the RNA helicase

p68 regulates PDGF induced cell proliferation by upregulating cyclin D1 and c-myc expression [18]. We



have now demonstrated that UAP56 is another DExD/H box protein that is an important regulator of the
cell cycle and cell proliferation. DExD /H box proteins are important in abnormal proliferation in tumors

[23] and may well play an important role in pathological SMC proliferation.

In conclusion, the data presented demonstrate that UAP56 is a novel partner of Bcer in regulating VSMC
DNA synthesis. This effect may occur in part due to UAP56-dependent modulation of cell cycle

progression. Bcr/UAP5SG6 interaction may be a target for inhibiting pathological VSMC proliferation.
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Figure Legends

FIGURE LEGENDS

Figure 1. Knockdown of UAP56 blocks Ber induced DNA synthesis. A. VSMC were
transfected with UAP56 siRNA or control SiRNA. 48 hours later the cells were treated with 50
MOI of Ad-Bcr or Ad-LacZ for 24 hours. During the last hour of incubation VSMC were pulse
labeled with [*H] thymidine and incorporation of [*H] thymidine was measured. (**p<0.01). B.
Western blots demonstrating Bcr and UAPS6 expression in cells treated as in A. C. Following
transfection with the indicated plasmids for 48 hours, HeLa cells were pulse labeled with [*H]
thymidine for 1 hour. Cells were then harvested and [*H] thymidine incorporation was measured.
(**p<0.01 compared with Wt-Bcr). pSG5 and pCMV6 are control plasmids for WT-Bcr and WT-
UAP56 respectively. Results are means+SD. For all figures, the data are representative of

triplicates using 2 or more different preparations of SMCs or HeLa cells.

Figure 2. Knockdown of UAP56 regulates expression of cyclin E and p27. VSMC were
transfected with UAP56 siRNA or control siRNA. 48 hours later the cells were treated with 50
MOI of Ad-Bcr or Ad-LacZ for 24 hours. Cells were harvested and Western blot was done with

antibodies as listed.

Figure 3. Bcr binds to UAP56. (A) After over expressing Bcr and UAP56 in Hela cells, total
cell lysates (TL) were prepared and UAP56 and Bcr were immunoprecipitated using respective
antibodies and Western blotting was performed with UAP56 antibody. (B) (Mammalian two-
hybrid assay). HeL a cells were transfected with pBIND or pBIND-Bcr and pACT UAP56 full
length or UAP56 fragments. Cells were harvested and luciferase assay performed. Full length
UAP56 binds to Ber as does UAP56 fragment 2 (amino acids 101-200). (**p<0.01). (C) HeLa
cells were transfected with pBIND-Bcr and pACT UAP56 full length or UAP56 fragments as

indicated (the pACT vector contains the herpes simplex virus VP16 activation domain). Bcr was



immunoprecipitated with Ber antibody and immunblot done with UAP56 antibody. Over
expression of UAP56 fragment 2 [amino acids (aa) 101-200] blocked Bcr/UAP56 binding. Over

expression of fragment 3 (aa 201-300) had no effect.

Figure 4. Over expression of UAP56 fragment 2 inhibits Bcr induced DNA synthesis. (A)
HeLa cells were transfected with control, Bcr, and UAP56 full length or UAP56 fragment
plasmids as indicated. Cells were harvested and [°H] thymidine incorporation was measured
(*p<0.05). Over expression of fragment 1 (aa 1-100) had no effect. (B) VSMC were treated with
Ad-Ber, Ad-WT UAP56 , or Ad-Fragment 2 UAP56 as indicated. Cells were harvested and [*H]

thymidine incorporation was measured. (**p<0.01).
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