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ABSTRACT

Two cyclooxygenase (COX) enzymes, COX-1 and COX-2, are present in human cells. While COX-1 is constitutively expressed,
COX-2 is inducible and up-regulated in response to many signals. Since increased transcriptional activity accounts for only part
of COX-2 up-regulation, we chose to explore other RNA processing mechanisms in the regulation of this gene. Previously, we
showed that COX-2 is regulated by alternative polyadenylation, and that the COX-2 proximal polyadenylation signal contains
auxiliary upstream sequence elements (USEs) that are very important in efficient polyadenylation. To explore trans-acting
protein factors interacting with these cis-acting RNA elements, we performed pull-down assays with HeLa nuclear extract and
biotinylated RNA oligonucleotides representing COX-2 USEs. We identified PSF, p54nrb, PTB, and U1A as proteins specifically
bound to the COX-2 USEs. We further explored their participation in polyadenylation using MS2 phage coat protein-MS2 RNA
binding site tethering assays, and found that tethering any of these four proteins to the COX-2 USE mutant RNA can compensate
for these cis-acting elements. Finally, we suggest that these proteins (p54nrb, PTB, PSF, and U1A) may interact as a complex
since immunoprecipitations of the transfected MS2 fusion proteins coprecipitate the other proteins.
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INTRODUCTION

Cyclooxygenase isoenzymes 1 and 2 (COX-1 and -2) both
catalyze oxygenation and peroxidation of arachidonic acid.
This is the rate-limiting step in prostanoid biosynthesis and
results in production of important biological mediators
such as prostaglandins, thromboxanes, and prostacyclins.
The two COX enzymes are z60% identical in humans and
the same holds true within other species. Moreover, the
exon–intron arrangement and amino acid sequence of
COX-1 and COX-2 are very similar. Interestingly, the 39-
untranslated region (39-UTR) of COX-2 is highly divergent
from that of COX-1 (Xie et al. 1991; Hla and Neilson 1992;
O’Banion et al. 1992; Appleby et al. 1994; Garavito and
Mulichak 2003, and references therein). While COX-1 is a
constitutive enzyme that makes prostaglandins for homeo-
static physiological functions, COX-2 is induced by a wide

variety of stimuli (Hla and Maciag 1991; Feng et al. 1993;
Bazan et al. 1994; Ristimaki et al. 1994; O’Banion et al.
1996; Hla et al. 1999; Bazan 2001, and references therein).
Exaggerated COX-2 protein expression is associated with
pathological conditions; misregulated expression of COX-2
has been observed in rheumatoid arthritis and in cancers
such as colorectal, breast, gastric, cervical, ovarian, and
nonsmall cell lung cancers (San et al. 1995; Kutchera et al.
1996; Hwang et al. 1998; Williams et al. 1999; Prescott
2000; Prescott and Fitzpatrick 2000; Bishop-Bailey et al.
2002; Landen et al. 2003).

One common cellular pathway of increasing a protein’s
expression is to increase transcription of its mRNA. How-
ever, transcriptional activation of COX-2 mRNA by such
mediators as interleukin-1b cannot alone account for the
induced expression of COX-2 protein, suggesting a post-
transcriptional mechanism of regulation (Ristimaki et al.
1994). It is now evident that the stability of the mRNA
plays one role in the regulation of COX-2 (Ristimaki et al.
1996; Gou et al. 1998; Cok and Morrison 2001; Dixon et al.
2000, 2001, 2003). In addition, alternative COX-2 tran-
scripts differing only in their 39-UTRs have been found in a
number of cell and tissue types (Ristimaki et al. 1996;
Bracken et al. 1997; Lukiw and Bazan 1997; Newton et al.
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1997, 1998; Dixon et al. 2001; Schmidt et al. 2003).
Therefore, RNA stability and alternative 39-end processing
are two important regulatory mechanisms that can con-
tribute to the expression control of COX-2.

39-End formation of most mRNAs is accomplished by
the process of polyadenylation (for review, see Colgan and
Manley 1997; Wahle and Kuhn 1997; Wickens et al. 1997;
Zhao et al. 1999; Proudfoot 2000; Edmonds 2002, and
references therein). Although polyadenylation is distinct
from other RNA processing events, it is now accepted
that all RNA processing events are cotranscriptional and
interdependent (for review, see Maniatis and Reed 2002;
Proudfoot et al. 2002; Bentley 2005, and references therein).
Identification of polyadenylation signals is accomplished
by recognition of two core sequence elements, usually a
hexamer (AAUAAA) and a U/GU-rich downstream ele-
ment. However, the mechanism for selecting among alter-
native polyadenylation signals, that is, more than one
polyadenylation signal within an mRNA, is still obscure.
Accordingly, use of an alternative polyadenylation signal
can alter the structure of the 39-UTR and can impact the
final amount of protein product (Edwalds-Gilbert et al.
1997). Recent bioinformatic studies concluded that z54%
of human genes and z32% of mouse genes have multiple
polyadenylation signals (Tian et al. 2005). This compre-
hensive study shed light on the need to better understand
alternative polyadenylation.

It is also unclear how polyadenylation signals that vary
from the consensus elements, that is, ‘‘suboptimal’’ core
elements, are recognized. It may be that auxiliary cis-acting
motifs or elements (that is, RNA elements found on the
same RNA molecule) aid in use of such suboptimal poly-
adenylation signals. Bioinformatic examination of sequences
flanking the poly(A) addition site identified not only
core elements (AAUAAA hexamer and U/GU-rich down-
stream element) but also found additional, overrepresented
cis-acting element motifs that may be involved in the
regulation of polyadenylation (Hu et al. 2005). The cis-
acting RNA auxiliary elements identified include elements
upstream of the polyadenylation signal that are reminiscent
of known upstream sequence elements (USEs), previously
shown to influence regulation of polyadenylation signal
usage, including Simian Virus 40 (SV40), C2 complement,
and collagen polyadenylation signals (Carswell and Alwine
1989; Moreira et al. 1995, 1998; Natalizio et al. 2002). These
USEs may interact with trans-acting protein factors that, in
turn, influence mRNA processing and may be involved in
enhancing polyadenylation at alternative or suboptimal
signals.

We have previously investigated alternative polyadeny-
lation of the human COX-2 mRNA (Hall-Pogar et al.
2005). COX-2 has two predominant polyadenylation sig-
nals, which we called proximal and distal, the use of which
results in mRNAs of z2.8 kb and z4.6 kb, respectively. We
also identified auxiliary cis-acting USEs upstream of the

proximal COX-2 polyadenylation signal. These USEs
directly influenced usage of the COX-2 proximal polyade-
nylation signal, as their mutation significantly diminished
polyadenylation in in vivo polyadenylation assays (Hall-
Pogar et al. 2005).

Our previous studies have shown that the COX-2 USE
sequence, when added as a oligonucleotide competitor to in
vitro polyadenylation reactions, can decrease polyadenyla-
tion, presumably by titrating away or sequestering cellular
factors important to polyadenylation (Hall-Pogar et al.
2005). It was therefore important to identify the trans-
acting protein factors that specifically interact with COX-2
USEs to better understand the mechanism and regulation
of COX-2 alternative polyadenylation. The results pre-
sented here demonstrate that U1A, p54nrb, PSF, and PTB
proteins specifically interact with COX-2 USEs. These
proteins were able to bind specifically to USEs as demon-
strated by affinity purification and mass spectrometry
identification. Extracts depleted of these factors did not
polyadenylate substrate RNA despite the presence of core
polyadenylation factors. Finally, the need for cis-acting
sequence elements for in vivo polyadenylation of these
reporter mRNAs was abrogated by phage MS2 coat pro-
tein-MS2 RNA binding site tethering assays in which the
trans-acting protein factors were tethered to a USE-
mutated COX-2 polyadenylation signal. These data suggest
that these USE-specific factors may stabilize or promote
assembly of the polyadenylation machinery on the poly-
adenylation signal.

RESULTS

Specific proteins interact with the COX-2 USEs

We have previously identified three USEs upstream of the
COX-2 proximal polyadenylation signal that affect the
efficiency of polyadenylation at that signal (Hall-Pogar
et al. 2005). This polyadenylation signal was shown to be
suboptimal, and we suggested then that the presence of the
USEs enhanced usage of this polyadenylation signal (Hall-
Pogar et al. 2005). We showed that in vitro polyadenylation
reactions containing a SVL substrate RNA could be
specifically inhibited using an oligoribonucleotide repre-
senting the COX-2 USEs in a dose-dependent manner,
suggestive of titratable protein factors (Hall-Pogar et al.
2005). We now wanted to define the trans-acting protein
factors that interact with these specific sequence elements
and study overall implications of their impact on poly-
adenylation.

To visualize the RNA-binding proteins that interact with
the COX-2 proximal polyadenylation signal, we performed
UV cross-linking reactions with radiolabeled RNA repre-
senting the COX-2 proximal polyadenylation signal. These
experiments used HeLa nuclear extract and 32P-labeled
in vitro transcribed pGEM4-COX-2-Proximal RNAs (see

Hall-Pogar et al.

1104 RNA, Vol. 13, No. 7

JOBNAME: RNA 13#7 2007 PAGE: 2 OUTPUT: Tuesday June 5 11:28:14 2007

csh/RNA/132400/rna5777



Hall-Pogar et al. 2005 for a detailed description of the
COX-2 RNA). As shown in Figure 1, lanes 1 and 6, a spe-
cific pattern was detected for radiolabeled proteins that
specifically bound to and associated with the COX-2
proximal RNA.

To further define and identify the proteins that are
specifically interacting with the USE elements of the COX-2
RNA, we used oligoribonucleotides representing COX-2
USE #3 and a nonspecific sequence as competitors in the
UV-cross-linking reactions (Hall-Pogar et al. 2005). Each
COX-2 USE is similar; USE #3 was used previously in
competitions, and mutation of this particular USE caused
the largest decrease in in vivo polyadenylation assays (Hall-
Pogar et al. 2005). With addition of increasing amounts of
the specific COX-2 USE competitor oligo, several specific
protein bands began to disappear or be greatly reduced in
intensity, as shown in Figure 1, lanes 2–5. The differences in
the UV cross-linking patterns suggested that the competitor
oligo was competing for binding to specific trans-acting
factors that were bound to the USE sequence on the labeled
substrate RNA. Addition of nonspecific oligo competitor
did not result in any significant changes in the pattern of
proteins associated with the COX-2 proximal RNA (Fig. 1,
lanes 7–10). The protein–RNA interactions could not be
competed further with additional amounts of competitor
(data not shown).

We next tested the effect of USE mutations on the UV
cross-linking pattern. When UV cross-linking reactions
were performed using HeLa nuclear extract and 32P-labeled
substrate RNA representing the COX-2 proximal polyade-

nylation signal with all three USEs mutated (Triple USE
mut; Hall-Pogar et al. 2005), there was a concurrent loss in
specific protein bands of a molecular weight similar to
those seen in the USE oligo competition (Fig. 1, cf. lanes 5
and 11). This indicates that by either mutating the cis-acting
RNA elements or by competing for binding to the trans-
acting protein factors away with USE oligo similar loss of
protein association was observed. Therefore, we conclude
the USE elements of the COX-2 proximal polyadenylation
signal interact with specific trans-acting factors.

Depletion with the USE sequence removes specific
proteins and inhibits polyadenylation

We next investigated the role(s) of the trans-acting protein
factors that interact with COX-2 USEs. Previously we have
shown that titration of these possible trans-acting protein
factors from COX-2 USE sequences can affect polyadeny-
lation of an SV40 late polyadenylation substrate RNA
(SVL) in an in vitro polyadenylation assay (Hall-Pogar
et al. 2005). COX-2 USEs are very similar in sequence and
position relative to the AUUAAA core upstream polyade-
nylation element as compared to SVL USEs (Lutz and
Alwine 1994; Hall-Pogar et al. 2005). To further confirm
this observation, we used biotinylated oligoribonucleotides
representing USEs to deplete HeLa nuclear extract of
proteins that specifically associate with the USE. These
RNA sequences were the same as the oligo competitors
used in Figure 1. After isolation of biotin RNA-bound pro-
teins on streptavidin agarose, the supernatant was used in
in vitro polyadenylation reactions using an SVL polyade-
nylation substrate RNA. Polyadenylation was nearly abol-
ished after the HeLa nuclear extract was depleted using the
COX-2 USE oligo (Fig. 2A). There was no notable change
in the amount of polyadenylation after HeLa nuclear
extract was depleted using the nonspecific oligo (Fig. 2A).

To determine whether the core polyadenylation factors
were still present in the USE-depleted nuclear extract, we
performed Western blot analysis on the depleted extracts.
CstF-64 and CPSF-73 were chosen to be examined because
CstF-64 is the critical factor that binds to the core
downstream polyadenylation element (Wilusz et al. 1990),
and CPSF-73 has been reported to be the endonuclease
(Ryan et al. 2004). We found that both CstF-64 and CPSF-
73 were still present in the extracts after either depletion
with the COX-2 USE sequence or the nonspecific sequence
(Fig. 2B). This indicates that proteins that associated with
the COX-2 USE oligo did not deplete the core components
of the polyadenylation complexes.

The COX-2 proximal USEs interact with PSF, p54nrb,
PTB, and U1A

We next wanted to identify trans-acting factors that
specifically associated with COX-2 USEs. In order to

FIGURE 1. Analysis of proteins which are UV-cross-linked and
competed by specific USE oligoribonucleotides. Radiolabeled RNA
transcript representing wild-type COX-2 proximal polyadenylation
signal was incubated with HeLa nuclear extract and UV cross-linked
in the absence of any oligoribonucleotides (lanes 1,6), in the presence
of increasing amounts of a COX-2 USE oligoribonucleotide (1, 10, 25,
50 nmol oligo, lanes 2–5, respectively), or in the presence of increasing
amounts of a nonspecific oligoribonucleotide (1, 10, 25, 50 nmol
oligo, lanes 7–10, respectively). (Lane 11) RNA representing the COX-2
proximal polyadenylation signal with mutations in all three COX-2
USEs was used in a UV cross-linking reaction, called Triple USE mut
(Hall-Pogar et al. 2005).

Trans-acting factors and polyadenylation elements
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accomplish this, we used a biotinylated pull-down assay
with the biotinylated COX-2 USE oligo and HeLa nuclear
extract. The COX-2 USE biotinylated RNA oligo and
bound proteins were isolated on streptavidin agarose and,
after extensive washing, the proteins were separated by gel
electrophoresis on a 12% SDS-PAGE gel. This gel was
stained with Sypro Ruby for visualization, and bands
specific to the USE oligo were excised and digested with
trypsin, and tryptic peptides were analyzed by mass
spectrometry. MALDI-TOF/TOF analysis revealed that
polypyrimidine tract binding protein associated splicing
factor (PSF), polypyrimidine tract binding protein (PTB),
and p54 nonO-related binding protein (p54nrb) proteins
specifically associated with the COX-2 USE sequence

(Fig. 3A). These proteins are multifunctional nuclear pro-
teins (Peng et al. 2006) and are further discussed later. The
proteins were assigned by comparison with masses calcu-
lated from amino acid sequences followed by analysis with
a local MASCOT search engine (V.1.9) against data present
in NCBI. Peptides recognized as belonging to specific
proteins with a confidence interval of 95% or greater were
considered to be identified. These specific proteins were not
found when the biotinylated nonspecific oligo was used
(data not shown).

To confirm the association of the PSF, PTB, and p54nrb

proteins with the COX-2 USE, the biotinylated RNA oligo
pull-down assay was repeated with HeLa nuclear extract
using the USE and nonspecific oligos. Bound proteins were
separated on a 12% SDS-PAGE gel, which was transferred
to nitrocellulose. Western blot analysis was then performed
using antibodies specific for each individual protein. PSF,
PTB, and p54nrb all specifically coprecipitated with the USE
(Fig. 3B). At the same time, none of the proteins interacted
with the nonspecific sequence (Fig. 3B).

Previously, it was shown that U1A can interact with the
USEs of SV40 (Lutz and Alwine 1994). Mass spectrometry
was not able to conclusively identify the U1A protein in our
sample, but there were bands present in the 32-kDa range.
In order to address the possibility that one of these bands
might be U1A, we utilized Western blotting. The biotiny-
lated pull-down was repeated, and the gel was then Western
blotted. Antibodies specific for U1A were able to specifi-
cally detect the presence of the U1A protein bound to the
COX-2 USE oligo (Fig. 3B), while U1A did not coprecipi-
tate with the nonspecific oligo. Therefore, we concluded
that U1A, PTB, PSF, and p54nrb proteins specifically
interact with the COX-2 USEs.

We have also used three additional nonspecific biotiny-
lated oligos of 19 nucleotides (nt) each, in addition to the
biotinylated USE oligo in HeLa nuclear extract pull-down
assays (Fig. 2C). We found that while the biotinylated
COX-2 USE oligo showed diminished PSF, p54nrb, U1A,
and PTB proteins in the depleted extract as measured by
Western blotting, the nonspecific oligos had no effect on
the abundance of these proteins (Fig. 2C). GAPDH was not
affected by any biotinylated oligo treatment. Also, these
new nonspecific oligos did not affect in vitro polyadenyl-
ation (data not shown). Taken together, these data suggest
that the USE oligo specifically depletes PSF, p54nrb, PTB,
and U1A proteins, and that polyadenylation activity in
vitro is diminished in depleted extracts.

A novel interaction between U1A and PTB indicates
that these proteins may interact together
at the COX-2 USEs

We next wanted to address protein–protein interactions of
these proteins that we found associated with the COX-2
USE. Previously, we have shown that U1A is able to interact

FIGURE 2. COX-2 USE depleted HeLa nuclear extracts are unable to
polyadenylate substrate RNAs in vitro, yet the core polyadenylation
factors remain. Biotinylated COX-2 USE or nonspecific oligoribonu-
cleotides were used to deplete HeLa nuclear extract. Depleted super-
natants were then used in in vitro polyadenylation reactions with SVL
substrate RNA. (A) Results of in vitro polyadenylation reactions. SVL
input, unreacted substrate RNA; HeLa Nuc Ext, regular undepleted
nuclear extract; nonspecific oligo, nonspecific oligo depleted extract;
COX-2 USE oligo, COX-2 USE oligo depleted extract; A+, poly-
adenylated product. (B) Western blot of depleted and undepleted
extracts using antibodies to two core polyadenylation factors, CstF-64
and CPSF-73, as indicated at right. HeLa Nuc Ext, regular undepleted
nuclear extract; USE depleted, COX-2 USE oligo depleted extract; NS
depleted, nonspecific oligo depleted extract. Molecular weight
markers are indicated at left. (C) Western blot of depleted and
nondepleted extracts using specific antibodies as indicated to the left.
Nuclear extract, HeLa undepleted nuclear extract; USE depleted,
supernatant of biotinylated COX-2 USE oligo depleted HeLa nuclear
extract; NS1 depleted, supernatant of biotinylated NS1 oligo depleted
HeLa nuclear extract; NS2 depleted, supernatant of biotinylated NS2
oligo depleted HeLa nuclear extract; NS3 depleted, supernatant of
biotinylated NS3 oligo depleted HeLa nuclear extract. See Materials
and Methods for sequences of the oligos.
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directly with both PSF (Lutz et al. 1998) and p54nrb (Liang
and Lutz 2006). These data suggested that these protein
interactions can directly affect polyadenylation reactions.
Furthermore, PTB has been found to interact with the
USEs of lamin B2 (Brackenridge and Proudfoot 2000) and
complement C2 (Moreira et al. 1998) and to affect the
efficiency of polyadenylation. To investigate a possible
interaction between U1A and PTB proteins, an in vitro
GST pull-down experiment was performed using GST-U1A
fusion protein and HeLa nuclear extract. The GST-U1A
fusion protein was prepared as previously described (Lutz
et al. 1996). After isolation using glutathione-sepharose
beads and extensive washing, the complexes were analyzed
on a 10% SDS-polyacrylamide gel. The gel was transferred
to nitrocellulose and the resulting Western blot was probed
with anti-GST antibody and anti-PTB antibodies (Fig. 4A).
The GST-U1A fusion protein was able to coprecipitate the
PTB protein (Fig. 4A). Additionally, this interaction was
not affected by the presence of RNase A, suggesting that the
interaction is direct and not mediated by RNA bridging.

To further establish an interaction between U1A and
PTB we analyzed protein–protein interactions using the
GST-U1A fusion protein and an in vitro transcribed and
translated 35S-labeled PTB protein. The glutathione-bind-
ing moiety (GST) alone was used as a negative control.

After incubation, the complexes con-
taining the beads, GST-U1A, and 35S-
labeled PTB were washed extensively
and were analyzed on a 10% SDS-poly-
acrylamide gel and visualized by auto-
radiography. Figure 4B shows that PTB
bound specifically to the GST-U1A and
not to the GST alone. The addition of
RNase to the reaction did not affect this
protein–protein interaction, indicating
that RNA does not mediate the U1A and
PTB interaction. GST-p54 also demon-
strates an interaction between p54nrb

and PTB that is not sensitive to
RNase A (Fig. 4B). Although interac-
tions between U1A, PSF, and p54nrb

have been previously described (Liang
and Lutz 2006), this is the first evidence
of a direct protein–protein interaction
between U1A and PTB proteins.

USE binding proteins can enhance
the polyadenylation at the COX-2
proximal polyadenylation signal
by interacting with the USEs

In order to determine the influence of
the PSF, p54nrb, PTB, and U1A proteins
in vivo at the COX-2 USEs, we
employed a system whereby we could

specifically tether these proteins to the COX-2 proximal
polyadenylation signal. We utilized the highly specific
binding of the bacteriophage MS2 19-nt RNA stem–loop
structure to a version of the MS2 coat protein that binds
the stem–loop but is no longer able to dimerize (Lykke-
Andersen et al. 2000). These researchers found that six
copies of the MS2 stem–loops worked well (J. Lykke-
Andersen, pers. comm.). We specifically engineered the
placement of these six MS2 stem–loops upstream of the
COX-2 proximal polyadenylation signal in our tandem
polyadenylation reporter vector, pCßS-COX-2 proximal
(Fig. 5A; see also Hall-Pogar et al. 2005). Constructs that
expressed MS2 fusion proteins were then prepared using
the PSF, p54nrb, PTB, U1A, and HIC proteins, to direct
tethered binding of these trans-acting protein factors to the
COX-2 proximal polyadenylation signal. HIC is a nuclear
RNA binding protein that binds specifically to the 39-UTR
of a protein called I-mfa (Young et al. 2003) and was used
as a negative control. Fusion proteins of the expected sizes
were easily detected by immunoblotting with anti-FLAG
tag antibody (data not shown).

Transient transfections were performed in order to assess
utilization of the wild-type COX-2 proximal polyadenyl-
ation signal in the presence of the MS2-PSF, -p54nrb, -PTB
and -U1A fusion proteins. HeLa cells were cotransfected

FIGURE 3. Specific proteins interact with the COX-2 USE oligoribonucleotide. (A) Sypro
Ruby stained gel from which protein bands were excised and submitted for MALDI TOF/TOF
analysis. Identified proteins are indicated on the right, molecular weight markers at left. (B)
Western blot analyses confirm that the identified proteins do interact specifically with the
COX-2 USE oligoribonucleotide and not a nonspecific oligo. Proteins bound to biotinylated
COX-2 USE oligo or a nonspecific oligo were isolated using streptavidin agarose followed by
extensive washing, then bound proteins were separated on a 12% SDS-PAGE gel and Western
blotted with antibodies as indicated to the right. HeLa nuclear extract (HeLa Nuc Ext) and
anti-c-myc antibody were used as controls.

Trans-acting factors and polyadenylation elements
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with each individual MS2 fusion protein expression plas-
mid and the COX-2 WT-MS2 reporter plasmid. Total RNA
was extracted from the cells after 24 h, and RNase pro-
tection assays were performed using the COX-2 proximal
antisense probe previously described (Hall-Pogar et al.
2005). We measured the utilization of the COX-2 proximal
signal relative to the BGH polyadenylation signal as an
internal control. Previously we have shown that the relative
utilization of the COX-2 proximal signal in this experi-
mental system is z25% in HeLa cell transfections (Hall-
Pogar et al. 2005). In this experiment we set the utilization
of the COX-2 proximal polyadenylation signal as a value of
1. Quantification of multiple independent experiments is
shown in Figure 5B. Transfection of the WT-MS2 reporter
plasmid alone did not change the utilization of the COX-2
proximal polyadenylation signal. This indicated that the six
MS2 stem–loops did not influence 39-end processing at the
COX-2 polyadenylation signal. Cotransfection with the
MS2 coat protein empty vector likewise did not affect
polyadenylation at the COX-2 proximal polyadenylation
signal. Cotransfection with MS2-PSF, p54nrb, PTB, and
U1A fusion proteins individually did increase the utiliza-
tion of the COX-2 proximal polyadenylation signal (Fig.
5B). Therefore, each of the identified proteins that inter-
act with the COX-2 USE was able to enhance polyadenyl-
ation. The MS2-HIC fusion protein, which served as a
negative control, was unable to affect the utilization of the
COX-2 proximal polyadenylation signal (Fig. 5B; Young
et al. 2003).

Next, we placed the MS2 stem–loops
upstream of the COX-2 polyadenylation
signal that contained mutations in each
of the three previously described USE
sequence elements (Triple mutant [TM])
(Fig. 5A; see also Hall-Pogar et al. 2005).
This TM-MS2 reporter plasmid was also
cotransfected with the fusion protein
expression plasmids as described above.
In this experiment, utilization of the
COX-2 TM proximal polyadenylation
was z60% less than that of COX-2
wild-type (WT) proximal polyadenyl-
ation signal, as expected from our pre-
vious results (Hall-Pogar et al. 2005).
The MS2 binding sites in this tethering
assay should compensate for the absence
of the cis-acting elements in this exper-
iment. We observed an approximately
fourfold increase in polyadenylation at
the mutant COX-2 proximal signal when
MS2-PSF, p54nrb, PTB, and U1A fusion
proteins were individually cotransfected
with the USE mutant reporter (Fig. 6).
Indeed, the tethered proteins were able
to increase polyadenylation at the

mutant COX-2 proximal signal to levels slightly higher than
those seen with the wild-type reporter. We concluded that
tethering these proteins to the USE mutant COX-2 poly-
adenylation signal abrogated the need for the USE sequence
elements.

Presumably, if these proteins act as a complex, then
transfection of one fusion protein should be able to recruit
other binding partners to interact at the USE. We next
performed transfections of each of the MS2 fusion proteins
in HeLa cells, followed by immunoprecipitation using the
FLAG tag present at the N-terminal end of all the MS2
fusion proteins. After extensive washing of the coprecipi-
tated proteins, these proteins were separated by SDS-PAGE
analysis and transferred to nitrocellulose. The Western blot
was then probed with an antibody to PSF. As shown in
Figure 7, the MS2-U1A, p54nrb, and PTB fusion proteins
coprecipitated with PSF, but the MS2-HIC fusion protein
did not. We have also performed this experiment in other
combinations and obtained similar results (data not
shown). These data suggest that U1A, p54nrb, PTB, and
PSF may interact at the USE as a complex of proteins in
order to affect polyadenylation at the suboptimal COX-2
proximal polyadenylation signal.

DISCUSSION

We have previously shown that the COX-2 proximal
polyadenylation signal contains auxiliary cis-acting RNA
sequence elements upstream of the suboptimal AUUAAA

FIGURE 4. PTB interacts directly with U1A protein. (A) HeLa nuclear extracts were
incubated with the GST moiety alone (GST) or with GST-full length U1A protein. Bound
proteins were separated on a 12% SDS-PAGE gel and were assayed using Western blotting with
anti-GST antibodies (top) or with anti-PTB antibodies (bottom). Addition of RNase A did not
affect the U1A-PTB interaction (GST U1A + RNase). Molecular weight markers are indicated
to the left. (B) GST pull-down assays were performed in the presence of in vitro transcribed
and translated 35S methionine labeled PTB protein. GST fusion proteins used in this
experiment were the GST moiety alone (GST), GST full-length U1A (GST-U1A), or GST-
p54nrb (GST-p54). After incubation of the GST fusion proteins to the 35S PTB and
subsequently to the glutathione beads, extensive washing took place, and the bound proteins
were separated on a 12% SDS-PAGE gel. Any proteins bound to the glutathione-sepharose
beads when incubated alone with the 35S PTB were shown in the last lane (GSH beads).
Proteins were visualized by autoradiography.
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core upstream polyadenylation element, and that these
auxiliary sequence elements promote efficient utilization
of this polyadenylation signal (Hall-Pogar et al. 2005). We
have now shown that trans-acting protein factors can
specifically associate with these cis-acting RNA elements.
We have also demonstrated that tethering each of these

RNA binding proteins to the region upstream of the COX-
2 proximal polyadenylation signal abrogates the need for
the cis-acting RNA sequence elements since the tethering
assays in the USE mutant construct restored the same level
of polyadenylation signal use. This suggests that the
cis-acting USEs function to enhance polyadenylation of

FIGURE 5. MS2 tethering assays show that each protein can enhance polyadenylation. (A) Schematic of each protein fused to MS2 coat protein
and cotransfected with a reporter vector containing wild-type COX-2 proximal polyadenylation signal with MS2 stem-loop structures inserted
upstream. Only three stem-loops are depicted; actually six were inserted. (Bottom) Each individual MS2 coat protein fusion was also cotransfected
with a similar COX-2 construct that had the three USE elements mutated. (B) Quantification of RNase protection assays using cotransfections of
COX-2 wild-type reporter vector containing MS2 binding sites and individual MS2 coat-protein fusion proteins. Results are shown as relative
polyadenylation at the COX-2 polyadenylation signal, with usage of the COX-2 proximal polyadenylation signal set as a value of one. COX-2 WT
w/MS2 bind site, COX-2 proximal polyadenylation signal with six MS2 stem–loops inserted; WT-MS2 + MS2 empty, cotransfected with MS2 coat
protein vector alone; WT-MS2 + MS2 p54, cotransfected with MS2-p54nrb; WT-MS2 + U1A, cotransfected with MS2-U1A; WT-MS2 + PSF,
cotransfected with MS2-PSF; WT + MS2 PTB, cotransfected with MS2-PTB; WT-MS2 + HIC, cotransfected with MS2-HIC as a negative control.
Bars represent means 6SD, n = 7. Values were significantly different (two-tailed, two-sample t-test assuming unequal variances) from COX-2
proximal WT. *P < 0.001467.
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suboptimal poly(A) addition signals by recruiting trans-
acting protein factors that promote RNA cleavage and
polyadenylation.

The PTB-U1A protein–protein interaction shown here is
intriguing, especially since both proteins have previously
been shown to interact with USE-like sequence elements.
U1A has previously been shown to interact with the USEs
of SV40 (Lutz and Alwine 1994), while PTB has been
shown to interact with the USEs of the C2 complement and
lamin B2 genes and enhance 39-end formation (Moreira
et al. 1995, 1998; Brackenridge and Proudfoot 2000). A USE
found in the early polyadenylation signal of human papil-
lomavirus 16 was shown to interact with PTB as demon-
strated by UV-cross-linking assays (Zhao et al. 2005). In
addition, PTB has also been shown to compete with CstF
for binding to the core downstream element (Castelo-
Branco et al. 2004). When PTB binds in this fashion it is
able to inhibit the polyadenylation and cleavage reaction,
presumably because CstF can no longer bind (Castelo-
Branco et al. 2004). Finally, coordinate expression of U1A
and PTB has previously been reported in a number of
human tissues, suggesting that these two proteins may regu-
late polyadenylation across cell types (Zhang et al. 2005).

On the basis of the binding of PSF, p54nrb, PTB, and
U1A proteins to the USEs of the COX-2 proximal poly-
adenylation signal, and from our coimmunoprecipitation
assays, we suggest that these proteins may work together as
a complex to regulate the usage of this polyadenylation

signal. The COX-2 39-UTR is large and contains not only
multiple polyadenylation signals, but also many stability
elements. Therefore, this example of alternative polyade-
nylation could result in mRNAs with different stabilities.
Because PTB and U1A have previously been shown to
interact with USE-like sequences (Lutz and Alwine 1994;
Brackenridge and Proudfoot 2000), and p54nrb and PSF
play a key role in 39-end processing events (Liang and Lutz
2006), it is quite possible that in this instance they interact
to recruit or stabilize the polyadenylation factors on the
suboptimal COX-2 proximal polyadenylation signal (Fig. 8).
This may also explain why, in the nonmutant USE

FIGURE 7. Immunoprecipitation of individual transfected FLAG-
tagged proteins coprecipitate PSF. Individual transfections were
performed using FLAG-tagged MS2 protein constructs as indicated
at the top. Immunoprecipitations were performed using a FLAG-tag
antibody, and following separation of precipitated proteins on a 12%
SDS-PAGE gel, the gel was Western blotted using anti-PSF antibodies.

FIGURE 6. MS2 tethering abrogates the need for the cis-acting USE elements. Same as Figure 4B but the COX-2 proximal polyadenylation signal
reporter contained mutations in all three COX-2 USEs (Triple mutation [TM]) so that each USE was mutated (n = 6; Hall-Pogar et al. 2005).
Values were significantly different (two-tailed, two-sample t-test assuming unequal variances) from COX-2 proximal WT. *P < 0.02915 and from
COX-2 TM, +P < 0.001076.
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constructs, tethering each protein enhanced polyadenyla-
tion (Fig. 5B). Moreover, the binding of these proteins to
the USEs may enhance the stability of CPSF and CstF
complexes on the polyadenylation signal core elements.
Therefore, if one or both elements of the core polyadenyl-
ation signal are nonconsensus in nature, the interaction of
these proteins could compensate for or enhance cleavage
and polyadenylation reactions.

This group of proteins acting as a complex to influence
polyadenylation at the COX-2 USEs is reminiscent of the
SF-A complex of proteins (O’Connor et al. 1997; Lutz et al.
1998; Liang and Lutz 2006). The SF-A complex has been
shown to contain PSF and p54nrb (Lutz et al. 1998; Liang
and Lutz 2006). In particular, p54nrb was shown to be
critical, since immunodepletions followed by reconstitution
experiments with recombinant p54nrb restored polyadenyl-
ation activity (Liang and Lutz 2006). PTB has not been
demonstrated so far to be a member of the SF-A complex;
however, its molecular size (55 kDa) is very close to that
of p54nrb, and this fact may have hampered its isolation
(Liang and Lutz 2006). Since all of these proteins are
functionally linked to the polyadenylation process (Castelo-
Branco et al. 2004; Liang and Lutz
2006), as well as play roles in mRNA
splicing, an interplay between these
RNA processing reactions could be
envisioned, since it is appreciated that
splicing and polyadenylation reactions
are coupled in vivo (for review, see
Maniatis and Reed 2002; Bentley 2005).

While this work was in progress,
work from the Kulozik group found a
similar group of proteins associated
with upstream U-rich elements in the
suboptimal polyadenylation signal of
the prothrombin (F2) gene (Danck-
wardt et al. 2007). While this group

found a larger number of proteins associated with their
upstream U-rich element by a method similar to ours, we
should point out that we occasionally also isolated addi-
tional proteins but these proteins were not reproducible in
our assays (data not shown). Our groups both believe that
perhaps this represents a more global mechanism to
regulate or facilitate usage of suboptimal polyadenylation
signals, and will provide rich ground for future studies on
the regulation of such signals.

MATERIALS AND METHODS

Plasmids

A fragment containing six stem–loop binding sites for MS2 was
obtained by cutting pcBwtB2–3MS2 (a gift from J. Lykke-
Andersen, University of Colorado, Boulder) with XbaI and NotI.
This fragment was blunted using an Epicentre End-It DNA repair
Kit according to the manufacturer’s protocol, and placed in the
BamHI site of the pCßS-COX2-prox and pCßS-COX2-tripleUSE-
mut constructs (Hall-Pogar et al. 2005) to create pCßS-COX2-
prox-MS2 and pCßS –tripleUSEmut-MS2, respectively.

The pcNMS-2-FLAG constructs (a gift from J. Lykke-Andersen)
were used for MS2 fusion protein construction. The FLAG tag is
N-terminal to the MS2 moiety. U1A cDNA with BamHI restric-
tion sites on both sides was PCR amplified from pGEX-2T-U1A
(Lutz-Freyermuth et al. 1990); primers used were 1 and 2 (see
Table 1). p54nrb cDNA with an XhoI restriction site on one side
and a NotI restriction site on the other side was amplified by PCR
using primers 3 and 4. The HIC cDNA fragment was digested
from the XhoI site of pGEX-6p-1-HIC (a gift from M. Mathews,
UMDNJ). Digested fragments were cloned into the correspond-
ing sites of the pcNMS-2-FLAG vector. pcNMS2-FLAG-PSF was
prepared by the following procedure: PCR-based site directed
mutagenesis using a QuikChange kit (Stratagene) was performed
on pcNMS2-FLAG with primers 5 and 6 to destroy the EcoRI site
inside of the MS2 reading frame so that the remaining EcoRI site
in the multiple cloning site was a unique EcoRI site. Then, PSF
cDNA fragment was digested from pET28a-PSF (a gift from
M. Konarska, Rockefeller University) at the EcoRI site and was
cloned into the mutated pcNMS2-FLAG vector. To make PSF cDNA
fragment in the right reading frame, another round of site directed

FIGURE 8. A model: proteins bound to USEs at the COX-2 proximal
polyadenylation signal may enhance polyadenylation at that signal by
recruiting or stabilizing core polyadenylation factors on the poly-
adenylation signal. The proteins we have found associated with
the COX-2 USEs are listed inside a large oval; since each protein
has been found to associate with each other and with USEs it is not
clear which one(s) may be in direct association with the polyadenyl-
ation machinery.

TABLE 1. Forward and reverse primers

Primer 1 Forward 59-CCGCGTGGATCCATGGCAGTTCCCGAGACCCG-39
Primer 2 Reverse 59-TATAGGATCCGTGCTACTTCTTGGCAAAGGAG-39

Primer 3 Forward 59-TATACTCGAGATGCAGAGTAATAAAAC TTT TAACTTG-39

Primer 4 Reverse 59-TATAGCGGCCGCCTATTAGTATCGGCGACGTTTGTTTGG-39

Primer 5 Forward 59-ATTTTCGCGACTAATTCCGAC-39
Primer 6 Reverse 59-GTCGGAATTAGTCGCGAAAAT-39

Primer 7 Forward 59-GCTTGGATCGAATTCCCTTGACCAC-39

Primer 8 Reverse 59-GTGGTCAAGGGAATTCGATCCAAGC-39

Primer 9 Forward 59-ATTTTCGCGACTAATTCCGAC-39
Primer 10 Reverse 59-GTCGGAATTAGTCGCGAAAAT-39

Primer 11 Forward 59-GGATCGAATTCGGGCCCAGAT-39

Primer 12 Reverse 59-ATCTGGGCCCGAATTCGATCC-39
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mutagenesis was performed to add an extra ‘‘A’’ before the start
codon of PSF cDNA. Primers used for site directed mutagenesis
to create this extra ‘‘A’’ were primers 7 and 8. To make the PTB
construct, PCR-based site directed mutagenesis (see below) was
performed on the pcNMS2-FLAG vector using primers 9 and 10 to
destroy the EcoRI site inside of the MS2 reading frame so that the
remaining EcoRI site in the multiple cloning site is a unique EcoRI
site. Then, PTB (gifts from L. Covey, Rutgers University and
J. Patton, Vanderbilt University) was digested with EcoRI and cloned
into the mutated pcNMS2-FLAG vector. To make PTB cDNA
fragment in the right reading frame, another round of site directed
mutagenesis was performed to delete an extra ‘‘C’’ (in the BamHI
site). Primers used for this mutagenesis were primers 11 and 12.

The plasmid pGEM4 (Promega) was digested with BamHI and
PstI. The pCßS-COX-2 proximal wild-type, nonspecific proximal
mutant and triple USE mutant were digested with BamHI and PstI
and then subsequently subcloned into digested pGEM4 vector.
Digestion of these plasmids with PstI gave templates for tran-
scription of RNAs used in UV-cross-linking assays. SV40 late
polyadenylation signal construct (SVL) was used as previously
described (Lutz and Alwine 1994).

In vitro transcription of RNA substrates

RNA transcripts for in vitro polyadenylation, in vivo polyadenyl-
ation assays, UV cross-linking, and RNase protection assays were
synthesized as previously described (Hall-Pogar et al. 2005; Liang
and Lutz 2006).

In vitro polyadenylation

HeLa nuclear extracts were prepared as described (Natalizio et al.
2002 and references therein) using HeLa cells purchased from the
National Cell Culture Center or grown in our laboratory. In vitro
polyadenylation assays using HeLa nuclear extract and labeled
substrate RNAs were performed as described previously (Natalizio
et al. 2002; Hall-Pogar et al. 2005).

Maintenance of mammalian cell culture

HeLa cells were maintained in DMEM (Sigma or Life Technol-
ogies) supplemented with 10% fetal bovine serum (Sigma) and
1% penicillin–streptomycin (Life Technologies).

MS2 tethering experiments

Transfection of HeLa cells was accomplished using 7 3 105 cells/
well in 60-mm plates using TransIT-LT1 reagent (Mirus). The
transfection cocktail consisted of 1.0 mg of pCßS-COX2prox-MS2
or pCßS–tripleUSEmut-MS2 and 0.5 mg of pMS2-fusion protein
construct individually. Plasmid DNA was diluted in 180 mL of
serum-free medium to which 6 mL of LT-1 was added and the
mixture was incubated at room temperature for 20 min. Follow-
ing addition of 1 mL complete medium to the transfection
mixture, medium on the cells was removed and replaced with
the entire transfection cocktail. After 24 h, cells were washed once
with 13 phosphate-buffered saline (PBS), then were scraped and
collected into 1 mL fresh PBS. Cells were then centrifuged at 7000
rpm for 5 min. PBS was aspirated and total RNA was extracted
immediately from the cell pellet using Trizol following the
manufacturer’s protocol.

Total RNA isolation and RNase protection assays

We have employed our tandem in vivo polyadenylation signal
reporter vector, pCßS, which contains the COX-2 proximal
polyadenylation signal or the triple USE mutant COX-2 upstream
of the bovine growth hormone (BGH) polyadenylation signal
(Hall-Pogar et al. 2005). To determine polyadenylation signal use
in vivo, total RNA from transfected cells was isolated and assayed
by RNase protection as previously described (Natalizio et al. 2002;
Hall-Pogar et al. 2005). The ratio of the COX-2 polyadenylation
signal utilized relative to the internal control, the BGH poly-
adenylation signal, was quantified using a Typhoon Phosphor-
Imager and ImageQuant software.

UV cross-linking assays

Each reaction was composed of HeLa nuclear extract and an in
vitro transcribed RNA substrate and contained equivalent
amounts of extract (50 mg), 1 3 105 cpm of labeled RNA, and
1 mM EDTA. Reaction volumes were equalized with 13 Buffer D
(20 mM HEPES at pH 7.9, 20% [v/v] Glycerol, 100 mM KCl, 0.2
mM EDTA, 1 mM PMSF, 1 mM DTT). Reactions were incubated
at 30°C for 15 min and then were irradiated with 254 nm UV light
for 10 min. Ten micrograms of RNase A were added to each
reaction and further incubated at 37°C for 15 min. Cross-linked
proteins were separated on 10% denaturing SDS-PAGE gels.
Visualization was performed using autoradiography or Phosphor-
Imager analysis.

The COX-2 USE 3 RNA oligoribonucleotide used in the UV
cross-linking competition assay was synthesized by Dharmacon
Research, Inc. and had the sequence 59-UUGUUUGAUUU
CUUAAAGU-39. The nonspecific RNA oligoribonucleotide used
in Figures 1, 2A,B was described previously (Natalizio et al. 2002).

Western blot analysis

Cell lysates were prepared by incubating 1.5 3 106 cells on ice for
30 min in a solution containing 1% NP-40, 150 mM NaCl, and
50 mM Tris-HCl (pH 8.0), plus phenylmethylsulfonyl fluoride
(50 mg/mL), leupeptin, aprotinin, and pepstatin A (each at 1
mg/mL). Proteins from the cleared lysate (75 mg) were separated by
10% SDS-PAGE, then transferred onto a nitrocellulose membrane
using a semi-dry transfer apparatus. The blot was then blocked
and probed as previously described (Liang and Lutz 2006).
Visualization of bound antibodies was accomplished by chemilu-
minescence using an ECL kit (GE Healthcare) and autoradi-
ography. Anti-PSF, anti-c-myc, anti-GST, and anti-p54nrb

antibodies were used at dilutions of 1:1000; anti-PTB and anti-
U1A antibodies were used at dilutions of 1:500; anti-CstF-64 and
anti-CPSF-73 were used at dilutions of 1:100.

Antibodies

p54nrb antibody was purchased from BD Transduction laborato-
ries (Pharmingen). PSF, anti-myc tagged 9E10, and FLAG tag
antibodies were purchased from Sigma; PTB and GST antibodies
were purchased from Santa Cruz Biotechnology. U1A antibody
310 was described previously (Lutz and Alwine 1994). CstF-64 and
CPSF-73 antibodies were gifts of C. MacDonald (Texas Tech
University) and D. Bentley (University of Colorado, Denver),
respectively.

Hall-Pogar et al.

1112 RNA, Vol. 13, No. 7

JOBNAME: RNA 13#7 2007 PAGE: 10 OUTPUT: Tuesday June 5 11:29:00 2007

csh/RNA/132400/rna5777



Immunoprecipitations followed by Western blotting

HeLa cells (7 3 105 cells/well) were transfected with 500 ng of the
MS2 fusion protein constructs as described above. After 24 h, cells
were washed with 13 PBS, scraped, and collected in 1 mL of 13

PBS. Centrifuged cell pellets were lysed using 300 mL mild lysis
buffer (50 mM Tris, 150 mM NaCl, 0.5% NP40), plus phenyl-
methylsulfonyl fluoride (50 mg/mL), leupeptin, aprotinin, and
pepstatin A (1 mg/mL each). Resulting extracts were precleared
with protein G beads (Gammabind Plus Sepharose, GE Health-
care) by adding 25 mL of washed beads and incubating at 4°C for
1 h. After removal of beads, 1 mL of FLAG M2 antibody was added
to the precleared extracts, which were then incubated at 4°C for
4 h Gammabind Plus Sepharose beads (25 mL) were added to the
reactions and then further incubated for 1 h at 4°C. Extracts were
washed three times with IP lysis buffer (50 mM Tris-HCl at pH
8.0, 150 mM NaCl, 1% NP-40) and once in 13 PBS. Pellets were
resuspended in Laemmli buffer and loaded on 12% SDS-PAGE
gels. Western blot analysis was performed as described above.

Biotinylated RNA pull down assay

The biotinylated RNA–streptavidin binding assay was performed
using the following reagents per reaction: 10 nmol biotin-RNA
oligo (Dharmacon) representing either COX-2 USE #3 (same
sequence as described above) or nonspecific oligo, 60 mL of HeLa
nuclear extract (10 mg/mL), 40 mL streptavidin sepharose high
performance beads (GE Healthcare), 1 mL RNasin, and 5 mg tRNA
(to decrease nonspecific interactions). Streptavidin sepharose
beads were washed with 200 mL cold 13 PBS three times and
50 mL Buffer D once and placed on ice until use. Twenty-five
microliters of beads were used to preclear HeLa nuclear extract by
gentle rocking for 15 min at room temperature. The extract was
centrifuged at 5000 rpm for 30 sec to remove the beads and the
supernatant was placed in a fresh tube. Next, the biotinylated
RNA oligo was added to precleared nuclear extract and the
reaction was incubated for 10–20 min at 30°C. A second set of
prewashed streptavidin beads was added to the mixture of RNA-
oligo-nuclear extract and the mixture was incubated on ice for an
additional 15–30 min. The reaction mixture was centrifuged for
5 min at 2500 rpm and the supernatant was removed for poly-
adenylation and UV-cross-linking experiments as the depleted
extract. The beads were washed with 200 mL PBS three times, and
30 mL of 23 Laemmli Buffer was added. The bead-bound protein
mixtures were boiled for 5 min and loaded onto a denaturing
SDS-PAGE gel.

Nonspecific biotinylated oligos used in Figure 2C had the
following sequences: NS1, 59-GGAUUAACUAAUUGAUACC-39;
NS2, 59-UUGUAUGCAUAUCUGAUCU-39; NS3, 59-GUCACGU
GUCACCUGUAUG-39, and were synthesized by Dharmacon
Research, Inc.

GST purification and pull-down assays

GST full-length U1A and full-length p54nrb fusion proteins were
expressed and purified as previously described (Gruda et al. 1993;
Lutz et al. 1996; Liang and Lutz 2006). GST pull-down assays were
performed using HeLa nuclear extract or TNT product as pre-
viously described (Liang and Lutz 2006). Bound proteins were
visualized by denaturing SDS-PAGE analysis and autoradiography.

Generation of in vitro transcribed/translated
protein products

To generate in vitro radiolabeled protein, the Promega TNT
Coupled Transcription/Translation System was used according to
the manufacturer’s protocol. The construct to make in vitro
transcribed and translated PTB was a gift from M. Garcia- Blanco
(Duke University).

Statistical analyses

Results are expressed as 6 SD of the mean. Two-tailed, two-
sample t-tests were also performed assuming unequal variances.

Mass spectrometry

Proteins were separated on SDS-PAGE gels and visualized using
fluorescent SYPRO Ruby protein stain. Protein bands were
excised, digested with trypsin, and analyzed by MALDI-TOF/
TOF by the Center for Advanced Proteomics, UMDNJ–New
Jersey Medical School.
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