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Abstract
Pancreatic cancer is the fourth leading cause of cancer death in the United States because most
patients are diagnosed too late in the course of the disease to be treated effectively. Thus, there is a
pressing need to more clearly understand how gene expression is regulated in cancer cells and to
identify new biomarkers and therapeutic targets. Translational regulation is thought to occur
primarily through non-SMAD directed signaling pathways. We tested the hypothesis that
SMAD4-dependent signaling does play a role in the regulation of mRNA entry into polysomes
and that novel candidate genes in pancreatic cancer could be identified using polysome RNA from
the human pancreatic cancer cell line BxPC3 with or without a functional SMAD4 gene. We found
that (i) differentially expressed whole cell and cytoplasm RNA levels are both poor predictors of
polysome RNA levels; (ii) for a majority of RNAs, differential RNA levels are regulated
independently in the nucleus, cytoplasm, and polysomes; (iii) for most of the remaining polysome
RNA, levels are regulated via a “tagging” of the RNAs in the nucleus for rapid entry into the
polysomes; (iv) a SMAD4-dependent pathway appears to indeed play a role in regulating mRNA
entry into polysomes; and (v) a gene list derived from differentially expressed polysome RNA in
BxPC3 cells generated new candidate genes and cell pathways potentially related to pancreatic
cancer.

Keywords
polysomes; differential gene expression; pancreatic cancer; BxPC3; SMAD4

INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in the
United States because most patients are diagnosed and treated too late in the course of the
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disease resulting in a 5-yr survival rate of less than 5% [1,2]. The reasons for the grim
statistics include lack of symptoms, a strong resistance to conventional treatments, and the
tendency for the cancer to metastasize to the lymphatic system, lung, liver, and other vital
organs. Although diagnostic approaches such as imaging and endoscopy continue to
improve, progress is still slow in the development of effective diagnoses and treatments [3].
Consequently, there is an urgent need to identify accurate diagnostic biomarkers and new
therapeutic targets and to more clearly understand the underlying biology of pancreatic
cancer.

At the molecular level, the etiology and progression of PDAC is complex and multi-faceted,
in which oncogenes are activated while tumor suppressor genes are lost. PDAC typically
harbors several mutated genes, including K-RAS, p53, p16, and SMAD4 [4]. SMAD4 is an
integral member of the transforming growth factor-beta (TGF-β) signaling pathway and is
mutated or deleted in 50% of PDACs [5,6]. The members of the SMAD family are divided
into three functional groups. R-SMADs (SMAD2 and 3) are receptor regulated transcription
factors, co-SMAD (SMAD4) translocates SMAD2 and 3 to the nucleus, and I-SMADs
(SMAD6 and 7) interact with SMADs2/3 and with the activated TGF-β type I receptor to
inhibit signaling. Following phosphorylation of SMAD2 or 3 at the carboxy terminus by the
TGF-β ligand/TGF-β type II/type I receptor complex, the R-SMADs partner with SMAD4,
translocate to the nucleus, and bind as a heterodimer to SMAD-response elements on
various gene promoters to regulate transcription. Thus, without a functional SMAD4, TGF-β
signaling is disrupted. In addition to the deletion or mutation of SMAD4 in PDAC, TGF-β,
and the SMAD6 and 7 inhibitors are often expressed at higher levels [4,7-9]. Thus, the
inhibition of cell cycle progression normally carried out by TGF-β signaling is rendered
ineffectual in many PDACs and other cancers.

TGF-β signaling may also play a role in the translational regulation of gene expression.
TGF-β signaling is known to induce epithelial to mesenchymal transition (EMT) during
development and cancer progression [10-13]. In a study of EMT using mouse NMuMG
cells, TGF-β signaling induced the phosphorylation of an mRNP protein (hnRNPE1) on two
mRNAs encoding two key EMT proteins (Dab2 and ILEI) and subsequent release from
translational inhibition [14]. The study also showed that TGF-β caused an increase in
polysome formation. Another study of the role of TGF-β signaling in EMT showed that
TGF-β induced a global increase in translation via activation of the mTOR pathway [15].
Both EMT studies concluded that the translational regulation by TGF-β signaling was via
non-SMAD pathways, that is, PIK3/AKT pathway, known to be activated by TGF-β.

The prevailing thought is that transcriptional and translational regulation is via SMAD-
dependent and SMAD-independent pathways, respectively [14,15]. Evidence from our
laboratory suggested that there are multiple regulation points in RNA expression influenced
by SMAD4-dependent signaling, in which we showed that differential RNA levels among
whole cell, nucleus, and cytoplasm were extraordinarily different in PDAC cells with or
without the SMAD4 gene [16]. To build on that, we wanted to test the hypothesis that
SMAD4 also had a role in regulating mRNA entry into polysomes. By characterizing
polysome RNA in two pancreatic cancer cell lines in which the sole difference was the
absence or presence of a functional SMAD4, we could determine whether a SMAD4-
dependent signaling carried out a role in the regulation of polysome RNA levels. We also
wanted to identify novel candidate disease-causing genes, biomarkers, pathways, and
therapeutic targets from the polysome RNA profiles that would not ordinarily be identified
by conventional approaches.

The premise that differential polysome RNA levels may be a rich source of new candidate
genes and pathways was that (i) except for relatively few examples, cell structure and

Thornley et al. Page 2

Mol Carcinog. Author manuscript; available in PMC 2013 December 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



functions are carried out by proteins, thus, the proteome provides a more accurate view of a
cell’s disease and functional states; (ii) because polysome RNA are those RNAs in the
process of translation into proteins, polysome RNA is representative of a cell’s proteome,
and (iii) therefore, polysome RNA profiles are an accurate reflection of the proteome and
may uncover new key genes involved in the underlying disease biology. The premise is
supported by a study of irradiated U87 cells that compared polysome RNA and whole cell
RNA levels to protein levels [17]. Using Western immunoblotting, 14 of 16 (87.5%)
proteins showed analogous changes to polysome RNA levels while whole cell RNA levels
showed little correlation.

An excellent model system in which to study the roles of SMAD-dependent TGF-β
signaling in pancreatic cancer is the BxPC3 pancreatic cancer cell line (SMAD4–/–, K-ras+/+,
p53 mutant), which was isolated from a PDAC patient [18]. In order to help define the role
of SMAD4 in pancreatic cancer, BxPC3 cells were engineered to express SMAD4
(SMAD4+), while BxPC3 cells harboring the corresponding sham vector (SMAD4–/–) were
engineered to serve as a control [19]. Using the BxPC3 cell lines, we present results showing
that differentially expressed cytoplasmic RNA and whole cell RNA levels are poor
predictors of polysome RNA levels; that polysome RNA levels are regulated via multiple
mechanisms; that in addition to non-SMAD TGF-β signaling pathways, mRNA entry into
polysomes is also regulated via SMAD-dependent signaling; and that polysome RNA
profiling may be a powerful means to identify new genes and pathways involved in disease
states and underlying biology.

MATERIALS AND METHODS
Cell Cultures

BxPC3 cells were grown in RPMI-1640, supplemented with 10% FBS, 100 U/mL penicillin,
100 μg/mL streptomycin, and 5% fungizone [19]. Cells were maintained in monolayer
cultures at 37°C in humidified air with 5% CO2, and cell numbers were determined by
counting the cells with a hemocytometer.

Nuclear and Cytoplasmic Fractionation
The nuclear and cytoplasmic fractions were isolated as described [16,19]. BxPC3 cells were
incubated for 30 min at 4°C in hypotonic buffer (20 mM HEPES, pH 7.6, 20% glycerol, 10
mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton X-100, 25 mM NaF, 25 mM β-
glycerophosphate, 1 mM phenylmethanesulfonyl fluoride (PMSF), 1 mM sodium
orthovanadate, 1 mM dithiothreitol, 1 μg/mL leupeptin, and 1 μg/mL aprotinin). Following
centrifugation at 1700 rpm for 5 min, supernatants were used for the cytoplasmic fraction.
The pelleted nuclei were washed with 1 × PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
sodium phosphate dibasic, 2 mM potassium phosphate monobasic, pH of 7.4) and incubated
for 10 min at 4°C in nuclear extraction buffer (hypotonic buffer containing 500 mM NaCl)
and cleared by centrifugation.

Polysome Isolation
The BxPC3 cells were harvested at 4°C, washed with 1× PBS containing 100 μg/mL
cycloheximide, and lysed in 1 mL of polysome buffer (10 mM Tris–HCl, pH 8, 140 mM
NaCl, 1.5 mM MgCl2, 0.5% NP-40, 10 mM dithiothreitol, 100 μg/ mL cycloheximide, 500
μg/mL heparin, 1 mM PMSF, and 500 U/mL RNasin [Promega, Madison, WI]). The lysates
were incubated for 10 min on ice, centrifuged at 10 000g at 4°C for 10 min, and 400–500 μL
of the resulting supernatant layered onto a 10–50% sucrose gradient (10% and 50% sucrose
in 10 mM Tris, pH 7.5, 1.5 mM MgCl2, 140 mM NaCl, 1 mM DTT, 100 μg/mL
cycloheximide, 0.5 μg/mL heparin [Sigma, St. Louis, MO]). The gradients were centrifuged
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at 164 000g at 4°C for 3.5 h in a Superspeed 630 rotor using a Sorvall Discovery 90SE
centrifuge (Thermo Scientific, Waltham, MA). Fractions (0.5 mL) were collected using a
Gilson gradient fraction collector system (Middleton, WI) with continuous monitoring at
A254 with a Bio-Rad UV monitor (Hercules, CA) and Windaq software (Akron, OH). The
fractions corresponding to polysome RNA (Figure 1) were pooled and prepared for RNA
purification.

RNA Purification
Cells and cell fractions were homogenized in TRIzol Reagent (Invitrogen Corp., Carlsbad,
CA). The RNA was further purified to remove heparin using a LiCl precipitation method
[20]. RNA purity, quantity, and quality were determined using a NanoDrop
spectrophotometer ND-1000 (Thermo Scientific) and Agilent Bioanalyzer 2100 (Agilent
Technologies, Santa Clara, CA) [21].

Microarrays
The RNA gene expression microarray experiments were carried out by the Dartmouth
Genomics & Microarray Laboratory (DGML). The HumanHT-12 v4 Expression BeadChip
array (Illumina, San Diego, CA) with approximately 47 000 annotated RefSeq derived
probes were used for the RNA profiling. Fluorescent images were obtained with an Illumina
500GX scanner in the DGML and processed with the BeadScan software (Illumina).
Following the accompanying protocol, reverse transcription was carried out using an
oligo(dT) primer bearing a T7 promoter and the high yield ArrayScriptTM reverse
transcriptase to make cDNA. The cDNA was made double-stranded with DNA polymerase,
and the dsDNA was purified to use as a template for in vitro transcription with T7 RNA
polymerase and the included biotin–NTP mix. The labeled cRNA was purified and 1.5 μg
used for hybridization to the beadarrays for 16 h at 55°C. Following hybridization, the
beadarrays were washed and stained with streptavidin–Cy3 (GE Healthcare, Piscataway,
NJ). Fluorescent images were obtained with an Illumina 500GX scanner in the DGML and
processed with the BeadScan software (Illumina).

Quantitative Polymerase Chain Reaction (QPCR)
QPCR analysis using SYBR green and designed primers (Table S1) was carried out as
described [22] to verify the microarray results (Table S2). Approximately 2 μg of total RNA
(the same RNA used for the microarrays) from the nucleus, cytoplasm, or polysomes was
used as template for cDNA synthesis. The QPCR reactions were preformed on a DNA
Engine Opticon Monitor System using software version 3.1 (Bio-Rad) set at 35–40 cycles.
Agarose gel electrophoresis showed that each PCR produced a single band of the predicted
size. Assays to determine DNA contamination were carried out by omitting reverse
transcriptase from the reactions. Except for the OAS1 gene, which encodes at least three
isoforms, the QPCR results were in agreement with the microarray results (Table S2).

Microarray Data Analysis
Four biological replicates per experimental condition were carried out. The data analysis
was carried out by performing Quantile normalization [23] without background correction to
pre-process the image files from the Illumina software and an intensity-based, modified t-
test [24] to characterize the significance level of each feature using limma R packages from
Bioconductor [25]. The data were also analyzed using Pathway Studio (Ariadne, Rockville,
MD) to generate gene lists with designated P values and false discovery rates (FDR)
[26,27]. Statistically significant, differentially expressed genes were annotated with
functional assignments to help determine category enrichment using the biological process
(BP-FAT) branch of the Gene Ontology (GO) database [28] via the DAVID program of the
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National Institute of Allergy and Infectious Diseases [29,30]. Venn diagrams of the
statistical results were constructed using the GeneVenn software package [31]. Lists of all
the differentially expressed genes from whole cells, nucleus, cytoplasm, and polysomes are
shown in Tables S3-S8. The network associations among the proteins encoded by the
differentially expressed genes of the polysomes were drawn using Pathway Studio [32].

RESULTS
Cytoplasm RNA Levels and Whole Cell RNA Levels Are Both Poor Predictors of Polysome
RNA Levels

The SMAD4 gene is deleted in the human pancreatic cancer cell line BxPC3 [18]. To help
define the role of SMAD4 in pancreatic cancer, BxPC3 cells were engineered to express
SMAD4 (SMAD4), while BxPC3 cells harboring the corresponding sham vector
(SMAD4–/–) were engineered to serve as a control [19]. We followed the scheme shown in
Figure 1A to determine differentially expressed RNA levels in polysomes between sham and
SMAD4+ BxPC3 cells. Cell lysates from cultures grown to 80% confluence were placed on
10–50% sucrose gradients, and the polysomes were resolved by ultracentrifugation.
Polysomes from four sham and four SMAD4+ BxPC3 biological replicates were examined.
Fractions of RNA representing the heavier two-thirds of the polysomes (those polysomes
under the bracket in Figure 1A) were pooled, purified, and prepared for microarray analysis.
Representative polysome profiles are shown in Figure 1B and C. Intact polysomes were
isolated because treatment with 100 μM EDTA, which chelates Mg++ necessary for
polysome formation [33], disassociated the polysomes to form exclusively the 40S and 60S
ribosomal subunits (Figure 1D).

In order to accurately measure steady-state RNA levels at each stage of gene expression, all
passages of the BxPC3 cells were cultured continuously in RMPI-1640, supplemented with
10% FBS, without addition of TGF-β. The omission of TGF-β in the culture medium
ensured that RNA levels at each point of gene expression were at steady-state levels
allowing valid comparisons. Addition of TGF-β would have perturbed cellular systems such
that steady-state RNA levels at the whole cell, nuclear, cytoplasmic, and polysome levels
would have peaked at different and difficult to determine times. The profiling of
differentially expressed polysome RNA between sham and SMAD4+ BxPC3 cells allowed
us to ask several questions. Because whole cell RNA levels poorly correlate with protein
levels [34-37], we reasoned in turn that if polysome RNA is representative of the proteome
then there should also be poor correlation between whole cell RNA and polysome RNA
levels. We had already shown that there was little association between cytoplasmic RNA
levels and whole cell RNA levels in BxPC3 cells [16]. The first question asked was whether
cytoplasm RNA levels are representative of polysome RNA levels. Of the 1091
differentially expressed polysome RNAs (P-value 0.05), only 27 (4.7% of differentially
expressed genes from cytoplasm) and nine (3.7% of differentially expressed genes from
whole cells) differentially expressed genes were shared between the polysomes and
cytoplasm and between the polysomes and whole cell, respectively (Table 1, Figure 2).
Thus, although there is little correlation between whole cell and cytoplasm RNA levels [16],
there was also little correlation between polysome RNA and cytoplasm RNA levels, and the
differential RNA levels of the cytoplasm were no better in predicting polysome RNA levels
than were whole cell RNA levels.

RNA Levels Are Differentially Regulated at Multiple Cellular Junctures
The second question asked was whether polysome RNA levels are differentially regulated.
Differential gene expression profiles from the nucleus, cytoplasm, and polysomes of sham
and SMAD4+ BxPC3 cells were compared. We found that the number of differentially
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expressed genes in the nucleus (9294) eclipsed those of the cytoplasm and polysomes (575
and 1091, respectively), and that the number and percentage of shared differentially
expressed genes between nucleus and cytoplasm were much greater than that of the
cytoplasm to polysomes (Figure 3). Of the 575 differentially expressed genes of the
cytoplasm, 316 of the genes were also differentially expressed in the nucleus (55%),
whereas, only 27 genes were shared with the differentially expressed genes of the polysomes
(4.7%).

Contrary to our expectation that a sizable proportion of the differential polysome RNA
levels would have originated from differential expression in the nucleus and cytoplasm, only
14 common genes were differentially regulated from nucleus to cytoplasm to polysomes.
Lists of all the unique and shared genes between and among the nucleus, cytoplasm, and
polysome are displayed in Table S9. The surprise was the relatively large number and high
percentage of shared genes between the nucleus and polysomes (but not cytoplasm). Over
half of the differentially expressed genes in the polysomes (54%, 593 of 1091) were also
differentially expressed in the nucleus. From these results, we concluded that (i) there is
extensive and independent gene regulation in the nucleus, cytoplasm, and polysomes and (ii)
a large proportion of differentially expressed RNAs in polysomes are “tagged” in the
nucleus to directly enter the polysomes once transported to the cytoplasm.

Biological Processes and Pathways
The third question asked was whether there was any commonality in the cell pathways
encoded by the differentially expressed RNAs of the nucleus and cytoplasm to that of the
polysomes. Pathway analyses of the significantly changed genes from the different cell
compartments were performed using the biological process (BP-FAT) branch of the GO
database [28] to identify enriched cellular pathways. Tables S10 (P-value 0.02) and S11 (P-
value 0.05) lists the complete, shared, and unique GO BP-FAT based biological processes
for the nucleus, cytoplasm, and polysomes.

As with the genes, in which there were relatively few shared differentially expressed genes
among polysomes, nucleus, and cytoplasm; similarly, there were relatively few shared
biological processes (Figure 4). For example, there were 593 differentially expressed genes
shared between the nucleus and polysomes, which represented 6% and 53% of the total
number of differentially expressed genes in the two cellular compartments, respectively.
Likewise, there were 26 GO biological processes shared between the nucleus and polysome
compartments representing 5% and 67% of the respective cell compartments. Thus, as with
the differentially expressed genes in the nucleus, cytoplasm, and polysomes, the encoded
proteins were in large part unshared between cell compartments. In regard to the polysomes,
the analysis revealed that (i) RNA processing pathways dominated in total polysomes, (ii)
translation dominated the pathways of those unique to polysomes, and (iii) protein and RNA
processing were the dominant pathways in those shared between nucleus and polysomes
(Tables S10 and S11).

New SMAD4-Dependent BxPC3 Genes
Almost all published studies using high-throughput microarray approaches rely on RNA
from whole cells in the belief that whole cell RNA is a valid measure of steady-state mRNA
levels [16]. In a study to determine whether whole cell RNA is indeed representative of
steady-state mRNA levels, we showed that nuclear RNA greatly distorts mRNA profiles and
that precise mRNA profiling is possible only by the preparation of unadulterated
cytoplasmic RNA [16]. A comparison of relative RNA levels for the 25 genes with the
greatest fold change in differential expression between polysomes and the conventionally
used whole cells (Table 2) illustrates how disparate the results can be for different RNA
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sources from the same cells. Two points can be made. One, there are no shared genes
between polysomes and whole cells, and two, the differential changes are much more
pronounced in the polysomes. Thus, depending on the RNA source, very different results are
obtained. For example, NEDD8, which encodes a ubiquitin-like protein involved in many
cancers [38], is one of the genes that would have been identified as a differentially expressed
gene using polysome RNA but would have been missed using whole cell RNA. The marked
increased of NEDD8 expression in sham cells to that of SMAD4-expressing cells suggests
that SMAD4 suppresses NEDD8 levels and that SMAD4 may interfere with tumor
progression, in part, by attenuating NEDD8-mediated activation of cullin-RING ubiquitin
E3 ligases which are known to promote cancer cell survival [39].

Network analysis of the proteins encoded by the differentially expressed genes of the
polysomes showed known key players involved in PDAC (Figure 5). For example, the
relative RNA levels of the MYC and K-RAS genes were greater in the Sham versus
SMAD4–/– BxPC3 cells; while the RNA levels of the WNT16, GLI1, and BCL genes were
lower [40]. Two novel genes revealed by the network analysis that were highly differentially
expressed and maybe worthy of further investigation were SRF (+2.31-fold) and POLE3
(+5.24-fold). The SRF (serum response factor) gene is a transcription factor found in all
tissues involved in the regulation of hundreds of genes [41]. SRF is usually associated with
cardiac and skeletal muscle development and angiogenesis; however, SRF inactivation in
the pancreas leads to severe pancreatitis [42], which is often a precursor to PDAC. The
POLE3 (polymerase-DNA directed, epsilon 3, p17 subunit) gene is regulated by MYC [43]
and is part of a complex with ACF1 involved in the repair of DNA double-strand breaks
[44], and its dysregulation may contribute to the genomic instability found in BxPC3 cells
and PDAC.

A portion of the studies reported here was a replication of earlier work. In the earlier study,
we attempted to determine whether whole cell RNA was an accurate representation of
cytoplasm steady-state mRNA levels [16]. Using the Agilent microarray platform (Agilent
Technologies), we showed that whole cell RNA did not accurately measure steady-state
mRNA levels because the nuclear RNA contribution strongly biased the results, and that the
cytoplasm RNA fraction produced a more precise mRNA steady-state profile. For the
current study, the Illumina bead array system (Illumina) was used with the same nucleus,
cytoplasm, and whole cell RNA preparations (Figure 6A and B). Although the numbers and
proportions of differentially expressed genes for the two microarray platforms are markedly
different for some of the cell fractions, for example, the nucleus, it was reassuring that the
same conclusions could be drawn from both studies. That is, the RNA profiles for the whole
cell and cytoplasm fractions are very different, and the nuclear RNA has a large impact on
the whole cell RNA profile.

DISCUSSION
A major intent of our work was to identify novel genes and pathways that may be involved
in pancreatic cancer. Based on the premise that the proteome is a better measure of a cell’s
disease state than the transcriptome, we sought to determine the differential expression of a
subset of cytoplasmic RNAs that are in the active process of being translated, that is, the
polysomes. Thus, polysome profiling using microarrays was carried out that revealed new
genes and pathways that may play a role in pancreatic cancer. Table 2 lists the genes with
polysome and whole cell RNA levels of the greatest fold change. Most of the genes
differentially expressed in polysomes would not have been detected with conventionally
used whole cell RNA, including the NEDD8 and POLE3 genes described above.
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We found as with whole cells, there were few shared differentially expressed genes between
cytoplasm and polysomes. This result was somewhat of a surprise. As described above,
there is little association between whole cell and cytoplasm RNA levels [16], and it has been
long known that whole cell RNA levels and protein levels are poorly associated [34-37]. We
reasoned that these results may be indicative of a positive association between cytoplasm
RNA and polysome RNA levels, especially given the fact that the polysomes reside in the
cytoplasm. Instead, we found that the correlation between cytoplasm and polysomes was
one of the weaker associations. These results are similar to results we obtained using vehicle
control versus dioxin-treated mouse Hepa1c1c7 cells [45].

TGF-β signaling is fully functional in SMAD4-expressing BxPC3 cells [19], and the only
known difference between the two BxPC3 cell types used in our studies is the presence of a
functional SMAD4 gene. Therefore, on the findings reported here, we concluded that
SMAD4-dependent activity has a large impact on all levels of differential gene expression,
including polysomes. This conclusion is supported by a study showing that gene expression
in pancreatic cancer cells (as well as another cell type) have SMAD4-dependent and
SMAD4-independent sets of genes regulated by TGF-β signaling [46]. Although the study
used a different pancreatic cancer cell line (Colo-357) and were exposed to TGF-β, three of
the SMAD4-dependent, differentially expressed genes were identified in our work and
expressed in polysomes (FOXQ1) and whole cells (TGM1 and PCDH7). It should be kept in
mind that BMP-induced signaling of the TGF-β pathway may also contribute to the multi-
layered regulation of SMAD4-dependent gene expression [47].

Our studies also showed that for many genes, RNA expression at the level of the nucleus,
cytoplasm, and polysomes appear to be regulated independently (Figures 3 and 4), again,
similar to results we obtained with the mouse Hepa1c1c7 - cells [45]. The findings suggest
that the independent control of gene expression at multiple cell junctions may be
widespread. The categorized genes in Figures 3 and 4 were sorted further and are shown in
Table 3, which lists the nine possible combinations of the relative nuclear and cytoplasmic
RNA levels and corresponding genes associated with an increase or decrease in polysome
RNA levels. Two major classes of differentially regulated polysome RNAs were identified.
Those polysome RNAs in which there was an association between an increase in nuclear
RNA levels and an increase (62.1%) or decrease (34.7%) in differentially expressed
polysome RNA levels; and those RNAs regulated independently at the polysome level
(44.5% of total differentially expresses polysome RNAs). RNAs regulated similarly among
nucleus, cytoplasm, and polysomes (0.2%), and RNAs regulated similarly between
cytoplasm and polysomes (1.5%) were rare. There was a modest association between a
decrease in nuclear RNA levels and a decrease in differentially expressed polysome RNA
levels (9.2%).

The two major polysome RNA classes described above are illustrated by the models
presented in Figure 7, in which a single representative RNA species in a given polysome
RNA class is depicted. Model 1 (Figure 7A) represents those RNAs with the largest number
of polysome RNAs. These polysome RNAs showed an association between an increase in
nuclear RNA levels and an increase or decrease in polysome RNA levels. The results
suggest that these polysome RNAs are somehow “tagged” in the nucleus for polysome entry
or for the blockage into polysomes. The apparent nuclear mRNA tagging could be based on
the status of the 3′ terminus poly (A) tract [48]; miRNA targeting [49]; and/or via specific
sequence motifs, such as internal ribosome entry sites that are utilized in stress responses
[50], possibilities we are currently investigating. Model 2 (Figure 7B) represents those
RNAs regulated independently at the polysome level. A large proportion of polysome RNAs
(44.5%) were differentially expressed only in the polysomes but not nucleus and cytoplasm.
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How are polysome RNA levels regulated? It is well known that cell location plays a large
role in the regulation of gene expression [51]. In a study of liver regeneration in rats, at least
85 miRNAs were associated with three different polysome types (free, cytoskeleton-bound,
and membrane-bound), and differential protein expression of c-Myc and p53 among the
different polysome populations appeared to be due, at least in part, to regulation by miRNAs
[49]. Other studies using genome-wide approaches to examine mRNA and protein levels in
parallel showed that miRNA can repress the expression of many proteins by directly
repressing translation without affecting mRNA levels, although the same studies found that
for the majority of mRNAs, the major effect of miRNAs on mRNA expression is by
promoting mRNA turnover [52-54].

The loss of SMAD4 may directly impact other points of gene expression as well as
polysome RNA levels. TGF-β and BMP signaling was shown to induce DROSHA in the
processing of pri-miR-21 and pri-miR-199a in human smooth muscle cells [55]. Later
studies showed that the post-transcriptional processing for as many as 20 pri-miRNAs are
regulated by the direct interaction of R-SMADs to a consensus sequence called R-SBE in
the stem region of pri-miRs [56]. The authors speculated that R-SMAD/SMAD4 complexes
are preferentially recruited to DNA to regulate transcription and that SMAD4-independent
R-SMADs are preferentially recruited to pri-miRNAs and other RNAs to regulate DROSHA
processing and other events. R-SMADs can bind to both DNA and RNA, as a result, R-
SBE-containing pri-miRNAs may interfere with SMAD-mediated transcription by
sequestering SMADs. In conclusion, it is easy to envision that the loss of SMAD4 in PDAC
and BxPC3 cells could drastically alter global gene expression at many levels and that
regulation of gene expression relies heavily on several SMAD4-dependent mechanisms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental design (A) and representative polysome profiles of SMAD4–/– (Sham) BxPC3
cells (B), SMAD4+ BxPC3 cells (C), and polysomes from SMAD4–/– BxPC3 cells treated
with 100 μM EDTA for 10 min (D). [Color figure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/journal/mc]
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Figure 2.
Venn diagram depicting the numbers of differentially expressed genes shared among the
cytoplasm, polysomes, and whole cells (A), between polysomes and cytoplasm (B), and
between polysomes and whole cells (C) from SMAD4–/– versus SMAD4+ BxPC3 cells.
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Figure 3.
The numbers of differentially expressed genes (DEGs) between, among, and exclusively of
the nucleus, cytoplasm, and polysomes from SMAD4–/– versus SMAD4+ BxPC3 cells shown
in a Venn diagram (A) and in the different cell compartments (B). The percentages in
parentheses are the percent of shared DEGs for the two corresponding RNA populations.
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Figure 4.
The numbers of differentially expressed genes (DEGs) and corresponding pathways derived
from Gene Ontology Biological Processes-FAT (BPs) in the different cell compartments
between and exclusively of the nucleus, cytoplasm, and polysomes in SMAD4–/– versus
SMAD4+ BxPC3 cells. The percentages in parentheses are the percent of shared DEGs and
shared BPs, respectively, for the two corresponding RNA populations.
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Figure 5.
Network map of key signaling pathways associated with PDAC and encoded by
differentially expressed mRNA from polysomes of SMAD4−/− versus SMAD4+ BxPC3 cells.
Pink shapes represent mRNAs expressed at relatively higher levels, those in green at
relatively lower levels, and those in gray are not differentially expressed (P-value ≤0.05).
Proteins and biological processes with blue halos represent a set of genes in a biological
process that include genes expressed at both relatively higher and lower levels. Values in
parentheses represent relative changes in RNA levels of greater than 1.2-fold. Fold changes
less than 1.2-fold are represented with a + or − sign preceding the gene symbol. Hexagon,
signaling protein; Rectangle, biological process; Diamond, ligand; Oval, small molecule;
Boomerang, kinase;
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, receptor;

, transcription
factor. [Color figure can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/journal/mc]
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Figure 6.
Venn diagrams depicting the numbers of differentially expressed genes between, among,
and exclusively of the cytoplasm, polysomes, and whole cells from SMAD4–/– versus
SMAD4+ BxPC3 cells using the Agilent microarray platform (A) and the Illumina bead
array platform (B).
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Figure 7.
Models depicting how differentially expressed polysome RNA populations may be
distributed in the cell. A single RNA species is depicted in each model to be representative
of a given polysome RNA population. Model 1 (A) represents the common RNAs
differentially regulated between nucleus and polysomes but not cytoplasm (579/1091 =
53.1%). Model 2 (B) represents those RNAs regulated independently at the polysome level
and are differentially expressed only in the polysomes but not nucleus and cytoplasm
(485/1091 = 44.5%).
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Table 1

Differential RNA Levels From the Whole Cell, Nucleus, and Cytoplasm Compartments Are All Poor
Predictors of Differential Polysome RNA Levels

Relative RNA level measurement

Cell compartment

Whole cell Nucleus Cytoplasm Polysomes

Number of differentially expressed genes
 (P-value <0.05)

241 9294 575 1091

Number of differentially expressed genes shared
 with polysomes (percentage of differentially
 expressed genes shared with polysomes)

9 (3.7) 593 (6.4) 27 (4.7) NA

Number of differentially expressed genes shared
 with polysomes with same fold change
 direction (percentage of differentially
 expressed genes with same fold change of
 polysomes)

2 (0.8) 124 (1.4) 8 (1.4) NA

Number of differentially expressed genes shared
 with polysomes with opposite fold change
 direction (Percentage of differentially
 expressed genes with opposite fold change of
 polysomes)

7 (2.9) 469 (5.0) 19 (3.3) NA

NA, not applicable.
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Table 2

Top 25 Differentially Expressed RNAs in Polysomes and Whole Cell of Sham Versus SMAD4+ BxPC3
Pancreatic Cancer Cells (P-Value <0.05)

Polysomes Whole cell

Gene symbol Sham/SMAD4+
fold change Gene bank IDs Gene symbol Sham/SMAD4+

fold change Gene bank IDs

HMGN1a 7.70 NM_004965 COBL 1.81 NM_015198

RPS27 7.03 NM_001030 TLN2 1.79 NM_015059

NQO1b 6.12 NM_000903 CDH5 1.65 NM_001795

SFRS6a 5.92 NM_006275 GFPT2 1.64 NM_005110

EEF1B2 5.72 NM_001037663 RTN1 1.55 NM_206857

C19orf2a 5.69 NM_134447 CSPG2 1.55 NM_004385

NEDD8 5.66 NM_006156 TBL1X 1.51 NM_005647

SNRPD2 5.61 NM_004597 LRIG1 1.47 NM_015541

ANP32Ba 5.53 NM_006401 RSAD2 1.45 NM_080657

SNRPG 5.35 NM_003096 IGFL1d 1.45 NM_198541

ATP5I 5.27 NM_007100 VIM 1.43 NM_003380

POLE3a 5.24 NM_017443 MCTP1 1.42 NM_001002796

TOMM7 5.21 NM_019059 GPR37 1.41 NM_005302

SS18L2 5.07 NM_016305 SGPP2 1.40 NM_152386

ATF4a 4.84 NM_001675 PCDHA13 1.37 NM_031865

TBCA 4.72 NM_004607 FLJ20701 1.36 NM_017933

C10orf116c 4.69 NM_006829 COL8A1 1.34 NM_001850

GLRX5a 4.67 NM_016417 BCL11B 1.34 NM_022898

EIF3S6a 4.65 NM_001568 OAS2d 1.34 NM_002535

POLR1D 4.61 NM_015972 BDKRB1d 1.33 NM_000710

C16orf61 4.52 NM_020188 SPINK5 1.32 NM_006846

HNRPDa 4.49 NM_031369 TMEM92 1.31 NM_153229

PRR13a 4.48 NM_018457 FLJ33860 1.30 NM_173644

C2orf26a 4.43 NM_023016 TFF2 1.30 NM_005423

SHFM1 4.31 NM_006304 SUSD2 1.29 NM_019601

a
Also differentially expressed in the nucleus.

b
Also differentially expressed in the nucleus and cytoplasm.

c
Also differentially expressed in the cytoplasm.

d
Also differentially expressed in polysomes.
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Table 3

Number of Genes With Similar and/or Dissimilar Differential RNA Expression Levels Among Cell
Compartments in SMAD4–/– Versus SMAD4+ BxPC3 Cells (P-Value ≤0.05)

Cell compartments
↑ Polysome
RNA levels Percent

↓ Polysome
RNA levels Percent Total Percent

Nuc↑, Cyto↑  1 0.2  9 1.6 10 0.9

Nuc↑, Cyto↓  2 0.4  0 0 2 0.2

Nuc↑, Cyto↔ 319 62.1 200 34.7 519 47.6

Nuc↓, Cyto↑  0 0  0 0 0 0

Nuc↓, Cyto↓  2 0.4  0 0 2 0.2

Nuc↓, Cyto↔  7 1.4 53 9.2 60 5.5

Nuc↔, Cyto↑  4 0.8  3 0.5 7 0.6

Nuc↔, Cyto↓  3 0.6  3 0.5 6 0.5

Nuc↔, Cyto↔ 176 34.2 309 53.6 485 44.5

Total 514 100 577 100 1091 100

↑, relative increase in RNA levels in SMAD4–/– versus SMAD4+ BxPC3 cells; ↓, relative decrease in RNA levels in SMAD4–/– versus SMAD4+

BxPC3 cells; ↔, no difference in RNA levels between SMAD4–/– versus SMAD4+ BxPC3 cells.
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