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Abstract
Mediator complex subunit 29 (MED29) is part of a large multiprotein coactivator complex that
mediates regulatory signals from gene-specific activators to general transcription machinery in
RNA polymerase II mediated transcription. We previously found that MED29 is amplified and
overexpressed in pancreatic cancer and that MED29 silencing leads to decreased cell survival in
PANC-1 pancreatic cancer cells with high MED29 expression. Here we further demonstrate
decreased migration, invasion and colony formation in PANC-1 cells after MED29 silencing.
Unexpectedly, lentiviral-based overexpression of MED29 led to decreased proliferation of NIH/
3T3 cells as well as MIAPaCa-2 pancreatic cancer cells with low endogenous expression. More
importantly, subcutaneous inoculation of the MED29-transduced pancreatic cancer cells into
immuno-compromised mice resulted in dramatic tumor suppression. The mock-control mice
developed large tumors, whereas the animals with MED29-xenografts showed both decreased
tumor incidence and a major reduction in tumor size. Gene expression analysis in the MED29-
transduced pancreatic cancer cells revealed differential expression of genes involved in control of
cell cycle and cell division. The observed gene expression changes are expected to modulate the
cell cycle in a way that leads to reduced cell growth, explaining the in vivo tumor suppressive
phenotype. Taken together, these data implicate MED29 as an important regulator of key cellular
functions in pancreatic cancer with both oncogenic and tumor suppressive characteristics. Such a
dualistic role appears to be more common than previously thought and is likely to depend on the
genetic background of the cancer cells and their surrounding environment.
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Introduction
Pancreatic cancer is a highly aggressive malignancy and one of the leading causes of cancer
deaths. The disease is typically diagnosed at an advanced stage when curative surgery is no
longer possible and other currently available treatment options are also largely ineffective.
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Therefore, there is an urgent need for better understanding of pancreatic cancer pathogenesis
that might lead to more effective treatment strategies.

Transcriptional regulation is one of the most fundamental steps in controlling cellular
growth and differentiation.1 In eukaryotes, there are three main polymerase (Pol) enzymes
accounting for most DNA transcription. Pol I and III are responsible for transcription of
non-coding genes, such as those encoding for tRNAs, rRNAs, and various small RNAs,
whereas Pol II transcribes all coding mRNAs.2 Eukaryotic Pol II cannot initiate
transcription on its own but needs general transcription factors that help to position Pol II on
the gene promoter, the start site for initiation of transcription. General transcription factors
including TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH assemble on all Pol II driven gene
promoters and are thus necessary for Pol II mediated transcription.3 This process can be
further facilitated or repressed by gene-specific activators or repressors, respectively. Gene-
specific activator or repressor proteins bind distant from the transcriptional start site and
mediate their signal via coregulatory complexes such as the Mediator complex.2,4

The Mediator complex is a large multiprotein coactivator that was originally identified in
Saccharomyces cerevisiae when it was discovered that activators and the general
transcription machinery alone were not sufficient to activate transcription in vitro.5
Mediator acts as a link between transcriptional activators and the general transcription
machinery.6–7 More specifically, Mediator is recruited to gene promoters at the preinitiation
stage of transcription to facilitate the formation of the preinitiation complex (PIC).8 The PIC
is an inactive state of Pol II and general transcription factors that still needs an additional
conformational change to initiate transcription. Mediator has been reported to be essential
for both activated and basal transcription. There are supporting4,9 and opposing
evidence10–11 of Mediator acting as a general transcription factor. In other words, there is
no definitive consensus on the role of Mediator in transcription.

The structure and composition of the Mediator complex has been studied extensively and
mammalian Mediator is known to contain up to 30 different subunits.12–17 Structural
studies, mainly from Saccharomyces cerevisiae, suggest that the Mediator subunits are
organized into three distinct submodules: the head, middle, and tail.16,18 The MED29
(previously known as IXL) subunit is located in the head module of the Mediator complex
but its functional role is less well characterized.19 Human MED29 was originally identified
from an embryonic heart cDNA library.20 It is a homolog to Drosophila melanogaster
intersex which is a transcriptional regulator involved in female somatic sex determination.21
MED29 is one of the most highly conserved proteins across species and is widely expressed
in humans both during embryonic development and in adult tissues,20 thereby supporting its
essential role in transcriptional regulation.

We and others have previously shown that MED29 is recurrently amplified and
overexpressed in pancreatic cancer.22–23 We also demonstrated that its silencing leads to
decreased cell survival and increased apoptosis specifically in cells with MED29
amplification,22 implying that these cells are dependent on MED29 overexpression. In this
study, we further explored the functional role of MED29 in pancreatic cancer by generating
cell lines with stable MED29 overexpression. A genome-wide expression analysis was
performed to systematically identify the global transcriptional effects of MED29
overexpression, and mice xenografts were created to explore the in vivo consequences of
aberrant MED29 levels.
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Materials and methods
Cell lines

Human pancreatic (PANC-1, SU.86.86, Hs 700T, MIA PaCa-2) and breast cancer cell lines
(BT-474, MCF7), embryonic kidney cells (HEK 293T/17), and mouse embryonic fibroblasts
(NIH/3T3) were obtained from the American Type Culture Collection (Manassas, VA) and
grown under recommended conditions. Bacterial TOP10 Escherichia coli cells were
obtained from Invitrogen (Carlsbad, CA).

siRNA transfection
ON-TARGETplus SMART siRNA pool containing a mixture of four gene-specific siRNAs
for MED29 was obtained from Dharmacon (Lafayette, CO). A control siRNA targeting the
firefly luciferase gene (LUC) was purchased from Sigma (St Louis, MO). siRNA
transfection was performed using Interferin transfection reagent according to the
manufacturer's instructions (Polyplus Transfection, San Marcos, CA). The efficiency of
MED29 silencing was confirmed in each experiment using qRT-PCR.

Lentiviral constructs
MED29 cDNA clone in pT-REx-DEST31 plasmid (Invitrogen) was grown in TOP10 E. coli
cells (Invitrogen) and purified using QIAfilter Plasmid Maxi Kit (Qiagen, Valencia, CA).
MED29 insert was isolated by PCR amplification with two pairs of restriction primers,
producing gene products of 863 bp (MED29-1) and 675 bp (MED29-2). PCR products were
sequenced (ABI Prism 3100 DNA Sequencer, Applied Biosystems, Foster City, CA) and
confirmed to contain the entire MED29 coding sequence. BamHI and NedI restriction sites
were used to clone the inserts into the pWPI plasmid, which was co-transfected with Delta
8.9 and VSVG plasmids into HEK 293T/17 cells. The viral supernatant was harvested,
filtered, and concentrated by centrifugation. Mock constructs were constructed similarly,
only without the MED29 insert. The viral concentrate was diluted in polybrene to infect
NIH/3T3, Hs 700T, and MIA PaCa-2 cells. A successful transduction was confirmed by
visualizing GFP (included in the pWPI vector) and sustained MED29 expression was
confirmed at least every two weeks by qRT-PCR. All cell lines were established from
pooled clones.

Animals and tumor models
Six-week-old male athymic nu/nu mice were purchased from Harlan (the Netherlands). The
total number of mice was 40. Hs700T/MED29-1, Hs700T/mock, MIAPaCa2/MED29-1, and
MIAPaCa2/mock cells were inoculated subcutaneously into the flanks of the mice. Animal
welfare was monitored daily for clinical signs. Tumor measurements were performed twice
a week and the tumor volume was counted according to the formula of V=(π/6)(d1×d2)3/2,
where d1 and d2 are perpendicular tumor diameters. Mice were weighed and photographed
once a week. Hs 700T and MIA PaCa-2 tumor bearing mice were sacrificed 7 and 8 weeks
after inoculation, respectively. Tumors were exposed and photographed. The final size of the
tumors was measured with a caliper and the volume calculated as described.24 The animal
experiments were carried out according to the European Convention for the Protection of
Vertebrate Animals used for Experimental and other Scientific Purposes, Statutes 1076/85 §
and 1360/90 of The Animal Protection Law in Finland, and EU Directive 86/609. The
experimental procedures were reviewed by the local Ethics Committee on Animal
Experimentation at the University of Turku and approved by the local Provincial State
Office of Western Finland.
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Quantitative RT-PCR
Gene expression analyses were performed using the Light Cycler qRT-PCR equipment
(Roche Applied Science). Total cell line RNA was isolated using RNeasy Mini kit (Qiagen).
Tumor RNA was extracted by mechanical lysis using MagNA Lyser instrument (Roche
Diagnostics GmbH, Mannheim, Germany) and further purification by RNeasy Mini kit
(Qiagen). Superscript III reverse transcriptase (Invitrogen) was used for cDNA transcription.
Expression levels were normalized against housekeeping genes TBP (TATA box binding
protein) or GUSB (glucuronidase beta). Primers and probe sets for MED29 and TBP were
obtained from TIB MolBiol (Berlin, Germany). The Universal ProbeLibrary gene assay
(Roche Applied Science) was used for GUSB.

MED29 sequencing
PANC-1 and SU.86.86 cDNA was first amplified using primers: F-
cgggatccatgctgaaaagcaacgggga and R-ggaattccatatgctacagagtgcccccag. The PCR reaction
was performed using 1 μl cDNA, 5 μl of 10× PCR Gold Buffer, 4 μl of 25μM MgCl2, 1 μl
of dNTPs, 1 μl each of 10 μM sense and antisense primers, and 0.3 μl Amplitaq Gold DNA
polymerase (Applied Biosystems, Foster City, CA). The reaction was subjected to 35 cycles
of denaturation at 95°C for 30 seconds, annealing at 55°C for 1 minute, and extension at 72°
for 1 minute. PCR products were purified using Qiagen QIAquick PCR Purification Kit
according to the manufacturer's protocol (Qiagen Inc.). The cycle sequencing reactions were
carried out using Big Dye Terminator chemistry (Applied Biosystems) according to the
manufacturer's protocol and the sequencing was carried out using ABI 3100 sequencer
(Applied Biosystems).

Western blot
Cells were lysed, separated by SDS-PAGE and blotted as previously described.25
Immunodetection was performed using a custom-made MED29 primary antibody
(GenWayBiotech, San Diego, CA) and β-Tubulin 1 (Sigma-Aldrich Chemie GmbH) was
used as a loading control. The proteins were visualized by using a BM chemiluminescence
western blotting kit (Roche Diagnostics GmbH).

Cell proliferation and serum starvation assays
Proliferation assays were performed on 24-well plates and the cells were counted 24–120h
after plating using the Coulter Counter (Beckman Coulter, Fullerton, CA). Each assay
contained six replicates and was repeated at least twice. In serum starvation experiments,
NIH3T3/MED29 cells were grown in medium containing 1% FBS. For synchronization
experiments, MIAPaCa2/MED29 cells were starved in serum-free medium for 72h and their
accumulation to the G1-phase of the cell cycle was confirmed using flow cytometry.
Regular growth medium was then given to the cells and their growth was monitored for 96h
as indicated above.

Cell migration and invasion assays
Migration was studied by using cell culture migration chambers (BD Biosciences, Bedford,
MA) and invasion by using matrigel-coated invasion chambers (BD Biosciences) according
to the manufacturer's instructions. Images were captured from each membrane with Aperio
ScanScope® XT (software version 9; Aperio Technologies, USA) using a lossless image
format as primary output. The total area of migrated cells on a single membrane was
determined from four images by quantitation with the ImageJ software
(http://rsb.info.nih.gov/ij/). Each assay was performed in six replicates and repeated at least
twice.
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Soft agar assay
Cells were grown on 0.3% agarose on 6-well plates for 14 days. Images (six images per
well) were captured with Olympus IX71 microscope (Olympus Corporation, Tokyo, Japan)
using Capture Pro 6.0 program and the number and total area of colonies were quantified by
ImageJ software.

Statistical analyses
The Mann-Whitney test was used to statistically compare the medians of the different
groups in all experiments above.

Microarray-based gene expression profiling
Total RNA was extracted from MED29-overexpressing MIA PaCa-2 and Hs 700T, and
corresponding mock cells as described above. A 2100 Bioanalyzer (Agilent, Santa Clara,
CA) was used to measure the quantity and integrity of the RNA. Sample (MED29) RNA
was labeled with Cy5 and mock RNA with Cy3, and they were co-hybridized onto 44K
whole human genome oligonucleotide microarrays (Agilent) according to manufacturer's
two-color microarray based gene expression protocol. A total of six arrays (two biological
replicates corresponding to the two ME29 constructs and three technical replicates) were
done per cell line. The microarray slides were scanned by Agilent microarray scanner.

Microarray data analysis
Agilent Feature Extraction software (version 10.5.1.1) was used to transform the microarray
image into spot intensity data for the analysis. The preprocessing and analysis of the data
was done using the Limma package of Bioconductor.26–27 The raw data were preprocessed
by filtering out the spots flagged by the software as controls, saturated, non-uniformity
outliers or population outliers. Preprocessing of the data was continued through background
correction by normexp method with offset 5028 and normalization by loess normalization
method.29 The log ratio of normalized red (MED29) and green (mock) intensity values was
used as the representative value for each given probe. Replicate probes representing the
same mRNA were removed by taking their average. Differentially expressed genes were
identified by means of empirical Bayes with Benjamini-Hochberg adjustment for P-values.
30–31 The thresholds for differential expression were set at fold change of 1.5 and adjusted
P-value of 0.05. Clustering of the samples by hierarchical clustering method with correlation
distance and average linkage was conducted to examine the linkages between the samples.
The cellular networks and canonical pathways were generated through the use of Ingenuity
Pathway Analysis (Ingenuity® Systems, www.ingenuity.com). DAVID bioinformatics
resources32–33 were used to find enriched gene ontologies (molecular function, biological
process, and cellular component) among the differentially expressed genes.

Human Cell Cycle RT-PCR Array
Ready-to-use Profiler PCR plates (SA Biosciences, Frederick, MD) containing 84 cell cycle
related genes and 5 housekeeping genes were used. RNA from the cells and mice xenografts
was extracted as described above with an additional DNase treatment step. Total RNA was
transcribed into cDNA and PCR amplified according to manufacturer's instructions.
Experiments were performed using the Bio-Rad CFX96 equipment (Bio-Rad, Hercules, CA)
and analyzed with the PCR Array data analysis protocol (SA Biosciences). Expression
values for each gene were normalized using the average of the five housekeeping genes on
the same array.

Kuuselo et al. Page 5

Int J Cancer. Author manuscript; available in PMC 2012 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.ingenuity.com


Results
We previously reported the occurrence of MED29 amplification and concomitant high-level
mRNA expression in a subset of pancreatic cancer cell lines and primary tumors.22 To
extend these findings, we now demonstrate that MED29 amplification leads to elevated
protein expression in PANC-1 and SU.86.86 cells compared to cells without amplification
(Fig. 1a). We also searched for possible MED29 splice variants in these pancreatic cancer
cells with high mRNA expression but sequencing only revealed a single MED29 transcript
corresponding to that (NM_017592) in public databases. Our previous data revealed
decreased survival, manifesting as a G1 cell cycle arrest and increased apoptosis, after
MED29 silencing in PANC-1 cells with amplification.22 To extend these findings, we first
confirmed the reduced cell growth after MED29 siRNA treatment in PANC-1 cells (an 18%
average reduction in cell number as compared to control non-silencing siRNA, P=0.0022)
and then showed that similar growth suppression is also evident in another MED29
amplified cell line, SU.86.86 (26% growth reduction, P=0.0022, Fig. 1b). In addition,
MED29 protein levels were greatly reduced by siRNA treatment (data not shown). In
addition to the altered cell growth, MED29 silencing also inhibited colony formation of
PANC- 1 cells when grown in soft agar (Fig. 1c). Both the size and the number of colonies
was smaller in the MED29 silenced cells compared to cells treated with control siRNA
(P=0.0087). Cell migration (a 47% average reduction, P=0.0022) and invasion (a 43%
average reduction, P=0.015) were also significantly compromised in PANC-1 cells after
MED29 silencing (Fig. 1d). The efficacy of gene silencing was monitored by qRT-PCR
during each experiment and an average of 80–85% downregulation in MED29 mRNA level
was observed 48 hours after transfection, with this effect lasting at least 96 hours. Taken
together, silencing of MED29 expression in pancreatic cancer cells with high endogenous
expression due to gene amplification leads to attenuation of several cancer-associated
phenotypic characteristics.

To study the effects of forced MED29 expression in cells with no or low endogenous
expression, stable MED29-overexpressing cell lines were generated using a lentiviral based
system. MED29 was transduced into NIH/3T3 cells (referred to as NIH3T3/MED29) as well
as into Hs 700T (Hs700T/MED29-1 and Hs700T/MED29-2) and MIA PaCa-2 (MIAPaCa2/
MED29-1 and MIAPaCa2/MED29-2) pancreatic cancer cells. A highly increased MED29
mRNA and protein expression was achieved compared to empty vector (mock) controls
(Fig. 2a, b). The persistence of the increased expression level was monitored regularly
during the maintenance of the cells and at the end of each experiment by qRT-PCR. Based
on the visualization of GFP (which was expressed in line with MED29), MED29 was mainly
localized in the nucleus and to a smaller extend in the cytoplasm (data not shown), similarly
to what has been previously reported.20 We then followed the growth of the cells for four
days and observed that MED29 expression led to decreased number of NIH/3T3 cells (up to
a 17% reduction compared to mock control, P=0.0022) when cells were cultured in regular
growth medium (Fig. 2c). Interestingly, in low serum (1% FBS) conditions, the NIH3T3/
MED29 cells showed improved survival (30% increase in cell number, P=0.0286) compared
to mock transfected cells (Fig. 2d). At first it appeared that MED29 expression did not have
any consistent effect on the growth of the Hs 700T or MIA PaCa-2 cells in vitro (data not
shown). However, when MIAPaCa2/MED29 cells were synchronized to G1-phase of the
cell cycle prior to growth curve analysis, an up to 30% growth reduction as compared to the
mock cells was observed (Fig. 2e). Unfortunately, we were unable to synchronize the
Hs700T/MED29 cells. To conclude, forced MED29 expression has a context-dependent
effect on the proliferation of mice fibroblasts and also influences the proliferation of human
pancreatic cancer cells.
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To study the possible role of MED29 in in vivo tumor formation, Hs700T/MED29-1 and
MIAPaCa2/MED29-1 cells and corresponding mock cells were inoculated into the flanks of
nude mice and allowed to grow for seven (Hs 700T) or eight (MIA PaCa-2) weeks. The
tumor occurrence was 100%, 100%, 60%, and 90% in Hs700T/MED29, Hs700T/mock,
MIAPaCa2/MED29, and MIAPaCa2/mock bearing mice, respectively. In addition, there
was a striking difference in tumor size between MIAPaCa2/MED29 and MIAPaCa2/mock
mice (Fig. 3a, 3b). The MIAPaCa2/mock tumors had a clear exponential growth pattern
starting from day 20 of the experiment whereas MIAPaCa2/MED29 tumors showed hardly
any increase in size throughout the entire observation period (Fig. 3b). At the time of
sacrifice, the average volume of the MIAPaCa2/mock tumors was 13 times higher than that
of the MIAPaCa2/MED29 tumors (194 mm3 vs. 15 mm3). A similar but less dramatic
reduction in tumor growth was also seen in the Hs700T/MED29 mice (Fig. 3b) and the
average size of the Hs700T/mock tumors at the end of the study was 1.3-fold higher
compared to Hs700T/MED29 tumors (292 mm3 vs. 231 mm3). All tumors showed
vascularized morphology under macroscopic examination (Fig. 3a), thereby implying the
presence of functional angiogenesis. Finally, we confirmed sustained MED29 expression in
the tumors derived from MED29 transduced cells (data not shown). These data indicate
clearly that MED29 expression leads to tumor suppression in vivo.

To get an insight into the mechanisms of MED29 action, we examined global gene
expression levels in the MED29 transduced Hs 700T and MIA PaCa-2 pancreatic cancer
cells compared to the mock cells using Agilent 44K whole human oligonucleotide
microarrays. A total of 463 differentially expressed genes (≥1.5-fold change with adjusted
P-value <0.05) were identified (Supporting Information Table S1). Overall, there were more
downregulated genes (65%) than upregulated genes (35%) in the MED29 transduced cells.
Unsupervised hierarchical clustering of the differentially expressed genes revealed common
up- and downregulated gene clusters between MIAPaCa2/MED29 and Hs700T/MED29
cells (Supporting Information Figure S1, Table 1). As expected, the biological and technical
replicates of each cell line clustered together (Supporting Information Figure S1).

To study the biological meaning of the MED29-associated gene expression changes, we
retrieved gene ontology data on the differentially expressed genes. Several key processes
involved in cell cycle, cell division, mitosis, and chromosome segregation were enriched in
MED29-expressing cells (Supporting Information Figure S2, Table S2). Cellular component
analysis indicated that the differentially expressed genes showed enrichment in condensed
chromosomes, kinetochore, spindle, and microtubule cytoskeleton (Supporting Information
Figure S2), again implying that they have a central role in cell division. Genes that were
found in these enriched categories included CCNA2, CCNB2, CDK1, GTSE1, and CDKN2B,
all of which are well-known regulators of the cell cycle. CCNA2, CCNB2, CDK1, and
GTSE1 are cell cycle promoting genes and were all downregulated in MED29 expressing
cells, whereas CDKN2B, an inhibitory cell cycle regulator, was upregulated in MED29 cells.

To further understand the functional role of the genes whose expression is altered after
MED29 overexpression, we performed the Ingenuity Pathway Analysis on the differentially
expressed genes. The results identified a network associated with cell cycle, cancer, and
genetic disorder (Fig. 4). The highest enrichment among molecular and cellular functions
involved cell cycle, cell death, and cellular growth and proliferation. The cell cycle was
again the highest ranked among the top canonical pathways that were affected by MED29
expression. In summary, the pathway analysis on differentially expressed showed
enrichment of cell cycle associated cellular networks and functions.

To validate the microarray data, qRT-PCR was applied to analyze the expression levels of
84 known cell cycle genes both in MIAPaCa2/MED29 and Hs700T/MED29 cells. The qRT-
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PCR results were in good concordance with the microarray data and highlighted the same
set of cell cycle regulators (e.g., BAX, CCNF, CDC34, CDK2, CDK6, CDKN1A, GADD45,
and GTF2H1) as being differentially expressed. Next we wanted to explore whether
alterations in these cell cycle regulators also occurred in the xenograft tumors derived from
these cell lines. In MIAPaCa2/MED29 tumors, the qRT-PCR analysis revealed 12
differentially expressed genes (at least 1.5-fold change as compared to mock tumors, Table
2). The great majority of these (11 out of 12) were downregulated. Genes that were
commonly downregulated in both MIAPaCa2/MED29 xenografts and the parental cell line
included CCND2, CDC16, CDK6, HERC5, and RBBP8. The only upregulated gene in the
MIAPaCa2/MED29 xenografts was CDKN2B, a negative regulator of the cell cycle, and it
also showed elevated expression in the parental MIAPaCa2/MED29 cells. In Hs 700T cells
and xenografts, the differences in cell cycle gene expression levels between MED29 and
mock cells were not as prominent. There were only five differentially expressed genes in
Hs700T/MED29 tumors compared to mock tumors (Table 2). ANAPC4, ATR, CDK4, and
SUMO1 were downregulated whereas HERC5 was upregulated. Taken together, the qRT-
PCR analysis validated the microarray data and pinpointed crucial changes in the expression
of cell cycle associated genes.

Discussion
Transcriptional regulation plays an important role in maintaining cellular homeostasis and
diverse differentiation and developmental programs.2 This regulation involves a number of
specialized proteins and protein complexes, all of which need to co-operate to ensure
accurate control of expression of a given gene in a spatially and temporally regulated
manner.6 Any changes in this process may lead to severe consequences in transcriptional
regulation and imbalanced cellular homeostasis.

According to the current view, Mediator acts as a global regulator of transcription by
communicating regulatory information between the gene-specific activators and the general
transcriptional machinery.6,7,34 It plays both general and gene-specific roles in
transcription and involves different compositions depending on the cellular context.35
MED29 is a component of Mediator but its exact role is currently unknown.19,36 The
Drosophila melanogaster protein Intersex, an ortholog of mammalian MED29, interacts
with and functions as a coactivator for the DNA-binding transcription factor Doublesex.37
Accordingly, it is likely that the mammalian MED29 also serves as a cofactor for specific
transcriptional activators.

We and others have previously shown that MED29 is amplified and overexpressed in a
subset of pancreatic cancers22–23 and that MED29 silencing leads to G1 arrest and
increased apoptosis in PANC-1 pancreatic cancer cells with amplification but not in non-
amplified cells.22 Here we extend these findings and demonstrate that in addition to reduced
cell growth and survival MED29 silencing also leads to significantly decreased colony
formation, cell migration, and invasion in PANC-1 cells. These data imply that increased
expression of MED29 provides beneficial, oncogene-like properties to the cancer cells. This
view fits well in the picture of Mediator acting as a transcriptional activator.38

To better understand the role of MED29 in pancreatic cancer, we used the lentiviral
approach to induce MED29 expression first in NIH/3T3 cells and then in Hs 700T and MIA
PaCa-2 pancreatic cancer cells, both of which have low endogenous MED29 levels. To our
surprise, MED29 expression led to decreased proliferation of NIH/3T3 and MIA PaCa-2
cells. It is possible that this phenotype could be caused by induction of senescence, similar
to what has been shown with known oncogenes such as KRAS and RAF.39–40 In low serum
conditions, an opposite growth effect was seen in NIH/3T3 cells and might be explained by
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altered transcriptional activation mechanisms during a stress situation. Indeed, reduced
association of Mediator to Pol II has been observed in response to stress conditions.10 It is
important to note that the MED29 induced growth inhibition in MIA PaCa-2 was only seen
after the cells were synchronized and thus the effect was not very dramatic. Unfortunately,
we failed to replicate these results in Hs 700T cells as we were unable to synchronize them.
Furthermore, one has to keep in mind that both MIA PaCa-2 and Hs 700T cell lines are
highly aggressive and have intrinsically rapid growth rates and thereby manipulation of the
expression of a single gene does not necessarily have a great impact on their phenotype.41

The MED29-expressing HS 700T and MIA PaCa-2 cells were then injected subcutaneously
into nude mice to explore the possible effects of MED29 in in vivo tumor formation. All
mock transfected animals developed large tumors whereas the growth of the MED29
expressing xenografts was severely compromised. Especially in the MIAPaCa2/MED29
mice, the tumor incidence was highly reduced and the tumors that did develop showed a
dramatic 13-fold reduction in size compared to corresponding mock controls. In fact, the
MIAPaCa2/MED29 tumors did not show exponential growth but rather remained small
throughout the observation period. Similar but less extensive reduction in tumor size was
also seen in Hs700T/MED29 mice but there was no change in tumor incidence compared to
mock controls. Notably, all xenograft tumors were identically vascularized, implying to
sufficient angiogenesis. Neovascularization is generally needed for tumor progression and is
greatly influenced by the tumor microenvironment.42 The tumor microenvironment also has
an effect on tumor growth and thereby an orthotopic tumor model, that more faithfully
mimics the formation of pancreatic adenocarcinoma in appropriate microenvironment, is
likely to provide additional information on the role of ME29 in pancreatic cancer
pathogenesis. Nevertheless, these in vivo data presented here firmly suggest that MED29
also has tumor suppressive properties.

Taken together, both silencing of high endogenous MED29 expression and forced
overexpression of MED29 resulted in suppression of cell growth in pancreatic cancer cells.
These results were quite unforeseen and it is possible that they reflect essential differences
between in vitro and in vivo assay conditions. However, it is more plausible that these
differences are caused by dissimilarities in the genetic background of the cell lines. All
pancreatic cancer cell lines used in this study are highly evolved and carry multiple genetic
and epigenetic aberrations41, 43–44 that are expected to influence their behavior. A third
possibility is that MED29 has a dualistic role in cancer, depending on the surroundings
where it is expressed. There are a few examples of proteins that possess such a dualistic role
in cancer. Of these, the transforming growth factor beta (TGFβ) is perhaps the most well
known. TGFβ has tumor suppressive properties that cells must escape for malignant
transformation to occur but, on the other hand, during cancer progression it has
immunosuppressive and proangiogenic properties and also contributes to the metastatic
process.45 Other examples include the macrophage migration inhibitory factor (MIF) in
breast cancer46 and vski sarcoma viral oncogene homolog in pancreatic cancer.47 In a
similar fashion, MED29 might have a dualistic role in cancer, depending on the surrounding
milieu and other proteins it interacts with.

To examine the underlying mechanisms related to the growth regulatory role of MED29, we
utilized genome-wide microarrays to identify a total of 463 differentially expressed genes
between the MED29 and mock transfected pancreatic cancer cells. In general,
downregulation was more prevalent than upregulation among the differentially expressed
genes, implying that MED29 functions mainly as a transcriptional repressor in these cells.
Even though microarray hybridization-based technology is the most widespread method to
analyze the transcriptome, it suffers from certain limitations, such as restricted focus on only
those transcripts included in the array and inability to detect rare splice variants, unknown
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transcripts, and noncoding transcripts.48–49 There is a wide range of other methods for gene
expression profiling50 that have been developed to overcome these problems, including
serial analysis of gene expression and massively parallel signature sequencing. Nevertheless,
in order to obtain as accurate data as possible, we used both biological and technical
replicates combined with careful statistical analyses. To conclude, our data provides
important information on MED29-induced genome-wide gene expression changes but it is
possible that there are additional changes that our method was unable to detect.

We then used two different types of approaches, the Gene Ontology database and the
Ingenuity Pathway Analysis, to try to understand the biological function and nature of the
differentially expressed genes. Both analyses strongly indicated that the differentially
expressed genes encode for proteins involved in the regulation of cell cycle, cell division,
cell growth and proliferation, and cell death. Among these, the association with cell cycle
regulation was most prominent. For example, well-known cell cycle promoting genes such
as CCNA2, CCNB2, CDK1, and GTSE1 were downregulated in MED29-overexpressing
cells, whereas CDKN2B, an inhibitory regulator of cell cycle, was induced, thus leading to
an overall attenuation of cell cycle progression.

The data shown above imply that MED29 overexpression in MIA PaCa-2 and Hs 700T cells
leads to transcriptional changes that culminate in inhibition of the cell cycle. This result is in
excellent concordance with our in vivo data, which demonstrated both reduced tumor
incidence and reduced growth of MED29 expressing xenografts. However, further studies
are needed to reveal the mechanistic details on how MED29 overexpression induces the
observed transcriptional changes that lead to growth regulation.

In conclusion, silencing of high endogenous MED29 expression leads to inhibition of tumor
cell-associated phenotypes, cell growth, migration, invasion, and colony formation, and thus
substantiates the oncogenic role of MED29 in pancreatic cancer. In contrast, the in vivo data
of forced MED29 overexpression provides new evidence for a tumor suppressive role of
MED29 that is largely mediated by alterations in cell cycle regulatory genes. Therefore,
MED29 seems to have a dualistic role in pancreatic cancer pathogenesis that is likely to be
influenced by the genetic background of the cancer cells and their surrounding milieu.
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Figure 1.
MED29 silencing leads to reduced cell growth, colony formation, migration, and invasion in
pancreatic cancer cells with high endogenous expression. (a) Western blot analysis of
MED29 protein (21 kDa) levels in PANC-1 and SU.86.86 pancreatic cancer cell lines with
amplification and BT-474 and MCF7 breast cancer cell lines without amplification. (b)
PANC-1 and SU.86.86 cells were treated with MED29 or luciferase control (LUC) siRNAs
and the number of cells (mean and s.d. of six replicates) was determined at indicated time
points. (c) PANC-1 cells were first treated with MED29 or LUC siRNAs for 24h and then
grown on 0.3% agarose on 6-well plates for 14 days. The colony formation was quantified
by ImageJ software as the average area of the colonies per field counted from four separate
images per sample. Representative images of MED29 and LUC siRNA treated cells are
shown. (d) PANC-1 cells were treated with MED29 or LUC siRNA for 24h and then seeded
on the upper part of migration and invasion chambers. The number of migrated (left panel)
and invaded (right panel) cells was quantified at 22h and is presented as fold changes. The
error bars represent s.d. of six replicates. Each experiment was repeated at least two times.
*P < 0.05, **P < 0.005.
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Figure 2.
MED29 expression leads to reduced growth of NIH/3T3 cells in vitro. NIH/3T3 mouse
fibroblast cell line and Hs 700T and MIA PaCa-2 human pancreatic cancer cell lines were
stably transfected with MED29 or an empty control vector. (a) Relative MED29 mRNA
expression levels were assessed by qRT-PCR in MED29 transduced Hs 700T and MIA
PaCa-2 cells and their respective empty vector (mock) control cells. MED29 expression
values were normalized against a TATA-box binding protein house-keeping gene. (b)
Western blot was used to detect MED29 protein (21 kDa) in stable MED29-expressing cells
vs. mock control cells. β-Tubulin was used as a loading control. (c) The growth of the
NIH3T3/MED29-1 and NIH3T3/mock cells was monitored at indicated time points in
normal growth medium and (d) after 24h of serum starvation (1% FBS). (e) The growth of
the MIAPaCa2/MED29 cells were monitored at indicated time points after release from G1-
arrest. The mean +/− s.d. of six replicates are shown. The experiments were repeated three
times with similar results. *P < 0.05, **P < 0.005.
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Figure 3.
MED29 expression inhibits tumor growth in vivo. A total of 2.5 × 106 cells (MIAPaCa2/
MED29, MIAPaCa2/mock, Hs700T/MED29, and Hs700T/mock) were s.c. inoculated into
the flanks of nude mice (n=40) and allowed to grow for up to seven (Hs 700T) or eight
(MIA PaCa-2) weeks. (a) Photographs of MIAPaCa2/MED29, Hs700T/MED29, and the
corresponding mock tumors taken after the 7–8 weeks of growth in nude mice. The black
scale bar corresponds to 1 cm. (b) Tumor diameters were measured twice a week and the
growth curves of the Hs 700T and MIA PaCa-2 tumors were generated according to the
formula V=(π/6)(d1×d2)3/2, where d1 and d2 are perpendicular tumor diameters. Average
tumor volumes +/− s.e.m. are shown.
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Figure 4.
Pathway analysis links the differentially expressed gene signatures of the MED29
transduced Hs 700T and MIAPaCa-2 cells to a cellular network involved in cell cycle,
cancer, and genetic disorder. This network is characterized by involvement of several
cyclins and other cell cycle related proteins, most of which are downregulated through
MED29 expression. Green color indicates downregulation and red color upregulation. Lines
and arrows indicate connection and dashed lines a weaker connection.
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Table 2

Differentially expressed cell cycle genes in MED29 vs. mock xenografts by qRT-PCR arrays.

Xenograft Gene Fold changea

Hs 700T HERC5 2.34

Hs 700T ANAPC4 −1.53

Hs 700T ATR −1.59

Hs 700T CDK4 −1.67

Hs 700T SUMO1 −1.67

MIA PaCa-2 CDKN2B 3.92

MIA PaCa-2 CCNB1 −1.62

MIA PaCa-2 CCNC −1.75

MIA PaCa-2 CCND2 −6.09

MIA PaCa-2 CCNG1 −1.56

MIA PaCa-2 CDC16 −2.23

MIA PaCa-2 CDK6 −1.77

MIA PaCa-2 GTSE1 −1.72

MIA PaCa-2 HERC5 −1.68

MIA PaCa-2 MAD2L2 −2.09

MIA PaCa-2 MCM3 −2.46

MIA PaCa-2 RBBP8 −1.74

a
Positive and negative values refer to up- and downregulation, respectively, in MED29 xenografts as compared to corresponding mock samples.
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