Am J Cancer Res 2012;2(6):699-713
www.ajcr.us /ISSN:2156-6976/ajcr0000152

Original Article
Transcriptional profiling reveals elevated Sox2 in DNA
polymerase ß null mouse embryonic fibroblasts
Jianfeng Li1,2, Soumya Luthra3, Xiao-Hong Wang2, Uma R Chandran3, Robert W Sobol1,2,4
Department of Pharmacology & Chemical Biology, University of Pittsburgh School of Medicine, Pittsburgh,
PA 15213, USA; 2University of Pittsburgh Cancer Institute, Hillman Cancer Center, Pittsburgh, PA 15213, USA;
3
Department of Biomedical Informatics, University of Pittsburgh School of Medicine, Pittsburgh, PA 15213, USA;
4
Department of Human Genetics, University of Pittsburgh Graduate School of Public Health, Pittsburgh, PA 15213,
USA
1

Received October 18, 2012; Accepted November 2, 2012; Epub November 20, 2012; Published November 30,
2012
Abstract: There are over 150 human proteins that have been categorized as bona fide DNA repair proteins. These
DNA repair proteins maintain the integrity of the genome, reducing the onset of cancer, disease and aging phenotypes. Variations in expression and/or function would therefore impact genome integrity as well as the cellular
response to genotoxins. Global gene expression analysis is an effective approach to uncover defects in DNA repair
gene expression and to discover cellular and/or organismal effects brought about by external stimuli such as environmental genotoxicants, chemotherapeutic regimens, viral infections as well as developmental and age-related
stimuli. Given the significance of genome stability in cell survival and response to stimuli, we have hypothesized that
cells may undergo transcriptional re-programming to accommodate defects in basal DNA repair capacity to promote
survival. As a test of this hypothesis, we have compared the transcriptome in three DNA polymerase ß knockout
(Polß-KO) mouse embryonic fibroblasts (MEFs) and the corresponding wild-type (WT) littermate control cell lines.
Each Polß-KO cell line was found to have a range of genes up-regulated, when compared to its WT littermate control
cell line. Interestingly, six (6) genes were commonly up regulated in all three Polß-KO cell lines, including Sox2, one
of several genes associated with the induction of pluripotent stem cells. Herein, we present these findings and suggest that loss of DNA repair and the induction of cellular transcriptional re-programming may, in part, contribute to
tumor formation and the cellular response to external stimuli.
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Introduction
Human cells repair thousands of DNA lesions
per day to prevent the accumulation of DNA
mutations or genome aberrations that can
impact cellular survival and genomic integrity
[1]. To facilitate the repair of these lesions, cells
have multiple DNA repair and DNA damage
response mechanisms that signal the presence
of lesions and promote DNA repair [2]. Defects
in these repair and response pathways can
promote tumorigenesis and, indeed, are
common in human cancers [3, 4]. The overall
strategy of most genotoxic chemotherapeutics
is to create large amounts of DNA damage that
overwhelm DNA repair systems to promote
tumor cell death. Hence, the requirement for

DNA repair in response to radiation and
genotoxic chemotherapeutics implicates DNA
repair proteins as prime targets for improving
response to currently available anti-cancer
regimens. Further, another strategy is to exploit
the DNA repair and response defects that are
present in cancer cells thereby specifically
targeting tumor cells while sparing healthy cells
from a high load of unrepaired DNA damage [5,
6].
Cancer-specific DNA repair gene defects
provide a mechanistic understanding of
therapeutic response. For example, recurrent
glioma appears to be resistant to alkylator
therapy due to somatic mutations in the
mismatch repair protein MSH6 [7]. However,
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cancer-specific DNA repair defects can also
offer novel approaches for tumor-selective
therapy [8-10]. Since the discovery that cells
with defects in the BRCA genes are selectively
killed by the inhibition of PARP, PARP inhibitors
have rapidly made their way into the clinic [11,
12]. In addition, we and others have shown that
the Base Excision Repair (BER) pathway is
important for the response to the
chemotherapeutic agent Temozolomide (TMZ)
[13-15] and TMZ potentiation by targeting the
essential BER protein DNA polymerase ß (Polß)
is enhanced in BRCA-deficient tumor cells [16],
suggesting that defects in BER might also
influence response to select agents. As we
learn more about the changes in the DNA repair
status of tumor cells and the effect of these
DNA repair mutations on protein function and
the cellular response to genotoxins such as
radiation and chemotherapy, we become
poised to exploit these defects to our
advantage. As was described [5], there is a
critical need to identify tumor-related DNA
repair defects (mutations) and more
importantly, evaluate the functional and
biological context of these mutations with
regard to cellular transformation and the
response to chemotherapy.
DNA-damaging agents, either from endogenous
or exogenous sources, activate DNA damage
responses leading to a reprogramming of gene
expression by mechanisms that are not fully
elucidated. These include signal transduction
processes mediated by cascades of posttranslational modifications such as ATMmediated phosphorylation [17], chromatinremodeling
[18]
and
poly-ADP-ribose
(PAR)-mediated alterations in protein activity
and mRNA or microRNA expression [19, 20].
Recent evidence suggests that this
reprogramming occurs at multiple levels
including changes in the synthesis and stability
of specific RNAs and alteration in mRNA splicing
patterns.
We have hypothesized that DNA repair defects
will impact mRNA expression suggestive of
DNA repair pathway specific RNA signatures.
This is supported by multiple recent findings in
addition to the well-established role of NER and
response to blocks to RNA polymerase (transcriptional-coupled NER; TC-NER) [21-24]. BER
genes have been shown to be involved in Myc
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and ER-mediated transcription [25-27] and
NER proteins have been reported to play a
direct role in transcription [28-30] whereas HR
defects (e.g., BRCA1, ATM) can give rise to significant alterations in miRNA and mRNA expression profiles, all in support of our hypothesis
that RNA expression profiles may be uniquely
impacted by the DNA repair status of the cell
[31]. As anticipated from our hypothesis, specific DNA repair proteins can have unique transcriptional effects, such as the loss of XPC
inducing an up-regulation of the short form of
caspase 2 that leads to enhanced UV-induced
apoptosis [32].
To evaluate the impact of DNA repair status on
transcriptional profiles, we utilized a wellcharacterized DNA repair deficient cell system,
mouse embryonic fibroblast (MEFs) deficient in
the BER protein Polß. The BER pathway is
responsible for resolving up to 20,000 lesions
per cell per day, which include oxidative and
alkylation damage. Polß is a member of the X
family of DNA polymerases and is an essential
protein in the BER pathway [13, 15, 33]. Polß is
the primary polymerase involved in BER,
through its bifunctional 5’ deoxyribose
phosphate (5’dRP)-lyase and DNA polymerase
activities, so defective or error-prone Polß activity leads to aberrant BER and genomic instability which are associated with carcinogenesis.
Polß has been implicated in several cellular
functions, including genome stability [34], telomere maintenance and meiosis [35]. Defects in
Polß have been linked with cancer [36], aging,
neurodegeneration and its expression is critical for the cellular response to environmental
and chemotherapeutic genotoxins [37]. This
latter function involves its primary role as the
major DNA polymerase in the BER pathway.
Polß is a bi-functional, two-domain, single-polypeptide 39kDa enzyme. Further, cancer specific mutations of Polß have been identified [36,
38-43]. In many cases, the proteins are dysfunctional, such as the E295K mutation found
in gastric cancer [44, 45]. There has been considerable effort put forth to characterize the
cellular involvement of Polß in both mouse and
human cells with regard to the response to DNA
damaging agents. Polß plays a critical role in
the repair of genomic base damage [34] and in
the absence of Polß, cells are unable to efficiently repair the highly toxic 5’dRP moiety and
therefore are hypersensitive to the cytotoxic
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effect of different types of alkylating agents
such as MMS, MNU and N-methyl-N’-nitro-Nnitrosoguanidine (MNNG) [37], the thymidine
analog 5-hydroxymethyl-2′-deoxyuridine [46] as
well as the therapeutic alkylating agent TMZ
[15, 33, 46].
However, what is not clear is how the loss of
this essential DNA repair gene has altered the
global cellular state. Although MEFs and human
cells appear fully functional in the absence of
Polß [15, 33, 37, 47], mice are not viable past
birth [37, 48, 49] and in one case, the response
to DNA damaging agents was shown to vary
with continued passage of the cells [50]. Given
the significance of genome stability in cell
survival and response to stimuli, we have
hypothesized that cells may undergo
transcriptional
re-programming
to
accommodate defects in basal DNA repair
capacity to promote survival. As a test of this
hypothesis, we have compared the transcriptome in three DNA polymerase ß knockout
(Polß-KO) mouse embryonic fibroblasts (MEFs)
and the corresponding wild-type (WT) littermate control cell lines. Each Polß-KO cell line
was found to have a range of genes up-regulated, when compared to its WT littermate control
cell line. Interestingly, six (6) genes were commonly up regulated in all three Polß-KO cell
lines, including Sox2, one of several genes
associated with the induction of pluripotent
stem cells. Herein, we present these findings
and suggest that loss of DNA repair and the
induction of cellular transcriptional re-programming may, in part, contribute to tumor formation and the cellular response to external
stimuli.
Materials and methods
Chemicals and reagents
Cell culture media and supplies where from
InVitrogen-Gibco (Carlsbad, CA). Fetal bovine
serum (FBS) was from Sigma (St. Louis, MO).
We used the following primary antibodies: DNA
polymerase beta monoclonal Abs 18S [51] and
Clone 61 (mAb clone 61; Thermo Fisher
Scientific; Waltham, MA) and PCNA mAb (#sc56, Santa Cruz Biotechnology, Santa Cruz, CA).
Secondary antibodies GAM-HRP and GAR-HRP
conjugates and signal generation substrates
were from Bio-Rad (Hercules, CA) and Pierce
(Rockford, IL), respectively. All electrophoresis
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reagents were from Bio-Rad (Hercules, CA). The
miRNeasy Mini RNA Isolation and purification
kit (cat # 217004) was from Qiagen (Valencia,
CA). Ambion WT Expression Kit (#4411974)
was from Ambion (Foster City, CA). GeneChip
WT Terminal labelling and controls kit
(#901524) and GeneAtlas Hybridization, Wash,
and Stain Kit (#900720) were from Affymetrix
(Santa Clara, CA). SuperScript® III First-Strand
cDNA Synthesis SuperMix (#18080-400) was
from InVitrogen (Carlsbad, CA). TaqMan® Fast
Advanced Master Mix and Taqman assay
primers were obtained from Life Technologies
(Carlsbad, CA).
Cell culture
Transformed Polß-KO mouse embryonic fibroblast (MEF) cell lines (38∆4, 50TAg and 88TAg)
and the corresponding littermate WT control
MEF cell lines (36.3, 53TAg and 92TAg) have
been described previously [37, 52]. The cell
lines 92TAg and 88TAg are available from the
ATCC (CRL-2816 and CRL-2820, respectively).
MEFs were cultured at 37°C in a humidified
incubator with 5% CO2 in DMEM supplemented
with 10% FBS, penicillin (50 units/mL), streptomycin (50 µg/mL) and Glutamax (4 mmol/L).
A375 cells [53, 54] were obtained from ATCC
(CRL-1619) and cultured at 37°C in a humidified incubator with 5% CO2 in DMEM supplemented with 10% FBS, penicillin (50 units/mL)
and streptomycin (50 µg/mL).
Lentiviral transduction of human A375 cells
A375 is a human epithelial cell line derived
from malignant melanoma [54]. The A375 cells
were modified using a lentiviral vector for the
expression of GFP (FIV-CDF1-copGFP) or
GFP+shRNA specific to human Polß (FIVH1(hPolβ)-copGFP), essentially as we have
described previously [13-15]. Briefly, lentiviral
particles were generated by transfection of
three plasmids (the expression plasmid, e.g.,
pFIV-H1-puro-hPOLB.1; plus pFIV-34N and
pVSV-G) into 293-FT cells [55] using FuGene 6.
Forty-eight hours after transfection, lentiviruscontaining supernatant was collected and
passed through 0.45µM filters to isolate the
viral particles. Lentiviral transduction was performed as described earlier [13]. Briefly, 6.0 ×
104 cells were seeded into a 6-well plate 24
hours before transduction. Cells were transduced for 18 hours at 32°C and then cultured
Am J Cancer Res 2012;2(6):699-713
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for 72 hours at 37°C. Cells expressing GFP or
both GFP and Polß specific shRNA were isolated by fluorescence activated cell sorting (FACS)
in the UPCI Cytometry Facility.
Immunoblot analysis
MEF and A375 cell nuclear extracts were
prepared and protein concentrations were
determined as described by us previously [13,
51]. Briefly, nuclear extracts were prepared
using the NucBuster nuclear protein extraction
reagent (Novagen). Protein concentration was
determined using Bio-Rad protein assay
reagents according to the manufacturer’s
instructions. Nuclear protein (30 µg) was
separated by electrophoresis in a 4-12% SDSpolyacrylamide gel and electrotransferred to a
0.45µm nitrocellulose membrane (Trans-Blot,
Bio-Rad). Antigens were detected using
standard protocols. Primary antibodies: for
nuclear extracts from MEFs, Polß was detected
using anti-Polß mAb 18S (1:1,000); for nuclear
extracts from A375 cells, Polß was detected
using anti-Polß mAb Clone 61 (1:500). The
horseradish peroxidase (HRP)-conjugated
secondary antibodies (GAM-HRP or GAR-HRP;
Bio-Rad) were diluted 1:10,000 in TBST/5%
milk. Each membrane was stripped and
re-probed with anti-PCNA (1:1000) antibodies
to correct for differences in protein loading.
RNA Isolation
For each MEF or A375 cell line, cells were cultured in a 100mm cell culture dish (90% confluence) and then split into three 100mm dishes.
When cells reached 50~60% confluence, cells
in each dish were collected individually and
then 1x105 cells of each paired GFP and PolßKO or Polß-KD cells were seeded into the same
6 well tissue culture plate with 3 wells per cell
line. After incubation at 37°C for 24 h, culture
medium was removed and then each well was
washed twice with 1x cold PBS. Cells were then
lysed with 1ml Qiazol Lysis Reagent per three
wells. Total RNA was then extracted and purified using the Qiagen miRNeasy Mini kit according to the manufacturer’s instructions. Briefly,
after mixing with 200μl chloroform, each cell
lysate was centrifuged at 12,000xg to separate
the aqueous and organic phases. Each aqueous phase was transferred to a clean 1.5 ml
tube and then mixed with 1.5 volumes 100%
ethanol. The mixture was then transferred to an
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RNeasy Mini column and RNA was bound to the
capture membrane by a 30 second centrifugation at 12000 rpm. After one wash with buffer
RWT and then two washes with buffer RPE,
RNA was eluted from each column with 30μl
RNase-free water. For each pair of GFP and
Polß-KO or Polß-KD cell lines, three independent pairs of RNAs were prepared. RNA quality
was determined using an Agilent 2100
Bioanalyzer in the UPCI Cancer Biomarkers
Facility. In all cases, the RNA integrity number
(RIN) was greater than 9.5. RNA concentration
was determined using a Nanodrop 2000.
Microarray analysis
Comparative analysis of mRNA expression for
the WT and Polß-KO MEFs was determined
using the Mouse Gene 1.1 ST Array and the
Affymetrix GeneAtlas system, as per the manufacturer’s instructions. Microarray analysis for
each of the MEF cell lines (GFP or Polß KO) was
accomplished with 100ng purified total RNA
(described above) and the corresponding cRNA
using an Ambion WT Expression Kit (Ambion
#4411974), as described by the manufacturer.
The resulting cDNA was fragmented and endlabelled, as described by the manufacturer. The
labeled cDNAs were then mixed with hybridization master mix and the hybridization cocktails
were then denatured at 95°C for 5 minutes, followed by 45°C for 5 minutes then kept at 45°C
until applied to the hybridization tray (GeneAtlas
System; 120μl hybridization cocktail of a cell
line was transferred into a well of a 4 well
hybridization tray). The array strip was immerse
into hybridization cocktail and incubated in the
Hybridization Station at 48°C for 20 hours.
After hybridization, the strip was washed and
stained in the GeneAtlas Fluidics Station using
the GeneAtlas Hybridization, Wash, and Stain
Kit (Affymetrix #900720) and the intensity of
each hybridized probe was generated using the
GeneAtlas™ Imaging Station. Raw .cel files from
the Mouse Gene 1.1 ST Array were analyzed
using the ‘oligo’ package in R Bioconductor
specifically designed to analyze Gene ST arrays.
The raw data was normalized and summarized
using robust multichip average (RMA). The data
summarized by transcript clusters was used for
further analysis. For transcripts represented by
multiple clusters, the cluster with the highest
IQR (Interquartile range; a descriptive statistic
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Quantitative RT-PCR analysis

Table 1. Up regulated genes in Polß-KO MEFs
Genes up regulated* in Genes up regulated* in Genes up regulated* in
38∆4 and 50TAg cells 50TAg and 88TAg cells 38∆4 and 88TAg cells

Validation of the microarray
results was determined by
5730469M10Rik (Pamm)
5730469M10Rik (Pamm)
5730469M10Rik (Pamm)
quantitative RT-PCR (qRT-PCR)
Ahr
Ahr
9030418K01Rik
using an Applied Biosystems
Fam110c
Ctsh
Ahr
StepOnePlus system. Briefly,
3µg RNA isolated from the MEF
Hoxb2
Fam110c
Car12
or A375 cells was reverse tranHunk
Fez1
Cd80
scribed to yield first-strand
Kcnip1
Kcnip1
Crabp1
cDNA using InVitrogen SuperKcnj2
Ldhb
Cyp1b1
Script® III First-Strand cDNA
Meis1
Lrrc7
Eda2r
Synthesis
SuperMix (#18080Msln
Npnt
Ephx1
400). Next, 4µl of a 1:50 diluPde3b
Ramp3
Fam110c
tion of the cDNA was used for
Plscr2
Sfrp1
Kcnip1
each Taqman fast RT reaction
Ptgis
Sox2
Khdrbs3
(20µl). Each sample was analRamp3
Lass4
ysed in triplicate and the results
Sim2
Parvb
are an average of all three analSox2
Ramp3
yses.
Analysis
of
mTspan11
Slc16a13
RNA expression was conducted
as per the manufacturer (∆∆CT
Slit3
method)
using Applied BiosysSox2
®
tems
TaqMan
Gene ExpressTmem74
ion
Assays
(Ahr,
Mm00478932_
*
As determined by the microarray analysis. Bolded genes are up regulated in all
m1; Fam110c, Mm00503576
three Polß-KO cells.
_m1; Kcnip1, Mm01189526;
Ramp3, Mm00840142_m1;
used to summarize the extent of the spread of
Sox2 (mouse) Mm03053810_s1; SOX2
(human) Hs01053049_s1; and 5730469the data) was selected to represent the tranM10Rik, Mm00510430_m1 and normalized to
script’s expression. As a result of the filtering
the expression of mouse ß-actin (part
procedure all transcripts are represented by a
#4352663) in the MEFs or human ß-actin (part
single cluster for further statistical analysis.
#4333762T) in the A375 cells.
The ‘genefilter” package in R (Bioconductor.
Results
org) was used to perform differential gene
expression analysis. Genes differentially
Global gene expression changes in Polß-KO
expressed in Polß-KO versus WT controls were
mouse embryonic fibroblasts
identified using the univariate t test (p < 0.001).
The p-values obtained were adjusted for multiTo investigate the global gene expression
ple comparisons using the method of Benjamini
changes resulting from the loss of expression
and Hochberg [56]. A list of genes differentially
of Polß, we took advantage of Polß knockout
expressed by more than 2 fold in all 3 experi(Polß-KO) mouse embryonic fibroblast (MEF)
ments was then obtained. The complete list of
cell lines and the corresponding WT littermate
differentially expressed genes in each Polß-KO
controls [52]. To achieve reliable transcriptional
MEF cell line (as compared to the correspondprofile signatures, three different Polß-KO MEF
ing WT littermate matched cell line) is in
cell lines were used for the analysis and
Supplemental Table S1. Genes that are comcompared to the WT littermate-derived cell
monly up regulated in two or three of the Polßlines as controls. The loss of expression of Polß
KO MEFs are listed in Table 1, indicating the
in each cell line was validated by western blot
fold-increase in each, as determined by the
analysis. The WT control MEFs had the expectmicroarray analysis and graphically repre-sented level of expression of Polß (36.3, 53Tag, or
ed in Figure 2.
92TAg cell lines) and the expression of Polß in
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Figure 1. Immunoblot analysis: expression of Polß and PCNA in WT and Polß-KO MEFs. Nuclear lysates from WT
MEFs and the corresponding Polß-KO MEFs were probed for expression of Polß and PCNA (loading control) as indicated in the figure. Following separation by SDS-PAGE and transfer to nitrocellulose, the proteins were evaluated for
expression as described in the Materials & Methods section. The expected bands for Polß and PCNA are labelled.

Figure 2. Representation of the number of genes up regulated in Polß-KO MEFs. Venn diagram depicting a graphical
representation of the number of genes up regulated in each Polß-KO cell line (as compared to the correspond WT
littermate control cell line). The number of identical genes for each comparison and among the three cell line pairs
is depicted in the overlapping circles. The names of each gene found to be up regulated in more than one Polß-KO
MEF cell line is shown in Table 1.
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38∆4, 50TAg or 88TAg Polß-KO cell lines was
not detectable (Figure 1). Total RNA from each
cell line was isolated from cells cultured for 24
hours under the same conditions. We found
that the expression of a large number of genes
were changed when we compared each PolßKO cell line to the WT control cell line. To ensure
that our findings are reliable, we set a stringent
cut off where the expression change of a gene
should be above two-fold and the p-value, the
indication of statistic significance, should be
less than 0.001. 286 genes were more than
two-fold up regulated and 196 genes over twofold down regulated when 38∆4 (Polß-KO) was
compared with 36.3 (WT). There were 64 genes
above two-fold up regulated and 48 genes
above two-fold down regulated when comparing 50TAg (Polß-KO) with 53TAg (WT). 120
genes were over two-fold up regulated and 153
genes above two-fold down regulated when we
compared 88TAg (Polß-KO) with 92TAg (WT).
We are most interested in the genes whose
expression difference is commonly changed
between the cell lines. The common up regulated genes in the Polß-KO cells are shown in
Table 1. The Ven diagram in Figure 2 shows the
total number of up regulated genes. Though
there is no common down regulated gene
among those three pairs (except Polß), the
expression of the six genes, Sox2, Ramp3,
Kcnip1, Fam110c, Ahr and 5730469M10Rik
(Pamm) were up regulated in all three Polß-KO
MEFs as compared to the corresponding WT
cells for each.
Functional network analysis of the genes up
regulated in Polß-KO MEFs
Ingenuity Pathway (IPA) analysis was performed
on the 6 genes commonly up regulated in each
of the comparisons to examine the relationships between them. Significant biological
functions and pathways in which these 6 genes
are involved include Cell Cycle, Cancer, and
importantly, the role of Oct4 in mammalian
embryonic stem cell pluripotency. Four of the
six genes (Sox2, Ramp3, Kcnip1 and Ahr) are
connected into the top-scoring interact network
(Figure 5). One gene, JUN and two chemicals,
beta-estradiol and Ca2+ were determined by IPA
analysis to form the common nodes that connect multiple genes across different pathways.
JUN is a transcription factor that recognizes
and binds to the enhancer heptamer motif
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5’-TGA[CG]TCA-3’ and is involved in numerous
cell activities, such as proliferation, apoptosis,
survival, tumorigenesis and tissue morphogenesis [57]. It has been reported that JUN promotes ErbB2-induced mammary tumor cell
invasion and self-renewal via up regulation of
the expression of stem cell factor (SCF) and
CCL5 using mouse model [58]. IPA analysis
indicates either Sox2 or Ahr directly interacts
with JUN. Because the up regulation of both
Sox2 and Ahr are involved in the maintenance
of the pluripotency of cancer stem cells, it may
imply that this interaction may promote the
expansion of cancer stem cells. The interaction
between JUN and beta-estradiol has been
addressed in a rat model. Treating ovariectomized rats with 17 beta-estradiol induced the
expression of JUN in all uterine cell types [59].
17 beta-estradiol also attenuates voltagedependent Ca2+ current through T- and L-type
Ca2+ channels in A7r5 vascular smooth muscle
cells [60]. It has also been reported that the
application of 17 beta-estradiol to ovariectomized rats dramatically reduced the expression
of Ramp3 [61]. Overall, the interaction between
17 beta-estradiol and JUN connects Sox2,
Ramp3, Kcnip1, and Ahr in a network and may
be related to breast or ovarian malignancy.
Validation of microarray analysis by quantitative RT-PCR of the genes up regulated in all
three Polß-KO cell lines
Quantitative RT-PCR (qRT-PCR) analysis of the
six common up regulated genes among the
three Polß-KO MEF cell lines was performed to
validate our microarray results. cDNAs were
synthesized from the total RNA of Polß-KO and
WT MEF cell lines and used as the templates
for qRT-PCR using Taqman expression probes
for the Sox2, Ramp3, Kcnip1, Fam110c, Ahr,
and Pamm genes, respectively. The results of
the qRT-PCR indicated that the expression of all
six genes were up regulated in each Polß-KO
MEF cell line, which corresponded with the
microarray data (Figure 3 and Table 2). The fold
change in qRT-PCR was not exactly the same as
in the microarray analysis, which might reflect
the different sensitivity of each method. The
expression of the Sox2 gene in the 38∆4 cell
line was dramatically up regulated to 175-fold
when compared with the WT control cell line
36.3.
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Figure 3. Validation of gene up regulation by qRT-PCR. The relative level of expression for (A) Sox2, (B) Kcnip1, (C)
Ramp3, (D) Fam110c, (E) Ahr and (F) 5730469M10Rik (Pamm) was determined in each Polß-KO MEF cell line by
qRT-PCR via the ∆∆CT method, normalizing the level of expression to the corresponding WT control cell line and to
mouse ß-actin within each sample as described in the Materials & Methods section. Results are reported as the
mean ± SE of three independent qRT-PCR experiments. The fold increase in mRNA expression for each as determined by qRT-PCR analysis in the 38∆4, 50TAg and 88TAg cells is shown in Table 2.
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Table 2. Genes of up regulated in all 3 Polß-KO MEFs
Fold up regulation in 38∆4
cells*
5730469M10Rik (Pamm)
7.3
Ahr
5.5
Fam110c
3.8
Kcnip1
106.4
Ramp3
44.1
Sox2
175.4
Gene Name

*

Fold up regulation in
50TAg cells*
4.0
2.8
7.6
6.0
6.5
4.3

Fold up regulation in
88TAg cells*
4.0
2.6
4.4
12.6
4.1
10.9

As determined by the qRT-PCR analysis.

Analysis of SOX2 expression in A375 cells following Polß knockdown
After validating that the loss of expression of
Polß results in the up regulation of Sox2 in
MEFs, we were interested to know if a deficiency in Polß can also affect the expression of the
SOX2 gene in human cell lines. We then
developed a Polß deificient human tumor cell
line (A375/Polß-KD) by lentiviral mediated
expression of Polß-specific shRNA, as we have
described [13-15]. The A375-GFP cell line was
used as a Polß WT control, which was transduced with the same viral vector expressing
only GFP instead of the Polß-shRNA+GFP.
Immunoblotting analysis confirmed the deficiency of Polß in the A375/Polß-KD cell line
(Figure 4A). A qRT-PCR analysis was performed
to compare the expression of SOX2 in the
A375/Polß-KD cell line to that of the WT control
(A375-GFP). As we predicted, the results show
that the expression of SOX2 was more than 2
fold up regulated in the A375/Polß-KD cell line
(Figure 4B).
Discussion
In this study we present a transcriptional
profiling analysis detailing the global
transcription alterations that result from the
loss of expression of the essential base excision repair (BER) protein Polß. Because Polß is
a critical protein in BER, the deficiency in Polß
will severely impair cellular BER and the
response to genotoxic stress from both endogenous and exogenous sources [37, 47, 62].
Besides its major function of repairing DNA
single-strand breaks and deamination, oxidation and alkylation-induced DNA base damage,
the BER pathway was recently reported to participate in epigenetic regulation to facilitate
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gene expression modulation by altering the
state of DNA methylation or via a reaction coupled to histone modification [63, 64]. Thus, we
can speculate that a deficiency in the expression of Polß may also affect the transcriptional
profiles of these cell lines via a defect in methylation or epigenetic regulation. The results
from our microarray analysis demonstrated a
global expression change in each Polß-KO MEF
cell line. For each cell line, more than one hundred genes were altered even under a stringent
cut off (two-fold expression variation and p-value less than 0.001).
The majority of genes whose expression
changed were cell line specific. For example, in
the 38Δ4 cell line, the expression of Ifi202b is
the most up regulated, which is more than
20-fold higher in the 38Δ4 cell line compared
to the 36.3 cell line in our microarray analysis.
The increase in expression of the lfi202b gene
was linked to an increase of susceptibility for
the development of lupus in a mouse model
[65]. Due to the strong up-regulation of the
expression of the lfi202b gene after loss of
function of Polß, our result implies that it is
worth to investigate if the deficiency of Polß is
also involved in the development of lupus. Sim2
is more than 10-fold up regulated in the 38Δ4
cell line. A recent report indicated that Sim2
can be used as a novel marker of aggressive
prostate cancer because the expression of
Sim2 gene was highly up regulated in prostate
cancer patient samples [66].
Even though the cell line specific expression
alterations are interesting, we are more interested in the alterations that are present in all
Polß KO MEFs. A total of 6 genes were commonly up regulated in these three Polß-KO
MEFs as determined by microarray analysis,
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The IPA pathway analysis indicates 4 out of the
6 genes, including Sox2, Ramp3, Kcnip1, and
Ahr, are directly or indirectly involving in the protein interaction network centered on JUN and
beta estraldiol. This suggests that a deficiency
of Polß may play an important role in breast
cancer [67].
Sox2 is a transcription factor that is essential
for maintaining self-renewal, or pluripotency, of
undifferentiated embryonic stem cells. Sox2 is
also a marker of cancer stem cells (CSCs),
which are highly tumorigenic compared to other
subsets and characterized as having the potential for self-renewal, the formation of tumor
spheres in low-adherence cultures, and multidrug resistance. CSCs may play a major role in
cancer relapse due to their resistance to conventional cancer therapies. The expression of
Sox2 is often up regulated to maintain the pluripotency of CSCs. In our Polß-KO MEF cell line,
loss of Polß expression resulted in a 175, 4.3
and 10.9 fold up-regulation of Sox2 in 38Δ4,
50Tag and 88Tag cell lines; respectively as validated by qRT-PCR analysis. Therefore, one
might then infer that a deficiency in Polß may
promote the maintenance of pluripotency in
cancer stem cells.

Figure 4. Lentiviral(shRNA)-mediated Polß knockdown and the impact on SOX2 mRNA expression. A.
Nuclear lysates from the A375/GFP and A375/PolßKD cell lines were probed for expression of Polß and
PCNA (loading control) as indicated in the figure. Following separation by SDS-PAGE and transfer to nitrocellulose, the proteins were evaluated for expression
as described in the Materials & Methods section.
The expected bands for Polß and PCNA are labelled.
B. The relative level of expression for human SOX2
in the A375/GFP and A375/Polß-KD cell lines were
determined by qRT-PCR via the ∆∆CT method, normalizing the level of expression to the corresponding A375/GFP control cell line and to human ß-actin
within each sample as described in the Materials &
Methods section. Results are reported as the mean
± SE of three independent qRT-PCR experiments.

and were confirmed with qRT-PCR analysis.
These genes include Sox2, Ramp3, Kcnip1,
Fam110c, Ahr, and 5730469M10Rik (Pamm).
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It has been reported that Ahr is involved in the
maintenance of the pluripotency of cancer
stem cell populations in breast cancer [68]. The
inhibition of CXCR4 reduced the growth of
tamoxifen-resistant tumors in vivo, which have
a larger cancer progenitor population compared with wild-type breast cancer. The inhibition of CXCR4 altered the Ahr signalling network. Moreover, the direct inhibition of the
function of Ahr with small molecule antagonists
selectively delayed the growth of tumors
derived from a subcutaneous inoculation of
tamoxifen-resistant MCF7 cells (progenitor
cancer cells) into nude mice but not the growth
of tumors derived from the tamoxifen-sensitive
MCF7 cells (wild type cancer cells) [68]. The
loss of Polß expression resulted in 5.5, 2.8 and
2.6 fold up regulated expression of the Ahr
gene in 38Δ4, 50Tag and 88Tag cell lines
respectively by qRT-PCR analysis. This also
implies that a deficiency of Polß expression
may facilitate the maintenance of a cancer
stem cell population.
Ramp3 is a single-pass membrane-spanning
protein with very short intracellular domains.
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Figure 5. Functional network analysis of the genes up regulated in Polß-KO MEFs. Using Ingenuity Pathways Analysis
(IPA), a gene network was defined using the 6 genes found to be up regulated in all 3 Polß-KO MEFs. The 4 (out of
6) genes which are up regulated by more than 2-fold in the 38∆4, 50TAg and 88TAg cell lines are shown in grey.

Ramp3 forms complexes with the calcitonin
receptor like receptor (CRLR), resulting in the
formation of functional receptors for the proangiogenic and protumorigenic peptide adrenomedullin [69]. It has been reported that the
expression of Ramp3 is strongly up regulated in
human colon, breast, and gastric carcinomas
but not in normal colon or gastric epithelial
cells. Inhibition of Ramp3 expression in MDAMB-231 and LM2–4 cells, using a specific
shRNA, strongly inhibited their invasiveness
and their tumor-forming abilities. Knocking
down the expression of Ramp3 dramatically
reduced p38 mitogen-activated kinase (p38)
phosphorylation as well as ß1-integrin and
vimentin expression, each linked to tumor
metastasis [69]. Our data suggest loss of Polß
expression may also be related to tumor progression via the up-regulation of Ramp3.
Kcnip1 is a member of the family of voltagegated potassium (Kv) channel-interacting proteins. The function Kcnip1 is related to the reg-
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ulation of A-type currents, and neuronal
excitability, in response to changes in intracellular calcium. There is only one report linking
Kcnip1 to cancer. Sequencing Kcnip1 cDNA
samples from 12 specimens of breast cancer
and 12 specimens of normal mammary tissues
indicated a new splicing variant of the Kcnip1
gene in cancer samples, which has an insert
(162 bp) between exon 1 and exon 2 in the
Kcnip1 gene [70]. Recent reports have shown
that the expression of Kcnip1 was altered in
multiple cancer cell lines. Microarray analysis
in the NCI 60 Reference panel indicated that
the expression of the Kcnip1 gene has the highest level of up regulation in ACHN renal cancer
and OVCAR4 ovarian cancer cell lines [71]. Our
ongoing microarray analysis of glioblastoma
stem cell (GSC) also indicates that the expression of Kcnip1 was more than 4 fold up regulated in proneurol GSCs compared to normal
human actrocytes (not shown). However, both
mesenchymal GSC and glioblastoma cell lines
such as LN428 and T98G showed more than 1
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fold down regulation (unpublished data). Our
data suggest that loss of Polß expression may
also relate to some special types of tumors
such as brain cancer stem cells via the up-regulation of Kcnip1 expression.
Fam110c, which is not in the beta estraldiol
related protein network, may also be related to
malignant transformation. Fam110c belongs
to a gene family consisting of three members,
Fam110a, Fam110b, and Fam110c. It has
been reported that the Fam110c protein localizes to centrosomes and accumulates at the
microtubule organization center in interphase
and at spindle poles in mitosis. Overexpression
of Fam110c resulted in microtubule aberrancies [72]. Moreover, the depletion of FAM110C
by shRNA reduced integrin-mediated filopodia
formation, hepatocyte growth factor-induced
migration, and phosphorylation of the Akt1
kinase in the epithelial cell line HepG2 [73].
This implies that the Polß-KO induced overexpression of Fam110c may impact the metastasis of tumor cells.
The other gene not in the beta estraldiol related
protein network is 5730469M10Rik (Pamm).
Pamm is involved in redox regulation of the cell
and serves as an antioxidant. It has been
reported that the expression of PAMM in
RAW264.7 monocytes protected cells under
oxidative stress induced by hydrogen peroxide.
The authors also indicated the overexpression
of PAMM in RAW 264.7 cells prevented an
increase in ROS induced by RANKL and inhibited RANKL-induced NFKB1 and JUN activation
[74]. Given that one major function of BER is to
repair DNA lesions resulting from ROS, the upregulation of the expression of Pamm can be
considered as a compensation of dysfunction
of BER to reduce oxidative stress.
Taken together, our results show that the loss
of function of Polß results in a global transcriptional alteration in each Polß-KO MEF cell line.
The up regulation of six genes present in all
Polß-KO MEF cell lines results in a transcriptional signature that may be representative of
loss of expression of Polß and by inference,
loss of function. The over-expression of Sox2,
Ramp3, Kcnip1, Fam110c and Ahr are related
to either maintaining the pluripotency of CSCs
or promoting tumor metastasis. With the observation that 30% of human tumor (from multiple
tumor types) present with defects in the expres-
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sion or function of Polß [36, 38, 41], and the
recent discovery of the participation of BER in
epigenetic regulation [63, 64], our results suggest that a deficiency in Polß not only results in
a loss of BER capacity but may also directly
affect the expression of genes critical for malignant transformation and tumor progression.
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