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Abstract: BCL3 is a putative proto-oncogene deregu-
lated in haematopoieitic and solid tumours. It has 
been suggested that its oncogenic effects could be me-
diated, at least in part, by inducing proliferation and 
inhibiting cell death. To provide more insight into the 
mediators of these effects, we used an unbiased ap-
proach to analyse the mRNA expression changes af-
ter knocking-down BCL3 using specific shRNAs. One
hundred eighty genes were up-regulated and sixty-
nine genes were down-regulated after knocking down 
BCL3. Function analyses showed enrichment in genes 
associated with cellular growth and proliferation, cell 
death and gene expression. We found that STAT3, an 
important oncogene in human cancer, was the central 
node of one of the most significant networks. We vali-
dated STAT3 as a bona fide target of BCL3 by addi-
tional interference RNA and in silico analyses of pre-
viously reported lymphoma patients. 

Introduction
NF-κB is a pleiotropic transcription factor that re-

sponds to cytokine signalling and cellular stress translo-
cating to the nucleus and binding to a common DNA 
sequence motif, the kB box (Aggarwal, 2004). This fac-
tor is composed of several homo- or heterodimers of 

Rel-domain-containing proteins, which are kept inacti-
ve in the cytoplasm by a member of a family of anchor-
in-domain-containing proteins termed I-κB proteins. 
After a stimulus, the inhibitory protein is phosphorylat-
ed, ubiquitinated and degraded, allowing the release of 
the NF-κB complex. The protein encoded by proto-on-
cogene BCL3 is atypical among the inhibitory proteins, 
since it is also able to act as transcriptional co-activator 
(Fujita et al., 1993). This protein, together with NFKB1, 
constitutes an alternative NF-κB pathway, variously 
called “non-canonical” (Cristofanon et al., 2009), “atyp-
ical” (Perkins, 2007) or “pathway 3” (Gilmore, 2006), 
in which no upstream receptor or activator is known. 
BCL3 was initially identified in a chromosome translo-
cation from chronic lymphocytic leukaemia, although it 
has also been found over-expressed and/or activated in 
diverse solid tumours (Cogswell et al., 2000; Thornburg 
et al., 2003). Although not completely understood, the 
oncogenic potential of BCL3 could be derived from its 
effects in cell proliferation and death. It has been shown 
that this proto-oncogene, in conjunction with NFKB2 
(p52), activates the CCND1 (Cyclin D1) promoter (Ro-
cha et al., 2003), and also mediates the effects of the 
tumour suppressor gene CYLD in proliferation (Mas-
soumi et al., 2006). Additionally, BCL3 also suppresses 
p53 activation following DNA damage, and thus, is able 
to inhibit p53-dependent apoptosis (Kashatus et al., 
2006). To gain more insight in the mechanisms of the 
oncogenic effect of BCL3, in the present paper we ana-
lysed the mRNA expression changes induced by knock-
ing down the expression of this proto-oncogene by a 
specific short-hairpin RNA (shRNA).

Material and Methods

Cell culture

HeLa cells were obtained from the American Type 
Culture Collection (ATCC, Manassas, VA) and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma-Aldrich, St. Louis, MO) with 5% foetal bovine 
serum in a humidified incubator at 37 °C with 5% CO2.
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BCL3 knockdown

In order to obtain cell lines defective in Bcl3 expres-
sion, we transfected AmphoPack 293 cells (Clontech, 
San Diego, CA) with a plasmid (pSIREN, Clontech) 
containing the sequence for producing a double stranded 
21 base pair siRNA directed against BCL3 mRNA, under 
the control of an U6 promoter (Mendoza et al., 2006). 
The target sequences were: CGGTGTCTGCCGTAG-
GTTGTT; GCTCGACATCTACAACAACTT; GGCA-
CGGATCACGATGTAAAT. After selection and screen-
ing, retroviral supernatants were collected, titrated and 
stored in liquid nitrogen. To generate the HeBcl3- cell 
lines, ten million HeLa cells were infected at a multiplic-
ity of infection of 1, selected for four weeks with G418, 
cloned, and five clones were pooled as described previ-
ously (Mendoza et al., 2006). For validation, independ-
ent transfections using additional shRNAs were used, 
and a different method for shRNA transduction em-
ployed. Aligned oligonucleotides were cloned into pSI-
REN-RetroQ-ZsGreen vector (Clontech) following the 
manufacturer’s instructions. HeLa cells were then trans-
fected with these plasmids using Escort reagent (Sigma-
Aldrich) and sorted with a Becton-Dickinson FACSAria 
cytometer (BD, Franklin Lakes, NJ), taking advantage of 
the modified GFP reporter of the plasmid vector.

RNA isolation and RT-PCR
RNA extraction and RT-PCR analysis were performed 

as described previously (Bandala et al., 2001). Briefly,
total RNA was extracted from cultured cells with Trizol 
reagent (Invitrogen, Carlsbad, CA) following the manu-
facturer’s protocol. RNA purity was confirmed by the
260/280 nm absorbance ratio and its integrity was estab-
lished with agarose gels. Total RNA (5 µg) was reverse-
transcribed using ThermoScript reverse transcriptase. 
The following primers were used: 

BCL3: CCCCTATACCCCATGATGTGC; ATAATT-
GCGGGCCTCCAGGTC. GAPDH: CCCCTTCATTG-
ACCTCAACT; TTGTCATGGATGACCTTGGC. STAT3 
(Konnikova et al., 2005): ACCTGCAGCAATACCAT-
TGAC; AAGGTGAGGGACTCAAACTGC. EGFR 
(Ji et al., 2006): CCACCAAATTAGCCTGGACA; CG-
CGACCCTTAGGTATTCTG. PI3K: CATTGCCCCG-
CCTCTTCTTAT; GAAAGCGTCAGCCAAAACGTG. 
NRP1; GCTCCGGACCCATACCAGAGAA; TGCAT-
TCAAGGCTGTTGGGA.

The primers were derived from the references shown. 
Those without references were obtained from the primer 
bank (http://pga.mgh.harvard.edu/primerbank/index.
html) (Spandidos et al., 2008). Reactions without cDNA 
were performed as negative controls. Excised bands 
were sequenced to verify identity. Amplification prod-
ucts were electrophoresed on 2% agarose gels and 
stained with ethidium bromide. 

Western blot 
Standardized amounts of total protein were separated 

by electrophoresis in 15% sodium dodecyl sulphate-

polyacrylamide gels (SDS-PAGE) and electroblotted to 
PVDF membranes. Blots were incubated with the anti-
bodies indicated and the signal was visualized by chemi-
luminescence (ECL II; Millipore, Billerica, MA). The 
following antibodies were used: Cyclin D1 (Cell Signal-
ing, Danvers, MA), Cdk4 (Cell Signaling), pERK (New 
England Biolabs, Ipswich, MA), tubulin (Chemicon, 
Temecula, CA), anti-mouse IgG horseradish peroxidase 
conjugated (Promega, Fitchburg, WI). pERK antibody 
recognizes both phosphorylated forms of ERK1 and 2, 
which can be discerned by molecular weight.

Microarray analyses
Total RNA (15 µg) derived from HeLa BCL3 RNAi 

and a control (HeLa cells infected with a retrovirus con-
taining an empty vector) were labelled by reverse tran-
scription using 500 U of SuperScript II (Invitrogen). 
Integrity was verified by calculating the ratio of 28S and
18S ribosomal RNAs. Only RNAs with a ratio higher 
than 2.5 were used in the experiments. RT reaction was 
primed with 1 µg of oligo-dT plus 1 µg of hexamer 
random primers in the presence of 0.1 mM Cy3 (or 
Cy5)-dUTP, 0.5 mM of each dATP, dGTP, dCTP, 0.2 mM 
TTP, 2 U/µl RNAsin, and the SS-II buffer. The reaction 
was further incubated for 2.5 h at 42 °C and halted with 
EDTA. Template RNA was hydrolysed with NaOH for 
15 min at 65 °C and then neutralized with 1 M Tris-HCl, 
pH 7.5 buffer. Labelled cDNA was purified with Micro-
con YM30 membranes and mixed with labelled control 
cDNA obtained by the same protocol. It was denatured 
at 99 °C for 3 min, cooled at room temperature, and de-
posited onto the microarray surface.

DNA microarrays were spotted on poly-lysine-coated 
slides at the Laboratory of Molecular Technology (NCI 
SAIC-Frederick, Inc., Frederick, MD) and consisted of 
9,961 distinct PCR-amplified human cDNAs prepared
from the IMAGE-EST clone collection. Hybridization 
was performed at 65 °C during 18 h. Washes in 2X 
SSC-0.1% SDS, 1X SSC, 0.2X SSC, and 0.05X SSC 
were sequentially performed, 1 min each. Microarrays 
were quickly dried and scanned at 10-µm resolution in a 
ScanArray-Lite scanner (Perkin-Elmer, Boston, MA). 
The scanner photomultiplicator was adjusted to obtain 
maximal signal intensities with minimal saturation. 
Microarray images were saved in TIFF format and ex-
tracted as GenePix result (gpr) files using GenePix Pro
III software (Molecular Devices, Sunnyvale, CA). The 
signal was calculated by using the mean intensity minus 
median background. Data were subsequently normal-
ized by the pre-calculated 50th percentile method, which 
is equivalent to the median (50th percentile) method but 
based on all spots with signals greater than 100 fluores-
cence units in both channels. Clones with over 30 % of 
missing values in all microarrays were excluded from 
the analysis, while those with less than 30 % of missing 
values were imputed with the KNN-impute tool availa-
ble at the GEPAS server (http://www.gepas.org).
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Bioinformatic analyses

To mine the database and provide significant associa-
tions of gene expression profiles with biofunctions and
networks we used the Ingenuity Analysis Pathway (IPA) 
software (Ingenuity Systems, Redwood City, CA). 
Cut-off values of ≤ 0.5-fold expression level for down-
regulated genes and ≥ 1.5-fold expression level for the 
up-regulated ones were used to identify genes whose ex-
pression was significantly modulated. These differen-
tially expressed genes were overlaid onto a global net-
work developed from the IPA database. Networks of 
these genes were then generated based on their connec-
tivity using proprietary algorithms. A score of 2 indi-
cates that there is a 1 in 100 chance that the focus genes 
are together in a network due to random chance. There-
fore, scores of 2 or higher have at least a 99 % confi-
dence of not being due to random chance. In the present 
study, we only present networks with a score higher than 
35 (p ≤ 1 × 10–35). Functional analysis identified the bio-

logical functions and diseases that were most significant
to the data set and networks. Fisher’s exact test was used 
to calculate the P value determining the probability that 
each biological function and disease assigned to the data 
set under study is due to chance alone. In the final graph-
ical representation, all edges were supported by at least 
one reference from the literature, or from canonical in-
formation stored in the IPA database. The intensity of 
the node colour indicates the degree of up- (red) or 
down- (green) regulation. Nodes are displayed using 
various shapes, provided by the software, representing 
the functional class of the specific gene product.

Results and Discussion

Gene expression changes induced by BCL3 
depletion

In order to identify genes regulated by BCL3, we pro-
duced a cell line with an integrated retroviral vector 

Gene Regulation by BCL3

Fig. 1. Production of BCL3 knock-down cells. HeLa cells were infected with a retrovirus containing a sequence that codi-
fies for an shRNA directed toward BCL3 mRNA. After a selection of four weeks, clones were isolated by limiting dilution. 
To create the knock-down BCL3 cell line, five clones were pooled. A) BCL3 mRNA and protein level. B) Gene expression 
validation using semi-quantitative RT-PCR or Western blot analyses. These experiments were performed in sorted HeLa 
cells transfected with a plasmid containing a different shRNA directed to BCL3, cloned in pSIREN-RetroQ-ZsGreen vec-
tor. CDK4: Cyclin-dependent kinase-4, pERK1/2: extracellular signal-regulated kinase-1/2, phosphorylated.



186 Vol. 56

����������������� �������������������

������� ���� ���� ������ ������� ���� ���� ������

�������� ����� ����� ��������� ����� ������

��������� ������ ����� ��������� ���� ������

��������� ������ ����� ��������� �� ������

��������� ������� ����� ��������� ����� ������

��������� ����� ����� ��������� ���� ������

��������� ������� ����� ��������� ���� ������

��������� ����� ����� ��������� ����� ������

�������� ���� ����� ��������� ������� ������

��������� ����� ����� �������� ������� ������

��������� ������ ����� ��������� ���� ������

��������� ���� ����� ��������� ����� ������

��������� �������� ����� ��������� ������ ������

��������� ���� ����� �������� ����� ������

��������� ������ ����� ��������� �������� ������

��������� ���� ����� ��������� ��� ������

��������� �������� ����� ��������� ����� ������

��������� ������ ����� ��������� ������ ������

�������� ��� ����� ��������� ����� ������

��������� ���� ����� �������� ������� ������

�������� ����� ����� ��������� ������� ������

��������� ����� ����� ��������� ����� ������

��������� ����� ����� ��������� ������ ������

��������� ����� ����� ��������� ����� ������

�������� ����� ����� ��������� ������� ������

��������� ����� ����� ��������� ����� ������

��������� ���� ����� ��������� ������� ������

��������� ����� ����� ��������� ����� ������

��������� ���� ����� ��������� ��� ������

��������� ���� ����� ��������� ���� ������

��������� ����� ����� �������� ������ ������

�������� ������ ����� �������� ������ ������

�������� ������� ����� ��������� ������ ������

��������� ������ ����� ��������� ������� ������

��������� ��������� ����� ��������� ������� ������

�������� ����� ����� ��������� ����� ������

��������� ������� ����� ��������� ������� ������

��������� ����� ����� ������� ����� ������

��������� ������ ����� ��������� ������ ������

��������� ���� ����� ��������� ����� ������

��������� ������� ����� ��������� �������� ������

��������� ������ ����� ��������� ����� ������

��������� ����� ����� ������� ��� ������

�������� ����� ����� ��������� ������ ������

��������� �������� ����� ��������� �������� ������

�������� ������� ����� ��������� ��������� ������

��������� ����� ����� ��������� ����� ������

��������� ���� ����� ��������� ���� ������

��������� ������ ����� ��������� ���� ������

��������� ����� ����� �������� ������ ������

��������� ���� ����� ��������� ��������� ������

��������� ����� ����� ��������� ������ ������

��������� ������ ����� ��������� ����� ������

Table 1. Genes regulated in Bcl3-deficient cells. Columns describe Unigene record, HUGO-approved name and fold
change (log2 ratio between Bcl3 -knockdown cells and cells transfected with an empty vector).
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codifying for an shRNA directed toward the mRNA of 
this oncogene, as described previously (Mendoza et al., 
2006). Fig. 1a shows that this shRNA depleted more 
than 80 % of the BCL3 mRNA and protein levels in 
HeLa cells. We then performed an expression profiling
assay using microarrays. We selected an up-regulation 
cut-off point of 1.5 or more or a down-regulation point 
of less than 0.5, which gave 180 up-regulated and 69 
down-regulated genes (Table 1). We then validated sev-
eral candidates including both up- and down-regulated 
genes by means of an end-point RT-PCR or Western blot 
assays (Fig. 1b). Consistent with previous reports, we 
found down-regulation of Cyclin D1 (Massoumi et al., 
2006; Park et al., 2006), and most interestingly, a diver-
gent increase in Cyclin-dependent kinase 4, Cyclin D1’s 
major catalytic partner (Fig. 1). We could not validate 
the EGFR up-regulation, perhaps due to the reported 
(Blobel, 2005) variety of splicing forms of this gene. 
Nevertheless, we validated the expression changes of 
phosphoinositide 3 kinase, regulatory subunit 1 (PIK3R1) 
and neuropilin 1 (NRP1).

Function analysis of regulated genes
We then performed an unbiased molecular and cellu-

lar function analysis using the IPA software, which 
showed, among other processes, an enrichment in genes 
associated with cellular growth and proliferation, cell 
death and gene expression (P = 5 × 106 to 8.5 × 106 by 
Fisher’s exact test) (Fig. 2). These results agree with the 
known effects of BCL3 on proliferation (Westerheide et 
al., 2001), cell death (Bauer et al., 2006; Kashatus et al., 
2006) and transcription regulation (Park et al., 2006). As 
expected, genes regulated by BCL3 were also enriched 
for cancer pathogenesis (P = 9.6 × 105) (Fig. 2a), and 

several signalling pathways associated with cancer, in-
cluding, NF-κB (Fig. 2b). Using a more systematic ap-
proach, we performed an in silico analysis of gene net-
works significantly associated with the profile. Two
functional networks presented a score higher than 35 
(Fig. 3 and not shown, available at request). The most 
significant network was associated with tissue develop-
ment, whereas the second one was associated with cellu-
lar and molecular processes, so we chose to focus on it.

BCL3 regulates a common oncogenic pathway
One of the networks found presented functions asso-

ciated with cellular development, growth and prolifera-
tion (Fig. 3). The main nodes on this network were part 
of the EGFR signalling cascade, including connections 
with STAT3, ITGB1 and PIK3R1. As mentioned earlier, 
we could not validate the EGFR up-regulation, perhaps 
due to the presence of multiple splice variants (Blobel, 
2005), although the regulation of STAT3 and PIK3R1 
was reproducible (Fig. 1). In addition, we found that the 
phosphorylation of the downstream target ERK2 was 
increased by BCL3 depletion (Fig. 1B), supporting the 
role of BCL3 in this signalling cascade. It is interesting 
to note that Brocke-Heidrich et al. have shown that 
STAT3 directly regulates BCL3 transcription (Brocke-
Heidrich et al., 2006). Our results add an additional 
level of modulation in which BCL3 also regulates 
STAT3 expression, creating a STAT3-BCL3 positive 
amplification feedback loop. STAT3 is an important
node in the signalling pathways of multiple cytokines 
and tyrosine kinase oncoproteins, even being indispen-
sable for the transformation effects of Ras (Gough et al., 
2009). To assess whether these results could be relevant 
to human cancer, we performed an in silico analysis of 

Gene Regulation by BCL3



190 Vol. 56

Fig. 2. Molecular and cellular function analysis of regulated genes. Genes up- or down-regulated were analysed for en-
richment of biofunctions, diseases or canonical pathways using the IPA software suite. A) Gene enrichment in specific
biofunctions and diseases. Threshold: significative results using Fisher’s exact test. B) Gene enrichment in canonical
pathways. Threshold: significant results using Fisher’s exact test. The score is generated using a P value calculation, and 
indicates the likelihood that the set of focus genes could be explained by random chance alone (score = -log(P.value). 
Networks with scores of 2 or higher have at least 99 % confidence of not being generated by random chance.
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BCL3 and STAT3 expression from lymphoma patients 
using data from two previous studies (Dave et al., 2006; 
Hummel et al., 2006) taking advantage of the Oncomine 
Database platform (Rhodes et al., 2004). Figure 4 shows 
a clear correlation between BCL3 and STAT3 expression 
(R = 0.656 to 0.821 in two studies). 

These results warrant further analyses to establish the 
possible role of STAT3 as a mediator of the oncogenic 
effects of BCL3. It is noteworthy that we also found 
down-regulation of LCK, which has been shown to be 
a binding partner and a regulator of BCL3 activity 
(Zhao et al., 2005). Finally, it is important to note that 

Fig. 3. Cellular development, growth and proliferation network enriched in BCL3 knock-down cells. The intensity of the 
node colour indicates the degree of regulation. Nodes are displayed using various shapes, provided by the software, rep-
resenting the functional class of the specific gene product. The network presented a score of 39. Functional class of node
and relationships are shown at the bottom.
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regulator Bcl3 and the BH3-only proteins Bim and Puma 
control the death of activated T cells. Proc. Natl. Acad. Sci. 
USA 103, 10979-10984.

Blobel, C. P. (2005) ADAMs: key components in EGFR signal-
ling and development. Nat. Rev. Mol. Cell Biol. 6, 32-43.
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(1993) The candidate proto-oncogene Bcl3 encodes a tran-

Fig. 4. A) Validation and relevance of the oncogenic pathway revealed from the microarray analysis. Scatter plot of nor-
malized expression units showing the correlation between BCL3 and STAT3 expression in two genome-wide expression 
studies (Dave et al., 2006; Hummel et al., 2006). Log2-transformed expression values were used. The median was scaled 
to zero and the standard deviation of values was scaled to 1 to calculate the normalized expression units. Graphic derived 
from Oncomine database (Rhodes et al., 2004). B) Alternative (or Pathway 3) NF-κB pathway. From an unknown up-
stream signalling cascade p50 (or p52) homodimers are translocated to the nucleus after processing of the precursor p105 
(or p100). Transcriptional activation results from the association of these homodimers with BCL3. Presumably, BCL3 can 
also be regulated by protein modifications (e.g. ubiquitination) to further modulate the pathway.

down-regulation of BCL3 in other cancer cell lines also 
decreased STAT3 mRNA levels (not shown), supporting 
a more generalized role of this network in other cancer 
cell types.

In conclusion, BCL3 regulates a diverse array of 
genes involved in signalling pathways associated with 
cancer, in addition to its known role as a part of the atyp-
ical NF-κB pathway. Among the key genes regulated by 
this oncogene is STAT3, which could provide a positive 
feedback mechanism leading to enhancing activities of 
both factors. Further studies analysing the importance of 
STAT3 in the oncogenic potential of BCL3 and the spe-
cific mechanism of regulation are clearly needed.
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