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Chronic inflammation is associated with increased cancer risk.
Furthermore, the transcription factor NF-κB, a central regulator of
inflammatory responses, is constitutively active in most tumors. To
determine whether active NF-κB inherently contributes to malig-
nant transformation, we isolated a set of NF-κB–activating genetic
elements and tested their oncogenic potential in rodent cell trans-
formation models. Genetic elements with desired properties were
isolated using biologically active selectable peptide technology,
which involves functional screening of lentiviral libraries encoding
20 or 50 amino acid-long polypeptides supplemented with endo-
plasmic reticulum-targeting and oligomerization domains. Twelve
NF-κB–activating selectable peptides (NASPs) representing specific
fragments of six proteins, none of which was previously associ-
ated with NF-κB activation, were isolated from libraries of 200,000
peptides derived from 500 human extracellular proteins. Using
selective knockdown of distinct components of the NF-κB pathway,
we showed that the isolated NASPs act either via or upstream
of TNF receptor-associated factor 6. Transduction of NASPs into
mouse and rat embryo fibroblasts did not, in itself, alter their
growth. However, when coexpressed with oncogenic Ras (H-RasV12),
NASPs allowed rodent fibroblasts to overcome H-RasV12–mediated
p53-dependent senescence and acquire a transformed tumorigenic
phenotype. Consistent with their ability to cooperate with onco-
genic Ras in cell transformation, NASP expression reduced the trans-
activation activity of p53. This system provides an in vitro model of
NF-κB–driven carcinogenesis and suggests that the known carcino-
genic effects of inflammation may be at least partially due to NF-κB–
mediated abrogation of oncogene-induced senescence.
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Chronic inflammatory conditions are strongly associated with
cancer predisposition (1, 2). Inflammatory cells frequently

comprise a significant part of the milieu of tumors and promote
tumor progression through production of cytokines, chemokines,
and growth factors (3–6). The connection between inflammation
and cancer is supported by the fact that all major cancer risk
factors, including chronic infections, autoimmune diseases, and
exposure to alcohol, tobacco, radiation, chemical irritants, and
carcinogens, are invariably associated with inflammatory respon-
ses (7). Despite strong evidence for, and general acceptance of,
the link between inflammation and cancer, the precise molecular
mechanism(s) underlying the cancer-promoting effects of in-
flammation remains undefined. An improved understanding of
such mechanisms would enable exploration of numerous potential
anticancer therapeutic strategies involving targeting of various
aspects of immune responses. Given the paradox of immune
surveillance leading to tumor eradication and inflammatory
responses leading to tumor promotion, there is strong rationale
for development of therapeutic agents capable of activating
antitumor immune responses and/or blocking protumorigenic
inflammatory pathways.

The NF-κB transcription factor plays a pivotal role in all aspects
of immune responses, including inflammation (8, 9). Although
NF-κB is activated in normal cells only under conditions requiring
an inflammatory response, this strict regulation is lost in the ma-
jority of tumors, resulting in constitutive NF-κB activation (10, 11).
This phenomenon is usually interpreted as tumor cells taking
advantage of NF-κB–driven prosurvival responses, including NF-
κB–mediated induction of antiapoptotic and antioxidative pro-
teins and growth factors (8). Although correlative evidence sup-
ports prooncogenic properties of NF-κB (12), it remains unclear
whether constitutive activation of NF-κB can directly contribute to
cellular transformation. Based on the central role of NF-κB in
regulating inflammation, definition of the molecular mechanisms
connecting NF-κB to tumorigenesis will likely resolve the ques-
tion of how chronic inflammation promotes cancer.
The significance of NF-κB activity in cancer is further sup-

ported by a number of previous studies indicating a functional
link between NF-κB and the key mammalian tumor suppressor,
p53 (13, 14) (reviewed in refs. 8 and 15). The p53 and NF-κB
pathways are the two major pathways that determine cellular and
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organismal responses to a variety of stresses. Although NF-κB
predominantly senses extrinsic stresses such as presence of bac-
teria and viruses, p53 acts as a guardian against intrinsic stresses
such as DNA damage and deregulation of protooncogenes (8,
15–17). Because cellular responses to extrinsic and intrinsic
stresses are frequently oppositely directed (e.g., temporary in-
hibition of apoptosis and stimulation of proliferation of immu-
nocytes in the presence of infection versus induction of apoptosis
and inhibition of proliferation in response to DNA damage), it is
not surprising that the p53 and NF-κB pathways negatively reg-
ulate each other and are deregulated in opposite directions in
tumors (8, 14, 15). Mutual negative regulation of p53 and NF-κB
is well documented at the phenotypic level, but the mechanism(s)
responsible for this phenomenon remains undefined.
The current study was aimed at uncovering the mechanisms

involved in associations between inflammation, NF-κB activity,
p53 activity, and tumorigenesis. This task required development
of an experimental system mimicking the constitutive NF-κB
activation that naturally occurs in tumors. Numerous NF-κB–
activating agents already in existence could not be used for such
studies because physiological activation of NF-κB is typically
short-lasting due to induction of potent negative-feedback loops
(18, 19). Therefore, we used a functional genomics approach, bi-
ologically active selectable peptide (BASP) technology (20), to
identify genetic elements encoding peptides capable of causing
constitutive activation of NF-κB [NF-κB–activating selectable pep-
tides (NASPs)]. The role of constitutive NF-κB activation in cell
transformation was then tested by expressing NASPs alone or to-
gether with the activatedRas oncogene in rodent embryo fibroblasts,
a conventional in vitro model for testing oncogene cooperation (21).
The results of this work demonstrate that constitutive activation of
NF-κB makes rodent fibroblasts susceptible to transformation by
activated Ras, apparently by attenuating p53-induced senescence,
thus defining chronically active NF-κB as an oncogene.

Results
BASP Technology: Establishment of a System for Functional Selection
of NF-κB–Activating Genetic Elements. To experimentally induce
constitutive NF-κB activation, the common property of tumor
cells that links chronic inflammation and tumorigenesis, we used
BASP technology (20) to perform a functional screen for genetic
elements encoding peptides capable of inducing such NF-κB
deregulation. First, we created libraries of genetic elements
encoding peptides of 20 or 50 amino acids (aa) built in a lenti-
viral expression vector (Fig. 1A). Because extrinsic signals, such
as cytokines, are common natural activators of NF-κB, we hy-
pothesized that a pool of peptides derived from the extracellular
proteome would provide a good source of possible NF-κB acti-
vators. Therefore, we created four libraries, each containing
50,000 individual clones, spanning the sequences of 500 well-
characterized human and mouse cytokines, chemokines, growth
factors, and their receptors. For each of these proteins of in-
terest, we designed oligonucleotides encoding a set of redundant
overlapping peptides with lengths of 50 aa (subdomain-like) or
20 aa (epitope-like). Given the secreted nature of most naturally
occurring NF-κB activators, a secreted alkaline phosphatase
(SEAP) signal sequence was included in the vector upstream of
the inserts to facilitate endoplasmic reticulum (ER) targeting
and secretion of the library peptides. In addition, oligomeriza-
tion is necessary for most natural NF-κB activators to trigger
receptor activation, and many successful cytokine mimetic pep-
tides bind their cognate receptors as dimers or trimers. There-
fore, GCN4 leucine zipper-encoding sequences directing peptide
dimerization or trimerization were included (22) in our library
vectors between the SEAP signal sequence and the peptide-
encoding inserts. Thus, each of the four libraries used for selection
of NASPs contained either 20-aa or 50-aa peptide-encoding
inserts in one of two variants of the lentiviral expression vector
(with dimerization or trimerization leucine zipper sequences) (Fig.
1B). The oligonucleotides were designed through computational

Fig. 1. Schematic illustration of screening strategy for isolation of NASPs. (A) Map of the pBAP lentiviral vector used for library construction. Sequences
encoding peptides of 20 aa or 50 aa were cloned downstream of the SEAP-derived leader sequence. (B) Three different versions of the pBAP vector allowed
production of peptides as monomers, dimers, or trimers (with the latter two cases including a GCN4 leucine zipper dimerization or trimerization sequence
upstream of the peptide-encoding inserts). (C) Procedure followed for library construction. Oligonucleotides encoding overlapping 20-aa- or 50-aa-long
peptides derived from 500 different cytokines and growth factors were designed by computational analysis of sequences and synthesized on a microarray
surface. Oligonucleotides were then detached and amplified by PCR for cloning into the pBAP-based vectors. Libraries were packaged into pseudoviral
particles in HEK293T cells. (D) Procedure for library screening. Lentiviral peptide libraries were transduced into 293-NF-κB-GFP reporter cells, and GFP-positive
cells were isolated by FACS (two rounds). Peptide-encoding sequences were PCR amplified from GFP-positive cells from the two pools of genomic DNA using
flanking Gex primers and subjected to high throughput (HT) sequencing to identify the most enriched NASPs.
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analysis of sequences, synthesized on a microarray surface, and
then detached and PCR-amplified for cloning into the lentiviral
expression vector (Fig. 1C).
As a readout system for the screen, we generated an NF-κB–

responsive reporter cell line, 293-NF-κB-GFP, in which NF-κB–
driven expression of the green fluorescent protein (GFP) re-
porter gene (Fig. S1) can be easily and quantitatively assessed by
flow cytometry (Materials and Methods). Upon exposure of the
reporter cells to TNF or IL-1 (known NF-κB activators), GFP
expression was uniformly induced up to 300-fold over back-
ground levels (Fig. S2 A and B), thus indicating a robust
readout system capable of detecting even relatively weak NF-
κB activators.
The screening procedure was tested using a positive control

NASP construct expressing the known NF-κB activator, full-
length cytokine TNF, mixed with an insert-free lentiviral vector
at a ratio of 1:10,000 to mimic the likely representation of a given
peptide within the libraries. After two rounds of FACS sorting of
GFP-positive transduced reporter cells, we obtained a pop-
ulation in which 97.5% of the cells expressed both GFP and TNF
as assessed by flow cytometry and PCR, respectively (Fig. S3 C
and D). Use of TNF-producing clones also allowed us to address
the potential concern that secretion of NASPs due to the engi-
neered ER-targeting signal might lead to activation of NF-κB in
a paracrine fashion, making it impossible to distinguish between

NASP-producing and NASP-responding cells. However, co-
cultivation of TNF-expressing and TNF-nonexpressing NF-κB
reporter cell clones demonstrated that only those clones ex-
pressing TNF were GFP-positive (Fig. S3E).

Identification and Functional Validation of NASPs. A full-scale
screening of all four generated BASP libraries was carried out
according to the scheme outlined in Fig. 1. We packaged and
transduced each library into 106 293-NF-κB-GFP cells at a mul-
tiplicity of infection (MOI) of 0.3–0.5, which was expected to
yield about 100 transduced cells for each peptide construct.
Forty-eight hours after transduction, the cells were sorted by
FACS to isolate GFP-positive cells. The isolated population was
grown in regular culture medium for 7d and then sorted again to
further enrich for GFP-positive cells. For each of the four li-
braries, we observed that, after the second sorting, up to 50% of
the cells expressed GFP (Fig. 2A).
To identify the NASPs responsible for activating NF-κB–

dependent GFP expression in the reporter cells, genomic DNA
was isolated from BASP library-transduced cell populations on
the day after library transduction and after the second round of
FACS-based enrichment for GFP-positive cells. Peptide-encod-
ing sequences were amplified from the two pools of genomic
DNA using flanking Gex primers, and high-throughput (HT)
Solexa sequencing was used to determine the relative abundance
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Fig. 2. Activation of NF-κB–dependent GFP expression upon peptide library or individual NASP transduction. (A) GFP expression in 293-NF-κB-GFP reporter cells
transduced with one of three different peptide libraries (monomeric, dimeric, or trimeric 50-aa-long peptides), before and after two rounds of FACS sorting.
Photographs of representative fields taken under a fluorescent microscope are shown. (B) GFP expression in 293-NF-κB-GFP reporter cells transduced with NASP
validation constructs (rescued NASP inserts cloned into the original lentiviral expression vector used for library construction) or control vector (con. vec). The
percentage of GFP-positive cells in each population was determined by flow cytometry 72 h after transduction. Nomenclature of NASP is similar to that indicated
in Table 1. (C) Scheme highlighting the overlapping sequences of eight isolated NASPs to the corresponding parent proteins. (D) Photographs taken under
a fluorescent microscope of GFP induction by selected NASPs are shown. (E) GFP expression in 293-NF-κB-GFP reporter cells transduced with lentiviral constructs
for expression of isolated NASPs (ApoF, PLP, or CCK) as monomers (M), dimers (D), or trimers (T) with or without the SEAP signal sequence (ΔSEAP). The per-
centage of GFP-positive cells in each population was determined by flow cytometry 48 h after transduction. “Control” cells were nontransduced reporter cells.
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of individual sequences among amplified PCR products. Statis-
tical analysis revealed sequences that were enriched at least
threefold in FACS-sorted GFP-positive cell populations relative
to the corresponding cell population just after transduction. The
hit rate was similar for all four libraries regardless of whether
they expressed 20-aa- versus 50-aa-long peptides or dimeric versus
trimeric BASPs. Many peptide sequences that were identified
as hits, although not identical, were derived from similar regions
of the same protein, thus allowing us to map a minimal functional
NF-κB–activating domain of the protein (Fig. 2C and Fig. S4). To
confirm the HT sequencing results, we tested the NF-κB–activating
ability of 12 putative NASPs by cloning them into the original
lentiviral expression vector, transducing the constructs into 293-
NFκB-GFP cells, and determining the percentage of GFP-posi-
tive cells 48 h after transduction. All twelve individually tested
NASPs showed strong GFP reporter induction in a large pro-
portion of cells, thus confirming their NF-κB–inducing activity,
and were used for further functional testing (Fig. 2 B and D).
The selected NASPs represented (Table 1) four overlapping
peptides derived from apoliprotein F (ApoF), two overlapping
peptides derived from cartilage oligomeric matrix protein (COMP)
and pancreatic lipase-related protein (PLP), and unique fragments
of cholecystokinin (CCK), Matrilin-2 (MAT2), subtilisin/kexin
type 9 (Subt), and interleukin 27 (IL27).

Characterization of the Mechanism of Action of NASPs. For further
functional validation, the selected lentiviral constructs of NASPs
were expressed individually in a panel of reporter cell lines, in-
cluding the original 293-NF-κB-GFP cell line used for screening,
as well as HeLa-NF-κB-GFP cells (generated with the same re-
porter construct as 293-NF-κB-GFP) and MEF-NF-κB-LUC
cells (culture of mouse embryo fibroblasts isolated from NF-κB
reporter mice expressing the firefly luciferase gene under the
control of the IκB promoter) (23, 24). All isolated NASPs in-
duced reporter expression in all three reporter-cell types, albeit
with variable intensity. The relative NF-κB–activating efficacy of
different NASPs correlated among the three reporter cell sys-
tems (Fig. 2B and Fig. S5). It is noteworthy that the same NASPs

expressed without a leucine zipper domain or without a SEAP-
derived signaling peptide completely lacked the ability to acti-
vate NF-κB reporters, thus indicating the importance of di-
merization or trimerization as well as ER targeting for their
functionality (Fig. 2E). Thus, NASPs act similarly to natural NF-κB
activators, the majority of which require oligomerization for their
activity (25).
To understand the mechanisms of NF-κB activation by

NASPs, we used a set of constructs expressing inhibitory shRNAs
against different components of signaling pathways that involve
NF-κB activation (two different shRNAs targeting each gene).
Specifically, we used shRNAs against two essential subunits of
the TNF receptor (TNFRSF1A and TNFRSF1B), the receptor
for interleukin-1 (IL1R2), Toll-like receptor 5 (TLR5), two
members of the TNF receptor-associated factor protein family
(TRAF2 and TRAF6), a protein subunit of IκB kinase essential
for the canonical NF-κB activation pathway (IKBKB), and the
p65 subunit of NF-κB (RELA) (Fig. 3A). The functionality of
shRNAs was tested after transduction into 293-NFκB-GFP cells
and selection for puromycin resistance (to obtain a cell pop-
ulation in which all cells express the shRNA), followed by
treatment with the NF-κB–activating agent TNF. As expected,
shRNAs against known members of the TNF signaling pathway
showed strong inhibition of NF-κB reporter induction in this
system whereas shRNAs targeting other pathways (i.e., IL1 or
TLR5), as well as shRNA against the luciferase gene (negative
control), had no effect (Fig. 3 B and C). Each shRNA construct
was then transduced into 293-NFκB-GFP cells expressing in-
dividual NASPs, and the percentage of GFP-positive cells in
each population was determined by flow cytometry 4 d after
transduction. Interestingly, the patterns of shRNA activity (i.e.,
their relative effects on NF-κB–driven GFP expression) were
similar for all populations of NASP-expressing cells (i.e., for all
of the different tested NASPs) (Fig. 3C). Only three pairs of
shRNAs from the panel tested had an inhibitory effect on NASP-
induced NF-κB activity: shRNAs against RELA, IKIKB, and
TRAF6. Thus, NASPs act via or upstream of TRAF6, but in-
dependently or downstream of TRAF2 and the TNF, IL1, and

Table 1. Origin and structure of NF-κB–activating peptides

Peptide
length, aa Peptide design Protein of origin Abbreviation Peptide sequence (# of independent clones) Position

20 Trimer Apolipoprotein F ApoF-T20 RVGRSLPTEDCENEKEQAVH (1) 161–180
20 Trimer Cholecystokinin CCK-T20 DYMGWMDFGRRSAEEYEYPS (1) 96–115
20 Trimer Cartilage oligomeric matrix

protein
COMP-T20 HQDSRDNCPTVPNSAQQDSD (1) 441–460

50 Trimer Apolipoprotein F ApoF-T50 LLAREQQSTGRVGRSLPTEDCENEKEQAVHNVVQL
LPGVGTFYNLGTALY (1)

151–200

50 Trimer Pancreatic lipase related
protein-1

PLP-T50 SLGAHVAGEAGSKTPGLSRITGLDPVEASFESTPE
EVRLDPSDADFVDVI (1)

171–220

50 Trimer Cartilage oligomeric matrix
protein

COMP-T50 DSDQDKDGDGHQDSRDNCPTVPNSAQQDSDSDG
QGDACDEDDDNDGVPDS (1)

431–480

50 Trimer Matrilin 2 MAT2-T50 LAEDGKRCVAVDYCASENHGCEHECVNADGSYLCQ

CHEGFALNPDKKTCT (2)
315–364

50 Trimer Subtilisin/kexin type 9 Subt-T50 LLLGPAGARAQEDEDGDYEEL (stop) (1) 22–42
50 Dimer Pancreatic lipase related

protein-1
PLP-D50 GSKTPGLSRITGLDPVEASFESTPEEVRLDPSDAD

FVDVIHTDAAPLIP (1)
181–229

50 Dimer IL-27 IL27-D50 NLPEEEEEEEEEEEEERKGLLPGALGSALQGPAQVS

(frameshift) (2)
151–198

50 Dimer Apolipoprotein F ApoF-D50 QVLIQHLRGLQKGRSTERNVSVEALASALQLLAREQQ

STGRVGRSLPTED (1)
121–170

50 Dimer Apolipoprotein F ApoF-D50-del QVLIQHLRGLQKGRSTERNVS——————–RVGRSLPTED
(deletion) (1)

121–170

Overlapping sequences of Apo-F peptides are indicated in bold, and those of COMP-peptides are bold and underlined. Overlapping peptides of PLP are in
italics and bold. Dotted line indicates deletion corresponding to the parent protein.
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TLR5 receptors (Fig. 3 A–C). These observations identify TRAF6
as a common mechanistic component and suggest that all NASPs
act upon a relatively narrow segment of the NF-κB signaling
pathway involving TRAF6. To explore this hypothesis, we per-
formed immunoprecipitation experiments with 293-NF-κB-GFP
cells expressing FLAG-tagged trimeric ApoF-20-NASP and anti-
FLAG antibodies. The same NASP peptide, expressed without a
leucine zipper, monomeric ApoF-20-NASP, which is incapable of
NF-κB activation, was used as a control. Another control, con-
sisting of a FLAG-tagged scrambled sequence of the ApoF NASP
peptide cloned into the trimeric expression vector, was also in-
capable of activating NF-κB (Fig. S6). Immunoblotting revealed

that TRAF6 protein was immunoprecipitated from trimeric-
ApoF-20-NASP–expressing cells, but not from monomeric-ApoF-
20-NASP–expressing cells (Fig. 3D). Physical interaction with
TRAF6 was not detected for any other NASPs. Therefore, de-
spite their shared dependence on TRAF6 for NF-κB activation,
other aspects of their mechanisms of action are clearly different
from that of trimeric-ApoF-20-NASP.

NASPsOvercomeRas-InducedSenescencetoPromoteCell Transformation.
To test our hypothesis that constitutive NF-κB activation by iso-
lated NASPs would mimic chronic inflammatory stimuli and pro-
mote malignant transformation, we expressed NASPs in rodent
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fibroblasts and tested their ability to cooperate with oncogenic
Ras (H-RasV12) in inducing transformation (21, 26, 27). The
oncogenic effect of H-RasV12 can be observed in mouse embryonic
fibroblasts (MEFs) isolated from p53-knockout (p53−/−) mice,
which undergo full transformation upon its expression (26).
In contrast, expression of H-RasV12 in MEFs from wild-type
mice leads to apparent senescence of the cells (based on mor-
phology and senescence-associated β-galactosidase staining),
with a “second hit” required to cause transformation (28). In
this study, early-passage (passage 3) primary MEFs from wild-
type C57BL/6 mice were infected with lentiviral constructs
expressing individual NASPs or with the empty lentiviral ex-

pression vector as a control. Forty-eight hours later, each trans-
duced cell population was trypsinized and divided into three
plates. One plate was then transduced with a lentiviral construct
directing expression of H-RasV12 in combination with the bleo-
mycin resistance gene under the control of the H4 promoter
(PLV-Ras-bleo). The second plate in each set was transduced
with the PLV-bleo vector (containing the bleomycin resistance
gene, but not H-RasV12) as a control, and the third plate was left
uninfected to monitor the effect of NASP expression alone. All
cultures transduced with PLV-Ras-bleo or PLV-bleo were sub-
jected to bleomycin selection to eliminate untransduced cells.
Cultures were allowed to grow for 3 wk and then assessed under
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C

B

E

Fig. 4. NASP expression allows MEF and REF52 cells to overcome Ras-induced senescence and undergo transformation. (A) Photographs taken under light
microscope, and (B) β-galactosidase staining of primary MEFs that were transduced with the empty vector PLV-bleo (MEF), transduced with the lentiviral
H-RasV12 expression construct PLV-rasV12-bleo (MEF-Ras), MEFs (p53−/−) transduced with PLV-rasV12-bleo (p53KO-MEF-Ras) or transduced with PLV-rasV12-
bleo and a lentiviral NASP (PLP) expression construct (MEF-Ras-PLP). Transduced cells were selected in bleomycin, allowed to grow for 21 d, and then pho-
tographed/stained. Note transformation phenotype in cultures of p53−/− MEFs expressing Ras or in those coexpressing Ras with PLP, but not in those
expressing Ras alone. (C) Phase contrast images (Upper) and β-galactosidase staining (Lower) of REF52 cells that were (in order from left to right) (i)
transduced with the empty vector PLV-bleo, (ii) transduced with the lentiviral H-RasV12 expression construct PLV-rasV12-bleo, or (iii) transduced with PLV-
rasV12-bleo and a lentiviral NASP (IL-27-T50) expression construct. Transduced cells were selected in bleomycin, allowed to grow for 18 d, and then pho-
tographed/stained. (D) Representative images of methylene blue staining of REF52 cells transduced with NAGE vector construct (control) or different NAGE
expression constructs either with PLV-Bleo (Upper) or with PLV-rasV12-bleo (Lower). Tested NAGEs included those derived from apolipoprotein F (ApoF),
pancreatic lipase-related protein-1 (PLP), interleukin-27 (IL27), and subtilisin/kexin type 9 (Subtl). Here and in E, the library from which the NAGE was isolated
is indicated by D or T (for dimer or trimer) and/or the number of amino acid residues in the peptide inserts (20 or 50). (E) The frequency of foci formation was
calculated from triplicate plates (one of which is shown in D).
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a microscope for cell morphology and colony formation, fol-
lowed by staining for senescence-associated β-galactosidase
(29). As a control to assess the quality of H-RasV12 lentiviral
stocks, MEFs isolated from p53-knockout mice, which are per-
missive for Ras-induced transformation, were also transduced in
the second round (with PLV-Ras-bleo or PLV-bleo), selected in
bleomycin, and evaluated as described for wild-type MEFs.
As expected, PLV-Ras-bleo–transduced p53 −/− MEFs formed

fully transformed cultures (Fig. 4A). In contrast, wild-type MEFs
expressing oncogenic H-RasV12 from the PLV-Ras-bleo con-
struct exhibited morphological features of senescent cells and
showed senescence-associated beta-galactosidase staining (Fig. 4
A and B). Coexpression of H-RasV12 with NASPs, however,
resulted in transformation rather than senescence of wild-type
MEFs. As shown for one NASP (PLP) in Fig. 4, wild-type MEFs
expressing both H-RasV12 and the NASP formed colonies of pro-
liferating cells with transformed phenotypes and showed a sub-
stantial reduction in senescence-associated β-galactosidase staining.
Because primary MEFs in culture are often prone to sponta-

neous transformation, we used a second system to test the effect
of NASPs on transformation, the rat embryonic fibroblast cell
line REF52. This cell line has an undetectable background level
of spontaneous transformation and has been shown to undergo
senescence-like growth arrest in response to H-RasV12 expres-
sion similar to MEFs (26, 30). In addition, like MEFs, REF52
cells lacking p53 activity undergo transformation upon H-RasV12

expression, which we confirmed using shRNA-mediated knock-
down of p53 expression (26). Using the protocol outlined above
for MEFs, we transduced REF52 cells with combinations of
H-RasV12 and NASP lentiviral expression constructs and the
corresponding empty vectors and subsequently evaluated cell
morphology, formation of transformation foci, and senescence-
associated β-galactosidase staining. The effect of H-RasV12 ex-
pression alone or in combination with one ApoF-derived NASP
is shown in Fig. 4C. NASP coexpression eliminated the senescent
phenotype induced by H-RasV12 expression and resulted in trans-
formed cultures. Expression of NASPs alone had no noticeable
effect on the phenotype of either REF52 or other cell types. Co-
operation of NASPs with oncogenic Ras in inducing REF52 cell
transformation was also observed with an independent batch of
H-RasV12 lentivirus and all five NASPs (Fig. 4D andE) tested. The
frequency of transformation foci in H-RasV12 + NASP cotrans-
duced cell populations ranged from 2 x10−4 to 6 × 10−4, depending
upon the particular NASP (Fig. 4E).
To confirm the requirement of NF-κB for NASP-mediated

transformation, we generated REF52 cells stably expressing a
superrepressor (SR), a stable IκB mutant lacking both phos-
phorylation sites, which blocks NF-κB activation (14, 31). We
confirmed suppression of basal and TNFα−induced NF-κΒ ac-
tivation in these cells using reporter assays (Fig. 5A). Parental
REF52 cells and REF52-IκBα-SR cells were transduced with
individual NASPs and, 2 d later, transduced again either with
H-RasV12 or control PLV-bleo lentivirus and selected in bleo-
mycin after 48 h of infection. At 10 d postinfection, REF52-NASP
cells exhibited transformed morphology whereas REF52-IκBα-SR
cells expressing the same NASP had the morphology of un-
infected cells, correlating with their relative ability to form col-
onies in semisolid agar (Fig. 5B). These results confirm that the
ability of NASPs to cooperate with Ras to promote cell trans-
formation requires NF-κB activation.
To demonstrate the tumorigenic potential of cells transformed

by the combined expression of NASPs and oncogenic Ras in
vivo, we injected 5 × 106 cells of each transformed REF52 cell
population s.c. into both flanks of athymic nude mice (n = 8
mice per group). By 10 d postinjection, the majority of animals
that were injected with cells cotransduced with H-RasV12 and
NASP expression constructs had developed large tumors re-
quiring euthanasia due to tumor burden according to Institu-

tional Animal Care and Use Committee regulations. The frequency
of tumor formation by day 10 postinjection was 100%, 87.5%,
and 62.5% in groups of animals coexpressing H-RasV12 with
ApoF, PLP, and IL-27–derived NASPs, respectively. In contrast,
0% (0/8) of the control mice that were injected with REF52 cells
transduced with NASP expression constructs alone or with the
empty lentiviral expression vector developed any visible tumors
during the same period. These results confirm that cells showing
transformed, nonsenescent phenotypes following coexpression
of H-RasV12 and NASPs are truly transformed, with potent
tumor-forming capacity.
Given the fact that p53 activity is the major mechanism that

prevents oncogenic Ras-induced transformation of rodent fibro-
blasts (inducing senescence instead), we anticipated that sup-
pression of p53 activity caused by NASP expression might underlie
the observed ability of NASPs to promote transformation in
cooperation with Ras. To test this hypothesis, we assessed the
effect of NASP expression on p53 activity induced by doxoru-
bicin, a DNA-damaging chemotherapeutic agent that is a known
potent activator of p53. REF52 cells stably expressing individual
NASPs were treated with doxorubicin for 18 h, and induction
of p21 was assessed. For all eight tested NASPs, doxorubicin-
induced expression of p21, a well-known p53-dependent phe-
nomenon, was reduced by NASP expression (Fig. 6A). For ad-
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Fig. 5. NF-κB is required for NASP cooperation with Ras to induce trans-
formation. (A) Suppression of NF-κB by IκB-super repressor (SR). NF-κB lu-
ciferase activity was measured in parental REF52-NF-κB luciferease reporter
cells or its derivative stably expressing IkB-super repressor (SR) with or
without the addition of TNF after 6 h. (B) REF52 cells or REF52-IkB-SR cells
expressing different NASPs were transduced with the empty vector PLV-bleo
or with PLV-rasV12-bleo, selected in bleomycin for 5 d postinfection and
allowed to grow in soft agar for an additional 2 wk. Data represent mean
number of colonies appeared per 50,000 cells plated in triplicate.
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ditional confirmation of p53 inhibition, we transduced Con A
cells, spontaneously immortalized mouse fibroblasts carrying the
p53-dependent LacZ reporter (32), with five of the NASP-
expressing lentiviral constructs and compared reporter activation
in them following doxorubicin treatment with that of control
vector-transduced cells. All five NASPs showed suppression of
p53 reporter activity (Fig. 6B). It is noteworthy that failure of
p53 to induce p21 following DNA damage, even though p53
itself remained responsive to genotoxic stress, was also seen in
NASP-expressing cells following transformation with Ras (Fig.
6C). These results suggest that NASP-mediated activation of
NF-κB ultimately leads to inhibition of p53, which allows cell
transformation in the presence of oncogenic Ras. This conclu-
sion is consistent with accumulated data from our laboratory and
others demonstrating reciprocal regulation of the NF-κB and
p53 pathways (8, 13) (Discussion).

Discussion
The strong link between chronic inflammation and cancer is il-
lustrated by numerous observations. Clinical and epidemiologic
studies have revealed associations between infectious agents and
chronic inflammatory disorders and cancer (33, 34). Specific
examples of inflammation- and infection-associated cancers in-
clude gastric cancer associated with Helicobacter pylori infection,
hepatocellular cancer associated with chronic hepatitis virus in-
fection, bladder cancer associated with Schistosoma hematobium
infection, and lung cancer associated with Mycobacterium tuber-
culosis infection (8). Epidemiological data indicate that over
20% of the mortality in cancer patients is linked to underlying
chronic infections and inflammatory responses. Indeed, given the
fact that inflammatory components constitute approximately half
of the tumor microenvironment (2), it is likely that inflammatory
cells and cytokines present in the tumor milieu might contribute
to tumor initiation and progression.
Additional support for a mechanistic link between cancer and

inflammation is provided by the fact that the NF-κB pathway is
constitutively activated in many types of cancer and is also
a central regulator of immune responses that is activated by
proinflammatory cytokines and microbial components during

infections (10, 11). Constitutively activated NF-κB might pro-
mote tumorigenesis through its known ability to induce expres-
sion of antiapoptotic factors (35) and positive regulators of
proliferation such as cytokines and growth factors (36). In addition,
NF-κB may promote tumor angiogenesis and invasiveness (37).
However, whether constitutive NF-κB activation is a primary con-
tributor to tumor development or a byproduct of the inflammatory
milieu surrounding tumors has not been definitively answered.
Therefore, this study aimed to determine whether constitutive ac-
tivation of NF-κB directly promotes malignant transformation. To
reach this goal, we designed a functional screen to identify genetic
elements capable of inducing stable constitutive NF-κB activity in
cells (NF-κB–activating genetic elements, NASPs). We hypothe-
sized that use of a cell-based phenotypic readout for the screen
would allow us to isolate NF-κB activators that bypass the negative
feedback mechanisms that lead to rapid suppression of NF-κB ac-
tivity induced by physiological activators and, thus, would be ca-
pable of conferring constitutive NF-κB activity such as that seen
under conditions of chronic inflammation or in tumors. Indeed,
we succeeded in identifying 12 independent NASPs that, upon ex-
pression in reporter cells, caused constitutive expression of an
NF-κB–dependent reporter gene.
Sequence analysis of the obtained NASPs indicated that they

all encoded peptides derived from proteins not previously im-
plicated in NF-κB activation and that, therefore, they were likely
to work through different mechanisms than known NF-κB acti-
vators. This fact is consistent with our finding that, although
NASPs were selected from libraries comprised of peptides rep-
resenting secreted proteins, they appeared to act via cell-au-
tonomous intracellular mechanisms (as opposed to many natural
NF-κB activators that are secreted and act through interaction
with receptors on the surfaces of other target cells). A seeming
paradox was presented by our findings that functionality of
NASP-encoded peptides required ER-targeting sequences char-
acteristic of secreted proteins, yet was cell-autonomous (no
paracrine activity of NASPs on neighboring cells was detectable
in coculture experiments). A possible explanation for these obser-
vations is that NASPs interact with receptors or other proteins
involved in NF-κB activation within the ER. All isolated NASPs
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Fig. 6. NF-κB–activating peptides inhibit p53 activity. (A) REF52 cells expressing indicated NASPs or control vector (Cont) were treated with 1 μM doxorubicin
for 18 h, and expression of p53 and p21 was analyzed by Western blot. β-actin is used as a loading control. (B) Con A-reporter cells carrying a p53-dependent
lacZ reporter gene (encoding β-galactosidase) transduced with lentiviral expression constructs for the indicated NASPs or with empty library vector (control).
After 48 h, cells were treated with 1 μM doxorubicin for 18 h, and β-galactosidase reporter activity was quantified and expressed as fold increase over reporter
activity in the absence of doxorubincin. Tested NASPs included those derived from apolipoprotein F (ApoF), interleukin-27 (IL27), pancreatic lipase related
protein-1 (PLP), and subtilisin/kexin type 9 (Subtl). Numbers after the peptide name indicate the peptide length (20 or 50 aa). (C) REF52 cells expressing
indicated NASPs or “empty” vector (Cont) were transduced with PLV-rasV12-bleo. Following establishment of transformed (NASP-expressing cells) or sen-
escent (control cells) phenotypes, cultures were treated with 1 μM doxorubicin for 18 h, and expression of p53 and p21 was analyzed by Western blot. β-actin
is used as a loading control.
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also appeared to require oligomerization to activate NF-κB be-
cause they were functional only when expressed from lentiviral
vectors including leucine zipper dimerization or trimerization
sequences. This requirement for oligomerization is shared by
many known NF-κB–activating cytokine ligands (38) as well as
intracellular mediators of NF-κB signaling, including TRAF
family members (39).
TRAF6 was found to be essential for NF-κB activation by all

characterized NASPs. This finding suggests existence of a highly
“druggable” mechanism of regulation of the canonical NF-κB
pathway (40) that involves activation of TRAF6, presumably via
its di- or trimerization. In fact, structural studies revealed a highly
conserved motif consisting of Pro-X-Glu-X-X (aromatic/acidic
residue) (41) that is present within the common region of all four
ApoF-derived NASPs, thus pointing at a potential mechanism
of NF-κB activation by these peptides. Interestingly, activated
TRAF6 has been considered a therapeutic target in multiple
myeloma (42). This observation suggests that TRAF6 is a poten-
tially a “weak link” within the NF-κB pathway and that NASPs
acting via TRAF6 may mimic naturally occurring mechanisms of
constitutive NF-κB activation by endogenous factors.
Having generated NASPs as tools capable of inducing con-

stitutive NF-κB activation, we next used them to evaluate the
effect of NF-κB activation on transformation of rodent fibro-
blasts expressing oncogenic Ras. In both mouse and rat fibro-
blasts, expression of all tested NASPs, regardless of what proteins
they are derived from, reversed cellular senescence induced by
oncogenic Ras expression and induced cell transformation. Cells
coexpressing NASPs with oncogenic Ras not only lacked senes-
cence-associated β-galactosidase staining and formed proliferative
transformation foci but also rapidly formed tumors when injected
s.c. into nude mice.
In previous work, inactivation of p53 was shown to be the only

requirement that must be met to overcome cellular senescence
induced by oncogenic Ras and establish a transformed pheno-
type in rodent fibroblasts (28). Indeed, we found that all NASPs
shown capable of cooperation with Ras also inhibited doxoru-
bicin-induced p53-mediated transactivation. In this regard, NASPs
resemble genetic suppressor elements described in our earlier
work that encode fragments of p53 protein that act as dominant-
negative p53 mutants also capable of cooperation with Ras (27).
Even more relevant is our recent work on the association of my-
coplasma infection with cancer predisposition where we found
that the chronic, typically asymptomatic infections established by
this class of bacteria lead to activation of NF-κB, suppression of
p53, and promotion of oncogenic Ras-induced malignant trans-
formation (30). Thus, sustained NF-κB activation resulting from
infectious agents (such as mycoplasma) might promote cancer
development not only through known NF-κB–induced factors
(e.g., antiapoptotic factors and growth-promoting cytokines), but
also through suppression of p53, which could impact multiple
pathways of tumorigenesis, including sensitivity to oncogene-
induced transformation.
Activation of NF-κB by oncogenic Ras has been shown to be

necessary to suppress Ras-induced apoptosis in rodent fibro-
blasts (43). Another report indicates that wild-type p53 inhibits
cellular transformation by regulating glucose metabolism through
NF-κB (44). We propose that the NF-κB–activating peptides
identified in this study probably function by augmenting the NF-
κB–activating effect of oncogenic Ras such that apoptosis is effi-
ciently blocked while simultaneously suppressing p53 to promote
complete transformation.
Suppression of p53 activity by NASPs is consistent with the

reciprocal negative regulatory relationship between p53 and NF-
κB that has been reported by our group and several others (15,
45–48). Our recognition of this interplay between p53 and NF-
κB stemmed from the finding that treatment of a particular cell
line with genetic suppressors of p53 or with an NF-κB–activating

agent (TNF) resulted in strikingly similar changes in gene-
expression profiles. Consistent with these data, p53-null mice
exhibit enhanced inflammatory responses, increased susceptibility
to septic shock, and high levels of NF-κB activation (13). Moreover,
spontaneous inflammation-associated lethality is observed in
25% of p53 knockout mice (49). We have shown that p53 neg-
atively regulates the NF-κB pathway, which provides a further
advantage to tumor cells (13). The underlying mechanism has
been reported to involve p53-mediated suppression of NF-κB
binding to p300 (47). A similar molecular mechanism is likely
involved in the suppression of p53 by other aforementioned in-
fectious agents and the NASPs identified in this study.
In summary, our work supports a model in which constitutively

active NF-κB functions as an oncogene, presumably through
attenuation of p53 function, which, in cooperation with onco-
genic Ras, drives malignant transformation (Fig. 7). Although
activated NF-κB induces expression of antiapoptotic proteins
and inhibitors of reactive oxygen species (ROS), suppressed p53
reduces levels of proapoptotic factors, thus providing a collective
growth advantage to transformed cells. Chronic infections permit
selection and expansion of cell clones with such a dual advan-
tage, thus leading to cancer. Therefore, inhibition of NF-κB
activity (through, for example, anti-inflammatory therapies) may
be clinically relevant not only for preventing tumor progression,
but also for preventing tumor initiation. Besides demonstrating
that constitutive NF-κB activation promotes tumorigenesis
through p53 suppression, the NASPs identified here present a set
of research tools for future studies on NF-κB regulation and
activity. In addition, this study illustrates the general feasibility of
using pooled lentiviral peptide libraries in cell-based assays to
isolate biologically active peptides via functional selection and
offers a technological platform for the isolation of bioactive pep-
tides. Our BASP approach to isolate activating genetic elements
parallels the principles of genetic suppressor element (GSE) se-
lection to identify functional genes (50). We anticipate that BASP
technology should permit unbiased screening of functional pep-
tides to identify novel drug targets without any prior knowledge of
cell-signaling mechanisms and could broadly be exploited in other
biological systems using appropriate functional assays.

Materials and Methods
Primary MEFs were prepared as described earlier (51). MEF transformation by
vectors expressing oncogenic Ras and p53-inhibitory constructs a well as cell
transformation assays were done as previously reported (26). ConA reporter
cells carrying p53-dependent lacZ reporter gene were described previously
(32). Details of other methods used in this study, including cell culture,
lentivirus preparation and transduction, development of 293-NF-κB-GFP re-
porter cells, construction of peptide libraries, senescence-associated β-gal
assays (29), reporter assays, Ras cooperation assays, soft agar assays, and in
vivo tumorigenicity assays are described in SI Materials and Methods.
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Fig. 7. Hypothetic model for NASP cooperation with oncogenic Ras.
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