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NF-κB1 p105 suppresses lung tumorigenesis through the Tpl2
kinase but independently of its NF-κB function
F Sun1,2, Z Qu1,2, Y Xiao1,3, J Zhou1,2, TF Burns1, LP Stabile1,4, JM Siegfried1,4,5 and G Xiao1,2

Nuclear factor-κB (NF-κB) is generally believed to be pro-tumorigenic. Here we report a tumor-suppressive function for NF-κB1, the
prototypical member of NF-κB. While NF-κB1 downregulation is associated with high lung cancer risk in humans and poor patient
survival, NF-κB1-deficient mice are more vulnerable to lung tumorigenesis induced by the smoke carcinogen, urethane. Notably,
the tumor-suppressive function of NF-κB1 is independent of its classical role as an NF-κB factor, but instead through stabilization of
the Tpl2 kinase. NF-κB1-deficient tumors exhibit ‘normal’ NF-κB activity, but a decreased protein level of Tpl2. Reconstitution of Tpl2
or the NF-κB1 p105, but not p50 (the processed product of p105), inhibits the tumorigenicity of NF-κB1-deficient lung tumor cells.
Remarkably, Tpl2-knockout mice resemble NF-κB1 knockouts in urethane-induced lung tumorigenesis. Mechanistic studies indicate
that p105/Tpl2 signaling is required for suppressing urethane-induced lung damage and inflammation, and activating mutations of
the K-Ras oncogene. These studies reveal an unexpected, NF-κB-independent but Tpl2-depenednt role of NF-κB1 in lung tumor
suppression. These studies also reveal a previously unexplored role of p105/Tpl2 signaling in lung homeostasis.
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INTRODUCTION
Nuclear factor-κB (NF-κB) is not a single protein, but a collection of
five structurally related inducible transcription factors that are able
to bind to κB site-containing promoters to regulate gene
expression.1 Upon the molecular identification in 1990 of NF-κB1
and RelA (also known as p65), two prototypical members of NF-κB,
as the homologs of the avian retroviral oncoprotein v-Rel, a role
for NF-κB in tumorigenesis was highly expected.2 Since then, the
importance of NF-κB in tumor biology has been extensively
investigated and is now widely appreciated.1–3 Although
oncogenic NF-κB mutations are relatively rare and mainly occur
in certain hematological malignancies, constitutive activation of
NF-κB has been detected in almost all tumors, either hematolo-
gical or solid.4,5 More importantly, aberrant NF-κB activation has
been suggested to be involved in all steps of tumor development,
from initiation to promotion, to progression, as well as resistance
to cancer therapies.1,3 Mechanistic studies indicate that NF-κB
contributes to tumor pathogenesis both intrinsically and extrinsi-
cally. Within precancerous or cancerous cells, activated NF-κB
induces a large range of genes not only to promote malignant cell
survival, proliferation and metastasis but also to induce angiogen-
esis and tumorigenic inflammation.1,3 Moreover, NF-κB activated
in nontumor cells, in particular immune cells, also contributes to
tumor pathogenesis indirectly through establishing a tumorigenic
microenvironment.1,3

Intriguingly, the link between NF-κB and lung cancer has been
established only quite recently, although lung cancer is the
leading cause of cancer deaths worldwide.6–9 NF-κB can be
activated by tobacco smoking, the major risk factor that accounts
for ~ 87% of lung cancer cases.10,11 Accordingly, NF-κB is

persistently activated in human lung cancers and aberrant NF-κB
activation is associated with lung tumor progression and poor
patient survival.12 In-vitro cell line and in-vivo animal studies
involving NF-κB inhibition suggest that persistent NF-κB activation
is one important mechanism underlying lung cancer development
and therapy resistance.13–17

Those studies, however, mainly focus on RelA and their
conclusions on the tumorigenic role of NF-κB in lung and other
cancers are largely derived from the anti-tumor effects of NF-κB
inhibition by knockout/knockdown of the NF-κB activator IKK,
overexpression of the NF-κB inhibitor IκBα or administration of IKK
inhibitors.12–17 IKK and IκBα have many NF-κB-independent
functions that are also implicated in tumorigenesis.18,19 Further-
more, they control the activation of other members of the NF-κB
family, besides RelA.1 Currently, it remains largely unknown
whether and how individual NF-κB members are involved in lung
and other cancers. Given the functional complexities of NF-κB
members, addressing this question is of importance. It will not
only advance our understanding of NF-κB’s role in tumorigenesis
but also set up a basis for us to target NF-κB for cancer therapy.
This is particularly true for NF-κB1. NF-κB1 protein exists as two
forms, p105 and p50, the precursor and mature forms,
respectively.1 NF-κB1 p50 is believed to be the most important
functional partner of RelA and the RelA/p50 heterodimer is often
referred to as NF-κB. On the other hand, NF-κB1 p105 has two
different functions related to NF-κB: serving as an inhibitor of
NF-κB and the precursor of p50.1 In addition, NF-κB1 p105 also has
an NF-κB-independent function: binding to and stabilizing Tpl2
(also known as Cot), a kinase that was originally identified as a
proto-oncoprotein.20,21
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Using lung cancer as a model, here we demonstrate an
unexpected tumor-suppressive function for NF-κB1. Remarkably,
NF-κB1 suppresses lung tumorigenesis independently of its NF-κB
function but instead through p105 stabilization of Tpl2.
The noncanonical p105/Tpl2 signaling pathway is required for
maintaining pulmonary homeostasis under inflammation and
oncogenic stress. Genetic deficiency of either p105 or Tpl2 makes
animals susceptible to lung damage and inflammation, activating
mutation of the K-Ras oncogene, and subsequent lung carcino-
genesis in response to tobacco carcinogens. In addition to
advancing our understanding of lung cancer and the complex
functions of NF-κB1, these studies provide the first line of
evidence demonstrating that the Tpl2 proto-oncoprotein may
exert a tumor-suppressive effect.

RESULTS
Repression of NF-κB1 expression is involved in human lung cancer
Although recent studies have suggested RelA as a promoter of
lung cancer, the potential roles of other members of the NF-κB
family in this deadliest form of human cancer have not yet been
examined. To address this important issue, we initially examined
the expression levels of NF-κB1, the most important functional
partner of RelA, in a large range of human lung cancer cell lines.
Surprisingly, most human lung cancer cell lines we examined
expressed significantly lower levels of NF-κB1 mRNA, in compar-
ison with the normal human lung epithelial cell line NL-20
(Figure 1a). In line with the decreased mRNA expression, the
protein levels of both NF-κB1 p105 and p50 were significantly
lower in those human lung cancer cell lines (Figure 1b and
Supplementary Figure S1). For simplicity, hereinafter, these cells
are referred to as NF-κB1low lung cancer cells.
To test the clinical relevance of this finding, we examined the

mRNA expression levels of NF-κB1 in human lung tumor tissues
freshly isolated from patients and their matched normal control
tissues from the same patients. Indeed, the mRNA expression level
of NF-κB1 was significantly decreased in human primary lung
tumor samples compared with their matched normal controls
(Figure 1c). Immunohistochemistry (IHC) staining using an anti-
body that can recognize both p105 and p50 proteins indicating
the protein expression of NF-κB1 was also repressed in human
primary lung cancer tissues (Figure 1d). Our gene array analysis
further indicated that the downregulation of NF-κB1 is associated
with high risk of lung cancer in humans and poor patient survival
(Figures 1e and f). These studies suggested that NF-κB1 repression
is a clinically relevant event of human lung cancer.
To directly examine whether the repression of NF-κB1 expres-

sion contributes to the pathogenesis of human lung cancer, we
reconstituted NF-κB1 cDNA, which expresses both p105 and p50
proteins, into NF-κB1low lung cancer cells (Figure 1g). Interestingly,
NF-κB1 reconstitution alone was sufficient to block the growth of
those NF-κB1low lung cancer cells in culture (Figure 1h). Moreover,
NF-κB1 reconstitution also suppressed the anchorage-
independent growth of those cancer cells (Figure 1i). On the
other hand, further knockdown of NF-κB1 increased the growth of
those cancer cells (Supplementary Figure S2). These data
suggested that NF-κB1 downregulation is one important mechan-
ism underlying human lung cancer pathogenesis.

NF-κB1-knockout mice are prone to lung tumorigenesis induced
by the smoke carcinogen urethane
To systemically investigate the role of NF-κB1 repression in lung
cancer, we employed a well-accepted and widely used mouse
model of lung cancer induced by the tobacco carcinogen
urethane. Urethane alone is sufficient to induce lung carcinogen-
esis in mice and, importantly, urethane-induced lung cancers in
mice faithfully recapitulate human lung cancers, and in particular

adenocarcinomas associated with tobacco smoking.22 We initially
examined whether NF-κB1 deficiency in mice makes animals more
sensitive to urethane-induced lung tumorigenesis.
Consistent with previous findings that NF-κB1 is dispensable for

lung development and function,23 NF-κB1-knockout (NF-κB1Δ/Δ)
mice did not show apparent abnormalities in lung size or
morphology (Figure 2a and data not shown). Notably, NF-κB1Δ/Δ

mice developed significantly more lung tumors than wild-type
(WT) mice after exposure to urethane (Figures 2a and b).
Moreover, the tumors in NF-κB1Δ/Δ mice were bigger than those
in WT mice, as evidenced by a significant increase in the average
size of tumors (Figure 2c). Consistent with this observation, both
bromodeoxyuridine (BrdU) and Ki-67 proliferation assays showed
that in comparison with WT tumors, NF-κB1Δ/Δ tumors showed an
increased cell proliferation rate (Figures 2d and e). Of note, the
absence of NF-κB1 in the tumors from urethane-treated NF-κB1Δ/Δ

mice was validated by IHC and immunoblotting assays (Figure 2f).
Our histology assays also showed that NF-κB1Δ/Δ mice had
significantly more atypical adenomatous hyperplasia, adenomas
and adenocarcinomas in their lungs (Supplementary Figure S3).
These data clearly indicated that NF-κB1 deficiency contributes to
both lung tumor development and progression in a urethane-
induced lung tumor model.

Increased lung tumorigenesis in urethane-treated NF-κB1-knockout
mice is associated with augmented lung damage, pro-tumorigenic
inflammation and oncogenic K-Ras mutation
To investigate the mechanisms underlying the increased lung
tumorigenesis in NF-κB1Δ/Δ mice, we examined the pulmonary
inflammatory responses to urethane in NF-κB1Δ/Δ mice and WT
mice, because recent studies indicated that pulmonary inflamma-
tion has a critical role in the initiation and progression of lung
cancer.24,25 Interestingly, we found that several pro-inflammatory
cytokines that can promote tumor initiation and progression, such
as tumor necrosis factor-α, interleukin-1β and interleukin-6, were
significantly higher in the lungs of NF-κB1Δ/Δ mice compared with
WT mice (Figure 3a). In addition, the immune cell-attractive
chemokines CCL2, CCL3, CCL4 and CXCL2 were also significantly
increased in the lungs of urethane-treated NF-κB1Δ/Δ mice
(Figure 3a). Consistently, significantly more immune cells were
represented in bronchoalveolar lavage fluid (BALF) from NF-κB1Δ/Δ

mice (Figure 3b). Further analysis indicated that lymphocytes and
macrophages were increased in the BALF of NF-κB1Δ/Δ mice.
These data suggested that NF-κB1 restricts urethane-induced pro-
tumorigenic inflammation.
In association with the increased pulmonary inflammation in

urethane-treated NF-κB1Δ/Δ mice, much more serious lung injury
was observed in these mice (Figure 3c). Before urethane
treatment, the lungs of NF-κB1Δ/Δ mice were normal and
displayed the same morphology and histology as those of WT
mice (data not shown). However, exposure to urethane caused
significantly enhanced alveolar thickening and congestion, loss of
integrity of the alveolar capillary membrane, as well as perivas-
cular edema and hemorrhage, leading to air space enlargement,
protein leak and red blood cell extravasation in the lungs of
NF-κB1Δ/Δ mice compared with WT mice (Figure 3c). In further
support of these observations, an increased protein concentration
was detected in the lung lavage fluid of urethane-treated NF-κB1Δ/Δ

mice (Figure 3d). These data suggested that NF-κB1 protects lungs
from urethane-induced pre-neoplastic injury.
One of the important roles of local inflammation and tissue

damage is to establish a microenvironment that facilitates
induction of oncogenic mutations and subsequent tumor initia-
tion and progression. Thus, we compared the mutation frequency
of the K-Ras oncogene in lung epithelium, an early event involved
in lung tumorigenesis induced by urethane.26 We found that
about 6% of lung epithelial cells in urethane-treated WT mice

Tumor-suppressive role of NF-κB1 p105
F Sun et al

2300

Oncogene (2016) 2299 – 2310 © 2016 Macmillan Publishers Limited



C
al

u-
6

H
46

0
H

72
7

Vector p105

C
ol

on
y 

N
um

be
r

Vector p105

Calu-60

60

120

180

240

**

H7270

50

100

150

200

250

**

H460
0

25

50

75

100

**

0

0.4

0.8

1.2
R

el
at

iv
e 

m
R

N
A

 le
ve

ls
 

of
 N

F-
κB

1 
(F

ol
d)

*

H7270

2

4

6

8

*

H460
0

3

6

9
Vector p105

*

Calu-6
0

2

4

6

R
el

at
iv

e 
ce

ll 
gr

ow
th

 (F
ol

d)

Normal lung Lung tumor

N
F-

κB
1 

m
R

N
A

 le
ve

l

0

500

1000

1500

2000
*

High risk
Low risk

C
um

ul
at

iv
e 

su
rv

iv
al

(%
)

100

Time (months)

0

20

40

60

80

0 20 40 60 80 100

High, n=28
Low, n=36

p=0.026

p105

Calu-6 H727 H460
Vec.

+ ++
+ ++

p105

p50

Hsp90

Hsp90

p105

p50

**

0

0.3

0.6

0.9

1.2

1.5

R
el

at
iv

e 
m

R
N

A
 le

ve
ls

 
of

 N
F-

κB
1 

(F
ol

d)

Normal
Tumor

Figure 1. NF-κB1 expression is decreased in human lung cancer cells and its re-expression inhibits the tumorigenicities of human lung cancer
cells. (a) Real-time PCR assays showing decreased expression of NF-κB1 mRNA in human lung cancer cell lines. Normal human lung epithelial
cell line NL-20 was used as a control. Data shown are means± s.d. (n= 3). (b) Immunoblotting (IB) assays showing decreased expression of
NF-κB1 protein (p105 and p50) in human lung cancer cell lines. Hsp90 was used as a loading control. (c) Real-time PCR assays showing
decreased expression of NF-κB1 mRNA in human primary lung tumor tissues. Normal control tissues from the same patients were used as
controls. Data shown are means± s.d. (n= 10; **Po0.01). (d) IHC analysis showing decreased expression of NF-κB1 protein in human primary
lung tumor tissues. Scale bar= 20 μm. (e) Gene array assays showing an association between downregulation of NF-κB1 mRNA and high risk of
lung cancer in humans (the clinicopathological characteristics of patients used for the gene array were listed in the Supplementary Table S1).
(f) Gene array assays showing an association between low NF-κB1 mRNA expression and poor survival of patients with lung cancer.
(g) IB assays confirming the expression of p105 and p50 proteins in NF-κB1 human lung cancer stable cell lines. (h) Cell growth assays showing
decreased growth rate of NF-κB1 human lung cancer stable cell lines. Cells were cultured 3 days before growth assays. Data shown are
means± s.d. (n43; *Po0.05). (i) Soft agar colony-formation assays showing decreased anchorage-independent growth of NF-κB1 human lung
cancer stable cell lines. Data shown are means± s.d. (n43; **Po0.01).
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harbored K-Ras-activating mutations (Figure 3e). However, the
same urethane treatment resulted in K-Ras mutations in over 10%
of lung epithelial cells of NF-κB1Δ/Δ mice. Collectively, these data
suggested that NF-κB1 prevents urethane-induced K-Ras onco-
genic mutations and lung tumorigenesis through maintaining
pulmonary homeostasis.

NF-κB1 suppresses lung cancers independent of its NF-κB activity
The human and mouse studies above clearly demonstrated a lung
tumor-suppressive role for NF-κB1. Thus, it is both interesting and

important to determine the molecular mechanisms by which
NF-κB1 suppresses lung cancer. First, we examined whether the
tumor-suppressive role of NF-κB1 involves its NF-κB inhibition
function, as its precursor form, p105, can act as an inhibitor of
NF-κB through sequestering NF-κB in the cytoplasm.1 Given the
tumor-promoting role of RelA in lung and other cancers
(Supplementary Figure S4), we examined its nuclear expression
levels in murine NF-κB1Δ/Δ or WT lung tumors. However, those
murine tumors showed no difference in the nuclear expression of
RelA (Figure 4a). As a matter of fact, the immune cells surrounding
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or within the murine NF-κB1Δ/Δ or WT lung tumors also exhibited
comparable expressions of nuclear RelA. Consistently, p105
re-expression had no obvious effect on RelA’s nuclear expression
in human NF-κB1low lung cancer cells (Figure 4b). These data
suggested that the tumor-suppressive role of NF-κB1 does not
involve the NF-κB inhibitor function of p105.
Next, we examined whether the tumor-suppressive role of

NF-κB1 is mediated by its mature form, p50. To do so, we stably
expressed exogenous p50 to a level equal to the physiological
level in human lung cancer cell lines in which endogenous NF-κB1
(both p105 and p50) is repressed (Figure 4c). As expected,
re-expression of p50 did not affect the nuclear expression of RelA
in those NF-κB1low lung cancer cells (Figure 4c). In addition, p50
re-expression had no effect on the tumorigenicities of those
cancer cells, as evidenced by our cell proliferation and soft-agar
colony-formation assays (Figures 4d and e). Given our findings

that p105/p50 re-expression is sufficient to suppress the
tumorigenicities of NF-κB1low lung cancer cells (Figures 1g–i),
these data together suggested that the lung tumor-suppressive
role of NF-κB1 is mediated by its precursor form, p105, but
independent of its NF-κB activities (p50 generation and p105
inhibition of NF-κB).

NF-κB1 p105 is required for the stabilization of the Tpl2 kinase in
lung cancer cells
Previous studies suggested that p105, but not p50, is required for
the stabilization of the Tpl2 kinase in murine macrophage under
physiological conditions.21 Thus, we examined the mRNA and
protein expression levels of Tpl2 in NF-κB1Δ/Δ or WT lung tumors
from urethane-treated mice. Although the mRNA expression levels
of Tpl2 were comparable in these tumors, Tpl2 proteins could be
detected only in WT tumors but not in NF-κB1Δ/Δ tumors
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Figure 3. NF-κB1Δ/Δ mice are more susceptible to urethane-induced lung damage, pro-tumorigenic inflammation and K-Ras oncogenic
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(Figures 5a and b). Similarly, we found that although there was no
association between mRNA expression levels of NF-κB1 and Tpl2
(Supplementary Figure S5), their protein expression levels were
highly associated with each other in human lung cancer cell lines
(Figures 5c and d). These data suggested that NF-κB1 p105 is
required for the protein stabilization of Tpl2 in both murine and
human lung cancer cells.
To confirm the role of NF-κB1 p105 in Tpl2 stabilization in lung

cancer cells, we checked whether p105 re-expression could
re-store the expression of Tpl2 proteins in human NF-κB1low lung
cancer cell lines. In this regard, we took advantage of human
NF-κB1low lung cancer cell lines stably expressing p105, p50 or an
empty vector, which had already been generated (see above
Figures 1 and 4). As expected, re-expression of p105, but not p50,
increased expression levels of endogenous Tpl2 proteins in
human NF-κB1low lung cancer cell lines (Figure 5e), although
both p105 and p50 did not affect the mRNA expression levels of
Tpl2 in those same cells (Supplementary Figure S6). These data
indicated that NF-κB1 p105 stabilizes Tpl2 protein in lung
cancer cells.

Reconstitution of Tpl2 inhibits the tumorigenicities of NF-κB1low

lung cancer cells
Although Tpl2 was originally identified as a proto-
oncoprotein,27,28 we examined whether p105 stabilization of
Tpl2 protein accounts for the lung tumor-suppressive function of
NF-κB1, as our recent studies demonstrate that STAT3 (signal
transducer and activator of transcription 3), a well-known tumor
promoter that is often referred as an oncoprotein, actually
suppresses lung cancer initiation when specifically knocked out
from lung epithelial cells.29 In fact, a tumor-suppressive role of
Tpl2 has been suggested in colon cancer and T-cell lymphoma

models.30,31 Thus, we reconstituted Tpl2 into NF-κB1low lung
cancer cells in which endogenous Tpl2 is disrupted due to p105
deficiency (Figure 6a). Consistent with the fact that Tpl2 functions
as a downstream target of p105, Tpl2 reconstitution did not affect
expression of p105 in those lung cancer cells (Figure 6a). However,
interestingly enough, Tpl2 reconstitution blocked the growth in
culture and colony formation in soft agar of those NF-κB1low lung
cancer cells, exactly the same as p105 re-expression did
(Figures 6b and c). On the other hand, knockdown of Tpl2
increased the growth of those cancer cells (Supplementary Figure S7).
These data suggested that the lung tumor-suppressive function of
NF-κB1 is attributed to p105 stabilization of Tpl2. These data also
suggested a lung tumor-suppressive function for the Tpl2 proto-
oncoprotein.

Tpl2-knockout mice resemble NF-κB1 knockouts in
urethane-induced lung tumorigenesis
To further validate whether Tpl2 works downstream of NF-κB1
p105 in lung cancer suppression, we examined whether Tpl2-
knockout (Tpl2Δ/Δ) mice, similar to NF-κB1 knockouts, are prone to
urethane-induced lung tumorigenesis. Indeed, Tpl2Δ/Δ-knockout
mice, similar to NF-κB1Δ/Δ mice, developed more and overall
bigger lung tumors and have significant more atypical adenoma-
tous hyperplasia, adenomas and adenocarcinomas in their lungs
than WT mice after exposure to urethane (Figures 7a–c and
Supplementary Figure S8). Moreover, Tpl2Δ/Δ tumors, similar to
NF-κB1Δ/Δ ones, showed an increased cell proliferation rate
(Figure 7d). In agreement with our human lung cancer cell line
studies showing that Tpl2 did not affect NF-κB1 expression, Tpl2Δ/Δ

tumors expressed a similar level of NF-κB1 proteins compared
with WT tumors (Supplementary Figure S9). These data further
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support that Tpl2 works downstream of p105 in suppressing lung
cancer.
Remarkably, Tpl2Δ/Δ mice, similar to NF-κB1Δ/Δ mice, had a

significantly elevated inflammation and injury in their lungs after
exposure to urethane. The pro-inflammatory cytokine tumor
necrosis factor-α and immune cell-attractive chemokine CCL2
were significantly increased in the lungs of Tpl2Δ/Δ mice compared
with WT mice (Figure 7e). Consistently, more inflammatory cells, in
particular macrophages and lymphocytes, were found in the BALF
from Tpl2Δ/Δ mice (Figure 7f). Moreover, Tpl2Δ/Δ mice showed more
severe lung damage, as evidenced by enhanced alveolar
thickening and congestion, loss of integrity of the alveolar
capillary membrane, air space enlargement, protein leak and red
blood cell extravasation in their lungs (Figure 7g). These data
clearly indicated that Tpl2Δ/Δ mice phenocopy NF-κB1 knockouts
in urethane-induced lung tumorigenesis. All together, these
studies strongly suggested that NF-κB1 restricts lung inflamma-
tion, maintains pulmonary homeostasis under oncogenic stress
and suppresses lung tumorigenesis through p105 stabilization of
Tpl2, but independent of its NF-κB-related activities.

DISCUSSION
Lung cancer accounts for ~ 1.2 million deaths annually worldwide
and roughly 85% of the patients with lung cancer die of the

disease within 5 years.9 A better understanding of the mechan-
isms underlying lung cancer development is desperately needed
to design new effective therapies for this deadliest cancer. Recent
studies suggest that NF-κB, in particular its prototypical member
RelA, is involved in lung cancer development. RelA activation in
lung cancer is associated with disease progression and poor
patient survival.12 On the other hand, genetic deletion of RelA
significantly, although not completely, blocks lung tumorigenesis
induced by the onogenic form of K-Ras in a mouse model.16 Thus,
RelA provides a novel target for lung cancer therapy. However,
similar to other transcription factors, RelA is believed to be
undruggable. Most currently available inhibitors of NF-κB indir-
ectly target its upstream activating kinase IKK, which activates not
only RelA but also all other members of the NF-κB family,
including NF-κB1, another prototypical NF-κB member and most
important functional partner of RelA.1,32 Given the functional
complex of NF-κB, it is thus paramount important and interesting
to delineate the role of NF-κB1 and other NF-κB members in lung
cancer.
Astonishingly, both animal and human studies showed that

in sharp contrast to RelA, NF-κB1 actually suppresses lung
tumorigenesis. Genetic deletion of NF-κB1 makes animals more
sensitive to lung cancer induction. Compared with WT mice,
NF-κB1-deficient mice developed much more and larger lung
tumors after the same treatment of the smoke carcinogen
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urethane (Figure 2). Similarly, the expression of NF-κB1 is
repressed in human lung cancer cell lines and primary tissues,
and low expression of NF-κB1 is associated with high risk of lung
cancer in humans and poor patient survival (Figure 1). More
importantly, NF-κB1 re-expression in those lung cancer cells
inhibits their tumorigenicity (Figure 1). These data indicate that
NF-κB1 suppresses both initiation and progression of lung cancer.
Of note, this is the first evidence directly showing a tumor-
suppressive role for a prototypical NF-κB member.
Remarkably, the lung tumor-suppressive function of NF-κB1 is

independent of its two NF-κB-related activities: generation of p50
and NF-κB inhibition by p105. As a matter of fact, the two NF-κB-
related activities of NF-κB1 have a minor, if any, role in NF-κB
activation in lung cancer cells. Although p105 re-expression
reverses the tumor phenotypes of NF-κB1low lung cancer cells
(Figure 1), it fails to block persistent RelA activation in those
malignant cells (Figure 4), suggesting that p105 does not exhibit
NF-κB inhibitor function in lung cancer cells. Conversely, p50

re-expression has no effect on the tumorigenicity of NF-κB1low

lung cancer cells (Figure 4). This is the first evidence showing that
NF-κB1 p50 is dispensable for cancer development. It also
suggests that RelA can exert tumor-promoting role in the absence
of its most important functional partner, p50. Collectively, these
findings significantly improve our understanding of the complex
function of NF-κB and further suggest that NF-κB1 exerts its
tumor-suppressive role in lung cancer via NF-κB-independent
function of p105.
Our mechanistic studies indicate that p105 suppresses lung

cancer initiation and progression through stabilization of the Tpl2
kinase. Human and mouse lung cancers defective in NF-κB1 are
also defective in the expression of Tpl2 protein (Figure 5).
Re-expression of p105, but not p50, restores Tpl2 protein
expression in those NF-κB1low lung cancer cells, although both
p105 and p50 do not affect the RNA expression level of Tpl2. More
importantly, re-expression of Tpl2, similar to re-expression of p105,
inhibits the tumorigenicity of NF-κB1low lung cancer cells (Figure 1
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Figure 7. Tpl2-knockout (Tpl2Δ/Δ) mice are more susceptible to urethane-induced lung damage, pro-tumorigenic inflammation and
tumorigenesis than WT mice. (a) Lung tissues from urethane-treated Tpl2Δ/Δ mice and WT mice. Representative tumors are indicated by
arrows. (b) Increased lung tumor multiplicities in urethane-treated Tpl2Δ/Δ mice. Data shown are means± s.d. (n46; *Po0.05). (c) Increased
average size of lung tumors in urethane-treated Tpl2Δ/Δ mice. Data shown are means± s.d. (n45; *Po0.05). (d) BrdU labeling showing
increased proliferation rate of lung tumors in urethane-treated Tpl2Δ/Δ mice. Scale bar= 20 μm. BrdU-positive cells were also counted and
represented as the percentage of total cells. Data shown are means± s.d. (n45; **Po0.01). (e) Real-time PCR assays showing increased
expressions of tumor necrosis factor-α (TNF-α) and CCL2 in the lungs of urethane-treated Tpl2Δ/Δ mice. Data shown are means± s.d. (n45;
*Po0.05). (f) Hema 3 staining assays indicating increase in macrophages and lymphocytes in BALF from urethane-treated Tpl2Δ/Δ mice. Data
shown are means± s.d. (n45; **Po0.01). (g) Histological analysis showing severe lung injury in urethane-treated Tpl2Δ/Δ mice. Severe
epithelial cell death, protein leak, thickened alveoli, perivascular edema and hemorrhage in the lungs of urethane-treated Tpl2Δ/Δ mice were
shown. Scale bar= 50 μm. (i) WT mice; (ii–iv) Tpl2Δ/Δ mice.
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versus Figure 6) and Tpl2-knockout mice faithfully recapitulate
NF-κB1 knockouts in urethane-induced lung tumorigenesis
(Figures 2 and 3 versus Figure 7).
Interestingly, our studies suggest that the lung tumor-

suppressive functions of the noncanonical p105/Tpl2 signaling
pathway involve its different abilities in regulating the growth of
normal and malignant lung cells. It suppresses lung cancer
induction through maintaining lung epithelial survival and
homeostasis under inflammatory and oncogenic stress, whereas
it inhibits lung cancer progression via blocking cancer cell growth
(Figures 1–7). In addition, the p105/Tpl2 signaling pathway also
suppresses activation of immune cells, in particular macrophages
and lymphocytes, restricting inflammation under oncogenic stress.
In association with an increase in the incidence and size of lung
cancer, p105- or Tpl2-knockout mice display an increased
pulmonary inflammation and injury in response to urethane
(Figures 2, 3 and 7). Lung damage and inflammation enhance
each other and facilitate K-Ras-activating mutations (Figure 3).
Activated K-Ras in turn induces and exacerbates lung inflamma-
tion and damage (Figure 3). In this way, lung damage,
inflammation and K-Ras mutations function as extrinsic and/or
intrinsic forces driving lung cancer initiation and progression. Loss
of p105/Tpl2 signaling in cancer cells also directly contributes to
lung cancer growth. It seems that the intrinsic p105/Tpl2 signaling
pathway within lung cancer cells activates the mitogen-activated
protein kinase kinase 7 to activate the c-Jun N-terminal kinase,
which in turn induces the activation of the tumor suppressor p53,
resulting in proliferation inhibition and apoptosis induction of
cancer cells.33,34 In support of this, lung cancer cells defective in
p105 or Tpl2 have higher proliferation rates and re-expression
of p105 or Tpl2 suppresses growth of those lung cancer cells
(Figures 1 and 6).
In summary, the data presented here demonstrate that in

contrast to the tumor-promoting role of RelA, NF-κB1 suppresses
lung cancer development and progression. The tumor-suppressive
function of NF-κB1 is mediated by p105 stabilization of Tpl2, but
independent of its NF-κB function. On one hand, the noncanonical
p105/Tpl2 signaling pathway contributes to lung cell survival and
pulmonary homeostasis under inflammation and oncogenic stress,
therefore suppressing lung tumorigenesis. On the other hand, the
p105/Tpl2 signaling pathway within lung cancer cells directly
inhibits cancer cell growth. Moreover, the p105/Tpl2 signaling
pathway also limits immune cell activation and restricts pulmon-
ary inflammation under oncogenic stress. These findings describe
a previously unidentified role of the p105/Tpl2 signaling pathway
in lung cancer suppression and, therefore, significantly improve
our understanding of this deadliest human cancer. These findings
also help us understand the complex functions of NF-κB.

MATERIALS AND METHODS
Illumina microarray analysis
The gene array assay was performed essentially as previously described.35

Briefly, total RNAs were extracted from formalin-fixed paraffin-embedded
human lung cancer tissues. The integrity of the RNAs was examined by
using the Agilent platform (2100 Bioanalyzer; Agilent Technologies, Palo
Alto, CA, USA). High-quality total RNA was labeled using Illumina TotalPrep
RNA Amplification kit from Ambion (Grand Island, NY, USA) and hybridized
on the Illumina Whole-Genome DASL Assay (HT-12 V4 Bead Chip platform,
San Diego, CA, USA) according to the manufacturer’s instructions. The
studies were approved by the University of Pittsburgh Institutional
Review Board.

Animals
NF-κB1Δ/Δ mice and Tpl2Δ/Δ mice under C57BL/6 background were from
Jackson Laboratory (Bar Harbor, ME, USA) and Dr Philip N Tsichlis
(Tufts University, Boston, MA, USA). As C57BL/6 mice are resistant to
urethane-induced lung tumorigenesis,15 those mice were backcrossed to

WT FVB/N mice (Jackson Laboratory) for more than 10 generations, for
pure FVB/N background. All animals were housed under specific pathogen-
free conditions at the Hillman Cancer Center of the University of Pittsburgh
Cancer Institute. Animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of Pittsburgh.

Lung carcinogenesis
For urethane induction of lung tumors, 6- to 8-week-old NF-κB1Δ/Δ mice,
Tpl2Δ/Δ mice or WT FVB/N mice were intraperitoneally injected with
urethane (1 mg/g body weight, Sigma-Aldrich, St Louis, MO, USA) one time
per week for 6 weeks. Six weeks post-urethane treatment, all mice were
killed for lung tumor examinations.

Bronchioalveolar lavage
Mice were killed and their lungs were lavaged three times with phosphate-
buffered saline. The recovered BALFs were centrifuged. Cells from BALF
were visualized by Hema3-staining. BALF total cell counts were determined
by using a grid hemocytometer and numbers of different leukocytes were
obtained by counting at least 400 cells on Hema3-stained cytocentrifuge
slides. Supernatants of BALF were subjected to the Bicinchoninic Acid
protein assay (Thermo Scientific, Rockford, IL, USA) for protein quantitation.

Lung tumor enumeration
Surface tumors in mouse lungs were counted by three blinded readers
under a dissecting microscope. Tumor diameters were determined by
microcalipers.

Histology and IHC
Mouse and human lung tissues were fixed in formalin, embedded in
paraffin and cut into 5-μm-thick sections. Sections were stained with
hematoxylin and eosin or subjected to IHC as previously described.29,36

The following primary antibodies were used: anti-p105/50 (ab32360)
(Abcam, Cambridge, MA, USA), anti-Tpl2 (sc-720) and anti-Ki-67 (sc-7846)
(Santa Cruz Biotechnology, Dallas, TX, USA).

BrdU labeling
Mice were intraperitoneally injected with 50mg/kg BrdU (Sigma-Aldrich)
24 h before killing. Mouse lung tissue sections were stained with anti-BrdU
(Sigma-Aldrich). More than 3000 cells per lung were counted in randomly
selected fields. BrdU labeling index was calculated as the percentage of
labeled cells per total cells counted as described previously.37

Quantitative PCR analysis
Mouse lung tissues, BAL cells or type II epithelial cells were subjected to
RNA extraction, RNA reverse transcription and real-time PCR as
described.28–40 The expression levels of the indicated genes were
normalized to that of ribosomal 18S within the same cells. Primer pairs
used for quantitative PCR are listed in the Supplementary Table S2.

Isolation of lung type II epithelial cells
The detailed protocol has been described before.29 Briefly, crude lung cell
suspensions were prepared by intratracheal instillation of Dispase and
agarose followed by mechanical disaggregation of the lungs. Crude cell
suspensions were purified by negative selection using a biotinylated-
antibody, streptavidin-coated biomagnetic particle system. Cell purities
were determined by Pap staining and confirmed ultrastructurally. Purified
ATII cells were cultured on fibronectin-coated chamber slides and
maintained for up to 5 days in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum.

K-Ras sequencing
The exon 3 of the K-Ras gene was amplified by PCR using AccuPrime Pfx
polymerase (Invitrogen, Grand Island, NY, USA) for DNA sequencing.
The mutation frequencies of K-Ras in type II lung epithelial cells were
determined by the ratios of the area of the mutated nucleotide versus that
of WT nucleotide of K-Ras in the sequencing map as described before.29
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Retroviral transduction and generation of stable cDNA
transfectants
All the experiments involving virus were performed under Biohazard Safety
Level BSL 2+ conditions. HEK293T cells were transfected with the green
fluorescent protein-expressing retroviral vector pCLXSN(GFP) alone or
vector simultaneously expressing p105, p50 or Tpl2 using FuGENE 6 (Roche
Applied Science, Indianapolis, IN, USA) followed by viral supernatant
collection and infection of human lung cancer cell lines as described.41

Stable transfectants were obtained by green fluorescent protein sorting.

Colony-formation assays
Soft agar assays were performed as previously described.42 Briefly, cell
suspensions in culture medium containing 0.6% SeaPlaque (Cambrex
BioScience, Rockland, ME, USA) low-melting agarose were plated on the
top of 1% agarose in culture medium. Colony growth was scored after
21 days of cell incubation. All the colony-formation assays presented in this
study were repeated in at least three independent experiments.

Immunoblotting analysis
Whole-cell extracts were prepared by lysing cells in radioimmune
precipitation assay buffer (50mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 0.25% (w/v) sodium deoxycholate, 1% (v/v) Nonidet P-40, 1 mM
dithiothreitol) supplemented with 1 mM phenylmethylsulfonyl fluoride.
Cell nuclear extracts were prepared using hypertonic buffer (20 mM HEPES,
pH 8.0, 1 mM EDTA, 20% (v/v) glycerol, 0.1% (v/v) Triton X-100 and 400mM
NaCl) after the cytoplasmic fraction was extracted by the hypotonic buffer
(20mM HEPES, pH 8.0, 10mM KCl, 1 mM MgCl2, 0.1% (v/v) Triton X-100 and
20% (v/v) glycerol). The purity of the nuclear fractions was confirmed by
detecting expression of Sp1 (nuclear marker), but not Hsp90 (cytoplasm
marker). The whole-cell lysates and nuclear extracts were subjected to
SDS–polyacrylamide gel electrophoresis and immunoblotting using the
indicated antibodies as described previously.43

Statistical analysis
Data were reported as mean± s.d. The Student’s t-test (two tailed) was
used to assess significance of differences between two groups and
P-valueso0.05 and 0.01 were considered statistically significant and highly
statistically significant, respectively.44 Log-rank tests were used to compare
overall survival between high and low NF-κB1 expression.45
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