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Somatic	mutations	and	copy	number	alterations	(as	a	result	of	deletion	or	amplification	of	large	portions	of	
a	chromosome)	are	major	drivers	of	human	lung	cancers.	Detailed	analysis	of	lung	cancer–associated	chro-
mosomal	amplifications	could	identify	novel	oncogenes.	By	performing	an	integrative	cytogenetic	and	gene	
expression	analysis	of	non–small-cell	lung	cancer	(NSCLC)	and	small-cell	lung	cancer	(SCLC)	cell	lines	and	
tumors,	we	report	here	the	identification	of	a	frequently	recurring	amplification	at	chromosome	11	band	p13.	
Within	this	region,	only	TNF	receptor–associated	factor	6	(TRAF6)	exhibited	concomitant	mRNA	overexpres-
sion	and	gene	amplification	in	lung	cancers.	Inhibition	of	TRAF6	in	human	lung	cancer	cell	lines	suppressed	
NF-κB	activation,	anchorage-independent	growth,	and	tumor	formation.	In	these	lung	cancer	cell	lines,	RAS	
required	TRAF6	for	its	oncogenic	capabilities.	Furthermore,	TRAF6	overexpression	in	NIH3T3	cells	resulted	
in	NF-κB	activation,	anchorage-independent	growth,	and	tumor	formation.	Our	findings	show	that	TRAF6	is	
an	oncogene	that	is	important	for	RAS-mediated	oncogenesis	and	provide	a	mechanistic	explanation	for	the	
previously	apparent	importance	of	constitutive	NF-κB	activation	in	RAS-driven	lung	cancers.

Introduction
Characterization of the genome has revealed genes critical to the 
malignant landscape of human lung cancers. The 2 major forms 
of lung cancer are non–small-cell lung cancer (NSCLC) and small-
cell lung cancer (SCLC). NSCLC represents the majority of all lung 
cancers at 85%, compared with 15% for SCLC (1). NSCLCs are his-
tologically subdivided into squamous cell carcinoma, large-cell 
carcinoma, and adenocarcinoma. Somatic activating mutations of 
v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (KRAS) are 
the most frequent genetic events in NSCLC, occurring in greater 
than 30% of cases (1). Despite the prominence of MAPK pathway 
activation by RAS, NF-κB also appears to be an essential path-
way for KRAS-mediated NSCLC (2). The importance of NF-κB  
is further supported by reports of constitutive NF-κB activation 
in more than 50% of lung cancers (3). Despite high levels of NF-κB  
activation in lung tumors and a critical role in RAS-mediated lung 
cancer formation in vivo, the mechanisms leading to constitutive 
NF-κB are not known. Although KRAS mutations are rare in SCLC, 
activating mutations of the receptor tyrosine kinase mesenchymal-
epithelial transition factor (c-MET) are among the most frequent 
in SCLC and thought to require the KRAS pathway for lung malig-
nancies (4). Inactivating mutations of TP53 are also common in 
NSCLCs (50%–80%) and SCLCs (80%–100%) (1).

In addition to somatic mutations, recurring cytogenetic altera-
tions are also associated with lung cancers. Common deletions 
involving 5q11.2 (PDE4D), 7q11.22 (AUTS2), 9p21.3 (CDKN2A 
and CDKN2B), and 10q23.31 (PTEN) harbor known and candi-
date tumor suppressor genes (5). In contrast, recurring amplifi-

cations of 1q21.2 (ARNT), 5p15.3 (TERT), 7p11.2 (EGFR), 7q31.2 
(MET),  8q24.21  (MYC),  11q13.3  (CCND1),  12p12.1  (KRAS), 
14q13.3 (NKX2-1; also known as TITF1), and 17q12 (ERBB2) har-
bor known oncogenes (5, 6), implicating DNA amplifications as 
a mechanism of oncogene activation in lung cancers (7). In an 
attempt to identify novel oncogenes within lung cancer–associ-
ated amplicons, we performed a large-scale integrative cytogenetic 
and gene expression analysis of lung cancer cell lines and tumors. 
Here we report the identification of a frequently recurring ampli-
fication at chromosome 11p13. Examination of genes within the 
minimally amplified region on 11p13 revealed that TNF recep-
tor–associated factor 6 (TRAF6) is a key candidate oncogene. Over-
expression of TRAF6 in nontransformed cells resulted in NF-κB 
activation, anchorage-independent growth, and tumor formation. 
In contrast, inhibition of TRAF6 in human lung cancer cells sup-
pressed NF-κB activation, anchorage-independent growth, and 
tumor formation. Furthermore, RAS was dependent on TRAF6 
for anchorage-independent growth and tumor formation. There-
fore, the present study identifies TRAF6 as a commonly amplified 
oncogene bridging RAS and NF-κB in lung cancer.

Results
High-resolution and whole-genome DNA platforms have allowed 
for  reanalysis of  tumor samples and  identification of cryptic 
alterations. To identify novel genomic alterations in lung cancers, 
we used whole-genome tiling path array comparative genomic 
hybridization (aCGH) to determine copy number changes for 346 
NSCLC and SCLC samples (85 cell lines and 261 primary tumors). 
Significance of recurrent gains or deletions was determined for the 
lung cancer cell lines using Genomic Identification of Significant 
Targets in Cancer (GISTIC), a statistical method that calculates 
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significance scores incorporating the amplitude and frequency of 
copy number alterations at each position in the genome (8).

GISTIC analysis identified 5 significant high-level focal copy 
number amplifications (log2 ratio > 0.8) across the 85 lung can-
cer cell lines (Figure 1A): in decreasing order of significance, these 
were 14q13.2 (q = 0.0013), 11p13 (q = 0.015), 1q21.2 (q = 0.048), 
5p15.33 (q = 0.085), and 7p12.1 (q = 0.19). Amplifications of 1q21.2, 
5p15.33, 7p12.1, and 14q13.2 have been previously reported in lung 
adenocarcinomas and revealed to harbor known lung cancer onco-
genes (ARNT, TERT, EGFR, and NKX2-1, respectively), indicative of 
consistency between array platforms (5, 9). Although the amplicon 
associated with 11p13 has been previously reported and is thought 
to be a predictive marker in lung adenocarcinomas (7, 10), to our 
knowledge, the relevance to human lung cancer is not known.

High-level amplification of 11p13 was the second most significant 
event in our panel of NSCLC and SCLC cell lines (q = 0.015277), 
with the peak amplified region identified by GISTIC spanning an 
approximately 4-Mb interval (32,126,542–37,251,933 Mb) that 
contains 26 protein-coding genes (Figure 1B), none of which have 
been previously implicated in lung cancer. To identify candidate 
target genes, we next searched for concomitantly amplified and 
overexpressed genes within this interval by integrating parallel 
genetic and gene expression data for the cell lines. Of the 26 genes 
in the peak region, only TRAF6 (36,467,531–36,488,372 bp) expres-
sion was positively and significantly associated with gene amplifi-
cation (adjusted P = 0.01) (Figure 1C, Supplemental Figure 1, and 
Supplemental Table 1; supplemental material available online with 
this article; doi:10.1172/JCI58818DS1). Consistent with TRAF6 
mRNA overexpression (Supplemental Figure 1), TRAF6 protein was 
approximately 2-fold higher in lung cell lines with 11p13 amplifica-
tion (n = 5) than in samples with diploid 11p13 (n = 4) (Figure 1D).

In total, TRAF6 amplification was observed in 17 of 85 (20%) of 
the lung cancer cell lines, with the vast majority (88%) belonging 
to the NSCLC subtype (Table 1 and Supplemental Table 2). To 
confirm the cell line findings, we expanded our analysis to a panel 
of 261 clinical NSCLC tumor samples. Of these tumors, 24 (9.2%) 

had a copy number increase of the TRAF6 genomic locus (Table 1), 
highlighting its potential clinical relevance. Furthermore, exami-
nation of matched gene expression data for lung tumor samples 
revealed a significant association between copy number amplifi-
cation and TRAF6 mRNA overexpression (P = 0.035; Figure 1E), 
further validating our cell line findings (Supplemental Figure 1). 
Thus, our integrative genomic analyses identified TRAF6 as the 
target of the 11p13 amplicon, underlining a putative oncogenic 
role for this gene in lung cancer development.

TRAF6  is  a  member  of  the  TNF  receptor–associated  factor 
(TRAF) family of proteins and is an E3 ubiquitin ligase that cata-
lyzes autologous synthesis of lysine 63–linked (K63-linked) poly-
ubiquitin chains  involved  in downstream activation of NF-κB  
(11). Despite its prominent role in NF-κB activation, TRAF6 has 
not to our knowledge been directly associated with oncogenesis. To 
determine whether TRAF6 overexpression leads to malignant cel-
lular transformation, we retrovirally expressed TRAF6 in nontrans-
formed mouse fibroblasts (NIH3T3) and evaluated cell growth and 
colony formation. Overexpression of TRAF6 resulted in enhanced 
cell proliferation in serum-deprived conditions (Figure 2A), forma-
tion of anchorage-independent colonies in soft agar comparable in 
size to colonies transformed with a constitutively active version of 
RAS, vH-RAS (P = 0.0047; Figure 2, B and C), and adoption of a spin-
dle morphology and refractility, consistent with a transformed phe-
notype and similar to that of vH-RAS–transformed cells (Figure 2C). 
Vector-transduced cells were not refractile and grew in monolayers, 
morphologically resembling parental cells (Figure 2C). TRAF6- or 
vector-expressing NIH3T3 cells were injected subcutaneously into 
NOD/SCID mice and monitored for tumor growth. TRAF6-express-
ing cells began to form tumors within 4 weeks (P = 0.011; Figure 2D),  
and after 35 days, 80% (9 of 11) of mice developed large tumors  
(Figure 2D). Of the mice injected with control cells, only 1 developed 
a palpable tumor after 8 weeks (Figure 2D). These results are sugges-
tive of the oncogenic capabilities of TRAF6, including the capacity 
to malignantly transform cells and form tumors.

Individual TRAF6-expressing clones were isolated from soft agar 
and independently expanded in liquid culture for further analysis. 
We reevaluated 3 TRAF6 clones (designated C1, C2, and C3) for col-
ony formation in soft agar; these exhibited increased colony-form-
ing ability compared with parental TRAF6-expressing NIH3T3 
cells (data not shown). Examination of the TRAF6 clones revealed 
a pronounced transformed phenotype, including increased refrac-
tility, spindle morphology, and multilayered growth (Figure 2E). All 
TRAF6 clones exhibited higher TRAF6 protein expression (~2-fold) 
than that of the parental TRAF6-expressing cells (Figure 2F), and 
TRAF6 protein positively correlated with enhanced colony forma-
tion (r2 = 0.8032; P = 0.1; Figure 2G). Consistent with a more aggres-
sive transformed phenotype, tumor size was increased and latency 
reduced in the TRAF6 clones, approaching that of vH-RAS–induced 
tumors (Figure 2, H and I). Therefore, a higher level of TRAF6 
expression was associated with malignant transformation.

Figure 1
TRAF6 locus amplification occurs frequently in lung cancer. (A) Copy 
number data for 85 lung cancer lines is shown by genomic location 
(rows). False discovery rates (q values; 0.25 cutoff for significance 
shown by green line) and scores for amplicons are plotted at each 
genome position. Individual chromosomes are denoted by white and 
gray shading; black boxes indicate significant high-level amplifica-
tions. (B) Copy number status of chromosome 11p for 2 represen-
tative lung cancer lines. The minimally amplified region spanning 
chromosome 11p13 to 11p12 (32,126,542–37,251,933) and known 
genes are shown at right. Normalized log2 signal intensity ratios were 
plotted and visualized by SIGMA2 (32). Vertical lines denote log2 sig-
nal ratios from –1 to +1; copy number gains (red) are to the right of 0. 
Each dot represents a single probe. (C) A subset of 66 lung cancer 
samples was analyzed to identify genes whose expression correlated 
with gene amplification. P values (–log2) for genes within the mini-
mally amplified region on 11p13 are shown as a histogram. Values 
above the dashed line denote P ≤ 0.05. (D) IB for TRAF6 and actin 
in 5 lung cancer lines diploid at 11p13 (N, no 11p13 amplification; 
H2171, H1395, H2347, H520, and H460) and 4 lung cancer lines with 
an 11p13 amplification (amp; HCC95, H526, H2171, and SK-MES-1). 
Densitometric values for TRAF6 protein relative to actin are shown 
below. (E) TRAF6 mRNA levels were evaluated in lung tumor samples 
with (n = 13) and without (n = 31) amplification of 11p13. Significance 
was determined by Mann-Whitney U test. *P < 0.05.

Table 1
Incidence of 11p13 amplifications in human lung cancer

Material	 11p13	amplification		 Total		 Incidence		
	 (n)	 (n)	 (%)
Lung tumors 24 261 9.2
Lung cell lines 17 85 20.0
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To investigate the role of TRAF6 in cell survival and oncogen-
esis in human lung cancer, we used RNA interference (RNAi) to 
knock down the expression of TRAF6. We chose 6 human lung 
cancer lines based on 11p13 amplification, KRAS mutation status, 
and a RAS gene expression signature (ref. 12 and Supplemental 
Table 3). To reduce expression in H1395, H460, and HCC95 cell 
lines, 3 independent retroviral shRNAs targeting discrete regions 
of TRAF6 (shT6) were used, resulting in an approximately 50% 
knockdown of TRAF6 mRNA (Supplemental Figure 2).

RNAi-mediated knockdown of TRAF6 significantly decreased the 
cell growth of adenocarcinoma lung lines HCC95 and SK-MES-1,  
which have TRAF6 amplification  (P = 0.00036 and P = 0.025, 
respectively, at day 8; Figure 3A). TRAF6 depletion also inhibited —  
albeit not as effectively — growth and viability of cell lines H460 
and H2347, without an amplified TRAF6 locus but with a KRAS 
mutation (P = 0.01 and P = 0.034, respectively; Figure 3A). Similar-
ly, depletion of TRAF6 in lines H1395 and H520, without a TRAF6 
amplification (low TRAF6 protein) or KRAS mutation, had no or 
moderate effect on cell growth (P = 0.14 and P = 0.006, respectively; 
Figure 3A). Depletion of TRAF6 also led to a significant decrease in 
anchorage-independent colony growth of HCC95 (P = 1.3 × 10–7),  
SK-MES-1 (P = 0.0009), H2347 (P = 4.9 × 10–5), H460 (P = 2.2 × 10–5),  
and H520 (P = 4.2 × 10–5) cells, but not of H1395 cells (P = 0.25; 
Figure 3, B and C). In support of the growth and colony-forming 
data, cell viability was significantly reduced in H460 and HCC95 
cells after TRAF6 depletion (P = 0.029; Figure 3D). Given that we 
observed a TRAF6-dependent cell line that did not have KRAS 
mutation or TRAF6 amplification (H520), it is possible that other 
driver mutations affecting RAS or NF-κB signaling occur in this 
cell line, making it sensitive to TRAF6 inhibition.

We next subcutaneously injected shT6- or vector-expressing lung 
cancer cells into NOD/SCID mice and monitored tumor growth. 
Consistent with the colony formation observations, tumor-form-
ing ability was significantly impaired after TRAF6 depletion in 
lines H460 and HCC95 (P = 0.001 and P = 0.013, respectively); how-
ever, TRAF6 knockdown in H1395 cells did not have an effect on 
tumor formation (Figure 3, E–G). Overall, these observations dem-

onstrate an oncogenic role of TRAF6 in human lung cancers and 
suggest that cells with 11p13 amplifications or KRAS mutations 
may depend on TRAF6 for cell viability and tumor formation.

To determine whether other genes within the 11p13 amplicon 
are also relevant to the pathogenesis of human lung cancers, we 
evaluated 3 genes with P values approaching significance in our 
panel of lung cancers (see Supplemental Table 1). Inhibition of 
COMMD9 (P = 0.3), CD44 (P= 0.031), and TCP11L1 (P = 0.011) did 
not suppress colony formation as effectively as did TRAF6 inhibi-
tion (P = 0.00021; Supplemental Figure 3), which suggests that 
TRAF6 is the critical gene within the 11p13 amplicon.

Somatic activating mutations of KRAS are the most frequent 
genetic events in NSCLCs (1). Despite the prominence of MAPK 
pathway activation by RAS (13, 14), NF-κB is also essential for 
KRAS-mediated lung cancers in mouse models (2, 15, 16). The 
importance of NF-κB is further supported by reports of consti-
tutive NF-κB activation in more than 50% of human lung can-
cers (3). Despite high levels of NF-κB activation in human lung 
tumors and a critical role in RAS-mediated lung cancer formation 
in vivo, the mechanisms leading to constitutive NF-κB activation 
in human lung cancers remains unknown. Because TRAF6 is an 
upstream activator of NF-κB, we wanted to investigate whether 
TRAF6 is a key activator of NF-κB in human lung cancer. There-
fore, 8 lung adenocarcinoma cell lines were evaluated for NF-κB 
activation. The lung lines with TRAF6 amplification and overex-
pression displayed increased NF-κB activation, as determined by 
κB-site luciferase activity (11p13 amplification, 8.9 ± 5.9; no 11p13 
amplification, 3.5 ± 1.5; P = 0.1), and by a shift toward nuclear 
translocation of the NF-κB subunit, p65 (Figure 4, A and B).  
Inhibition of TRAF6 in HCC95 (11p13 amplification) resulted in 
a significant decrease of NF-κB activation (P = 0.0014; Figure 4C). 
Inhibition of TRAF6 in H460 cells, which have a KRAS mutation, 
similarly resulted in a significant decrease of NF-κB activation  
(P = 0.027; Figure 4D). These findings suggest that increased 
TRAF6 expression is a potential cause of constitutive NF-κB acti-
vation in human lung cancers.

We observed that TRAF6 inhibition reduced NF-κB activation 
and tumor formation of lung cancer cells with KRAS mutations 
(Figures 3 and 4); therefore, we wanted to investigate whether 
TRAF6 is also an essential link in RAS-mediated tumorigenicity. 
To investigate a relationship between mutant KRAS and TRAF6 
amplifications, we examined an additional 705 human cancer cell 
lines. As expected, samples with TRAF6 gain and/or amplification 
had significantly higher mRNA levels of this gene than did cell 
lines without TRAF6 copy number increase (P < 0.0001). In this 
panel of cell lines, KRAS mutations were enriched in samples with 
TRAF6 amplifications (17%; 21 of 125) compared with samples dip-
loid at 11p13 (11%; 68 of 632; P = 0.043, Fisher exact test; Table 2).  
Therefore, there was an association between KRAS mutation and 
TRAF6 copy number change, further supporting the interaction 
between these genes during tumorigenesis.

E3 ligase–mediated autoubiquitination is a measure of TRAF6 
activation. To determine whether RAS also activates TRAF6, we 
overexpressed constitutively active KRAS or vH-RAS, subjected 
TRAF6 to IP, and measured TRAF6 polyubiquitination. As shown in 
Figure 5A, expression of KRAS activating mutant (V12) or vH-RAS  
resulted  in  autoubiquitination  of  TRAF6;  however,  an  inac-
tive KRAS mutant (N17) did not, validating previous findings 
(17). Inhibition of mutant KRAS abrogated TRAF6 autoubiqui-
tination in an NSCLC cell line with mutant KRAS (Figure 5B).  

Figure 2
TRAF6 overexpression causes malignant phenotype. (A–C) NIH3T3 
cells transduced with vector (MSCVpac) or FLAG-tagged TRAF6 were 
selected in puromycin and assessed (A) for growth in 2% serum by 
BrdU incorporation and (B) for colony formation in 0.3% soft agar  
(1 × 104 cells plated). (C) Morphology of vector- and TRAF6-expressing 
NIH3T3 cells is shown in agar and in liquid culture. Original magnifica-
tion, ×20 (agar); ×40 (liquid). (D) NIH3T3 cells transduced with vector or 
TRAF6 were subcutaneously injected (2.5 × 105 cells/flank) into NOD/
SCID mice and assessed for tumor formation by measuring tumor vol-
ume. (E) Individual colonies formed by TRAF6-expressing NIH3T3 cells 
were extracted from soft agar, expanded in liquid culture, and reana-
lyzed for soft agar colony formation. Representative cells are shown. 
Original magnification, ×20 (agar); ×40 (liquid). (F) 3 TRAF6 clones 
(C1–C3), along with 2 independently created parental TRAF6 cells 
and vector-expressing cells, were evaluated for FLAG-TRAF6 expres-
sion by IB (anti-FLAG). Densitometric values for FLAG-TRAF6 protein 
relative to actin are shown below. (G) Colony-forming frequency (no. 
colonies/1 × 103 cells plated) is shown relative to expression of FLAG-
TRAF6 for TRAF6 clones (n = 3) and parental TRAF6 cells (n = 2).  
(H and I) NIH3T3 cells transduced with vector, TRAF6, vH-RAS, or 
TRAF6 clone C1 were subcutaneously injected (2.5 × 105 cells/flank) 
into NOD/SCID mice and assessed for tumor formation by measuring 
(H) tumor mass at day 15 and (I) tumor volume. *P < 0.05.
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These  findings  suggest  that TRAF6 activation may occur  in 
human lung cancer through active KRAS, as previously proposed 
in other cellular contexts (17).

RAS dependence on TRAF6 was evaluated by overexpressing  
vH-RAS, a constitutively active version of RAS (18), in Traf6–/– 
mouse embryonic fibroblasts (MEFs; Figure 5C) or in NIH3T3 
cells coexpressing a dominant-negative TRAF6 (T6DN) construct. 
In contrast to Traf6+/+ cells (Figure 5, D and F), vH-RAS–medi-
ated anchorage-independent growth was completely abrogated 

in Traf6–/– cells (Figure 5, D and F) and significantly reduced in 
NIH3T3 coexpressing T6DN (Figure 5, E and F; P = 0.04). Similar-
ly, the ability of vH-RAS–expressing cells to form tumors was com-
pletely abolished in the absence of TRAF6 (Figure 5, G and H) and 
was significantly impaired when TRAF6 was blocked with T6DN 
(P = 0.053; Figure 5I). These findings suggest that RAS-mediated 
anchorage-independent colony growth, tumor formation, and 
NF-κB activation are dependent on TRAF6. Given the prominent 
role of TRAF6 in human lung cancers, we hypothesized that the 

Figure 3
Inhibition of TRAF6 impairs growth and tumor formation of lung cancer cells. (A) Growth curves of cell lines with TRAF6 inhibition (shT6) is 
shown relative to vector-expressing (pLKO.1 control) cells. (B and C) Soft agar colony formation for the indicated cell lines after TRAF6 inhibition. 
Original magnification, ×20. (D) Cell lines H460 and HCC95 were transduced with virus encoding shT6. After TRAF6 inhibition, cell survival was 
evaluated by flow cytometry for Annexin V expression. HCC95 cells transduced with vector or shT6 were also cultured in liquid media, and mor-
phological assessment confirmed that shT6-expressing cells exhibited features of increased cell death, such as cell detachment and shrinkage 
and membrane blebbing. Original magnification, ×40. (E–G) Cell lines H1395 (E), H460 (F), and HCC95 (G), transduced with vector (pLKO.1-
control) or shT6, were subcutaneously injected into NOD/SCID mice. Tumor volume is shown at the experimental endpoint. *P < 0.05.
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TRAF6 locus is also frequently amplified in other human cancers. 
By aCGH, we identified frequent amplification of the TRAF6 locus 
in a panel of 124 additional human cancer cell lines (Table 3). In 
addition, we investigated whether TRAF6 amplifications exist in 
a broader analysis of human cancer cell lines. In total, 757 can-
cer cell lines were analyzed, of which 126 (16.6%) displayed TRAF6 
copy number gain and/or amplification. In a subset of 705 of these 
cell lines that had matching expression data, samples with TRAF6 
gain and/or amplification had significantly higher mRNA levels 
of this gene compared with cell lines without TRAF6 copy number 
increase (P < 0.0001, Mann-Whitney U test), confirming the find-
ings from the lung cancer analyses. Beroukhim et al. also reported 
amplification of the TRAF6 locus as a somatic and frequent event 
in several human cancer types (19). In our analysis, breast cancers 
exhibited amplification of 11p13 in approximately 30% of samples. 
In these cell lines, TRAF6 mRNA overexpression also correlated 
with amplification of 11p13 (Supplemental Figure 4). Overexpres-
sion of T6DN in MCF7, a breast cell line with high levels of TRAF6 
expression, abrogated anchorage-independent colony growth in 
vitro (P = 0.023; Supplemental Figure 4). In contrast, SKBR3, a 
breast cell line with lower levels of TRAF6, were not sensitive to 
TRAF6 inhibition (P = 0.32; Supplemental Figure 4).

Discussion
TRAF6 functions as a molecular bridge and key activator of NF-κB. 
Here, we identified TRAF6 as one of the amplified candidate onco-
genes on chromosome 11p13 in lung cancer cells. Overexpression 
of TRAF6 resulted in malignant transformation of fibroblasts and 
tumor formation, whereas knockdown of TRAF6 suppressed human 
lung cancer growth and tumor formation. Our finding that deletion 
of TRAF6 by RNAi suppressed RAS-mediated tumor formation may 
have important implications in human lung cancers. KRAS is one of 
the most frequently mutated oncogenes in lung cancers; however, 
effective therapies to inhibit RAS do not exist (1). Therefore, identi-
fication of TRAF6 as a downstream effector of RAS tumorigenesis 
may provide an alternative target for therapeutic intervention.

KRAS has been well documented as an activator of the NF-κB 
pathway in lung cancer; however, the components linking KRAS 
to NF-κB are not clear. The signaling adaptor p62 (also known as 
sequestosome) was recently identified as a critical target of RAS-
induced mouse lung adenocarcinomas and NF-κB activation and 
as necessary for survival of human lung adenocarcinomas (17). It 
was shown that p62 activates IκB kinase (IKK), the central com-
ponent of NF-κB, through TRAF6 autoubiquitination. Despite 
the requirement of NF-κB in tumor development and RAS sig-
naling, the essential role of NF-κB in KRAS-driven lung adeno-
carcinomas was not revealed until recently. Genetic inhibition of 
NF-κB showed that NF-κB is critical to the development of mouse 
lung adenocarcinomas driven by the KRAS G12D mutation (2). In 
an independent finding, a systematic RNAi screen revealed that 
KRAS-driven lung cancers require TBK1 and c-REL, 2 components 
of the NF-κB signaling cascade (16). Taken together, these obser-
vations suggest that the role of TRAF6 in lung cancer may be as a 
mediator of NF-κB activation.

TRAF6 activates the NF-κB pathway by sequential steps, includ-
ing K63-linked autoubiquitination at N-terminal lysines, followed by 
ubiquitination of TAK1 and IKK-γ (also known as NEMO). Interest-
ingly, the TRAF6 deubiquitinating enzyme cylindromatosis (CYLD) 
is found mutated in cylindromatosis malignancies and multiple 
myeloma (20–22). These mutations result in an inability of CYLD 
to deubiquitinate TRAF6 (23). Consistent with the role of TRAF6 
in lung cancer, downregulation of CYLD expression is associated 
with the development of lung adenocarcinomas (24). Although auto-
ubiquitination is important for full TRAF6 activation, some evidence 
suggests that TRAF6 can activate NF-κB and MAPK in response to 
IL-1 and RANKL independent of its autoubiquitination ability (25).

In our recent study, overexpression of TRAF6 in primary mouse 
marrow cells results in a myelodysplastic syndrome that develops 
into a fatal acute myeloid leukemia (26). TRAF6 protein levels are 
also higher in myelodysplastic syndrome patients (26). Beroukhim 
et al. also reported amplification of the TRAF6 locus as a somatic 
and frequent event in several human cancer types (19). Despite 
these findings, the precise role of TRAF proteins in cancer has not 
been extensively investigated. Empirical differences in TRAF pro-
tein expression in human cancer have been reported (27). TRAF2 
and TRAF6, which share many structural and functional similari-
ties, exhibit the highest and most consistent expression in human 
cancer cell lines (27). TRAF2 has previously been implicated in pan-
creatic cancers. It is overexpressed in pancreatic tumors and cell 
lines, activates NF-κB, promotes invasiveness, and protects tumor 
cells from CD95-mediated apoptosis (28). Interestingly, amplifica-
tion of the TRAF2 locus (9q34.3; 138,900,786–138,940,887 bp) was 
another common event in our set of lung cancers (~40% incidence; 

Figure 4
TRAF6 is upstream of NF-κB in human lung cancer cells. (A) NF-κB 
activity was measured by κB-site luciferase assays in human lung can-
cer cells with (HCC95, H526, H2171, HTB58) and without (H2170, 
H2347, H520, HTB117) amplification of the TRAF6 locus (11p13). (B) 
Nuclear NF-κB (p65) was IB in nuclear extracts from 7 human lung 
cancer cell lines with (H2170, H2347, H520) or without (H2170, H2347, 
H520, HTB117) amplification at the TRAF6 locus (11p13). (C) H460 
(diploid at 11p13) and HCC95 (amplification of 11p13) were evaluated 
for κB-site luciferase activity and for TRAF6 protein expression. (D) 
NF-κB activity was measured by κB-site luciferase assays after TRAF6 
inhibition. *P < 0.05.
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data not shown), and inhibition of TRAF2 suppresses growth and 
radiosensitizes lung cancer (29). Amplification and overexpression 
of TRAF2 may constitute a mechanism of NF-κB activation and 
tumor formation in lung cancers similar to that of TRAF6.

We demonstrate that TRAF6 is one of the amplified candidate 
oncogenes on chromosome 11p13 and likely contributes to the 
pathogenesis of human lung cancer. Although other candidate 
genes may reside on 11p13, inhibition of TRAF6 reduced NF-κB 

Figure 5
TRAF6 is necessary for RAS-mediated oncogenesis. (A) Extracts from HEK293 cells transfected with the indicated vectors were IP with an anti-
TRAF6 antibody, then IB for polyubiquitination with ubiquitin or TRAF6 antibodies. RAS and tubulin were determined by IB on the pre-IP lysates. 
(B) Extracts from H460 cells (KRAS mutation) transduced with the indicated shRNA vectors were IP with an anti-TRAF6 antibody, then IB with 
anti-TRAF6 antibodies. Actin was IB on the pre-IP lysates. A proposed model of KRAS-mediated activation of TRAF6 in lung cancer is also shown. 
(C) Traf6–/– or Traf6+/+ MEFs were transduced with a retroviral vector encoding vH-RAS (MSCVpac) and IB for RAS. (D) Soft agar colony formation 
for vH-RAS–expressing Traf6–/– or Traf6+/+ MEFs (1 × 104 cells plated). (E) Soft agar colony formation for vH-RAS–expressing NIH3T3 cells trans-
duced with T6DN or vector control (MIY). (F) Representative colonies from D and E. Original magnification, ×20. (G and H) vH-RAS–expressing 
Traf6–/– or Traf6+/+ MEFs were subcutaneously injected into NOD/SCID mice. (G) Representative tumors (red outline) on the dorsa. (H) Tumor 
volume at the experimental endpoint. (I) vH-RAS–expressing NIH3T3 cells transduced with T6DN or vector control were subcutaneously injected 
into NOD/SCID mice. Tumor volume is shown at the experimental endpoint. (J) Model of TRAF6-sensitive lung cancers. For TRAF6 inhibition– 
sensitive lung cancers, TRAF6 inhibition reduced proliferation, anchorage-independent growth, tumor formation, and NF-κB activation. *P < 0.05.
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activation and suppressed tumor growth of human lung cancers 
harboring 11p13 amplifications, which suggests that it is impor-
tant for tumorigenesis. Not only were lung cancer samples with 
11p13 amplifications dependent on TRAF6 for their malignant 
state, but lung cancer samples with KRAS mutations (but normal 
TRAF6 expression) were sensitive to TRAF6 inhibition. Therefore, 
TRAF6 amplification in lung tumors — with or without RAS muta-
tions — may explain constitutive NF-κB activation in a majority of 
lung cancers. We also reported, for the first time to our knowledge, 
that overexpression of TRAF6 led to malignant transformation and 
tumor formation, implicating TRAF6 as a bona fide oncogene.

Methods
Sample collection, cell lines, and plasmids. Cancer-derived cell lines were collected 
as previously described (7). All lung cell lines used in this study and their 
characteristics are listed in Supplemental Table 2. Mutation data for the 
lung cancer cell lines were obtained from the Sanger Institute’s Cancer Cell 
Line Project website (http://www.sanger.ac.uk/genetics/CGP/CellLines/). 
261 formalin-fixed, paraffin-embedded, or fresh-frozen tissue tumor speci-
mens were collected from Vancouver General Hospital and Princess Marga-
ret Hospital following approval by the Institutional Research Ethics Boards. 
Hematoxylin and eosin–stained sections for each sample were graded by a 
lung pathologist for use in selecting regions for manual microdissection to 
ensure greater than 70% tumor cell content. DNA for cell lines and tumors 
was isolated using standard procedures, with proteinase K digestion followed 
by phenolchloroform extraction as previously described (7). Spontaneously 
immortalized Traf6–/– and Traf6+/+ MEFs were provided by T. Mak and W.C. 
Yeh (University of Toronto, Toronto, Ontario, Canada). H1395 and H520 
are diploid at the TRAF6 locus (11p13), contain wild-type KRAS alleles, and 
are not reported to have a RAS gene expression signature. H460 and H2347 
are diploid at the TRAF6 locus and contain a mutant KRAS (Q61H) allele, 
but are reported to have a RAS signature. HCC95 and SK-MES-1 contain 
wild-type KRAS alleles, but harbor an amplification of the TRAF6 locus. 
Although there are no reports on HCC95 gene expression, SK-MES-1 are 
reported to have a RAS signature. Flag-tagged TRAF6 and T6DN cDNAs 
were provided by Tularik and cloned into MSCVpac and MSCV-IRES-YFP 
(MIY). vH-RAS (MSCVpac) was a gift from T. Gilmore (Boston Univer-
sity, Boston, Massachusetts, USA). cDNAs of KRAS activating and inactive 
KRAS mutants (V12 and N17, respectively) were provided by R. Kay (British 
Columbia Cancer Research Centre, Vancouver, British Columbia, Canada). 
The pLKO.1 (OpenBiosystems) construct was used to generate shRan-
dom, shT6, shKRAS, shCD44, shTCP11L1, and shCOMMD9. 4 indepen-
dent pLKO.1-shT6 constructs were obtained: shT6-1 (TRCN0000007348), 
shT6-2  (TRCN0000007349),  shT6-3  (TRCN0000007351),  and  shT6-4 
(TRCN0000007352).  Single  pLKO.1-sh  constructs  were  obtained  for 
shKRAS (TRCN0000034384), shCD44 (TRCN0000057563), shTCP11L1 
(TRCN0000200624), and shCOMMD9 (V2LHS254179).

Whole-genome tiling path aCGH and data analysis. DNA copy number profiles 
were generated for each sample using whole-genome tiling path aCGH (30). 
Details of the genomic array, DNA extraction, labeling and hybridization, 

image analysis, and normalization have been described previously (30, 31). 
SIGMA2 software was used to visualize all data as log2 ratio plots (32). All 
probes were mapped to March 2006 (hg18) genomic coordinates. All raw 
array data files are available through the System for Integrative Genomic 
Microarray Analysis (SIGMA; http://sigma.bccrc.ca) (32) and have been 
deposited in GEO (accession no. GSE31800). aCGH-Smooth (33) was used 
to smooth ratio values and identify copy number breakpoints for each 
sample as previously described (7). The resulting segments and ratio values 
were then analyzed using the GISTIC method (8) to determine regions of 
significant amplification and deletion across the samples. Analysis was per-
formed using Gene Pattern software (www.broad.mit.edu/cancer/software/
genepattern/) with default settings. aCGH-Smooth segments less than 2 
probes in length were removed prior to analysis. In addition, known regions 
of copy number variation in the normal population (34) were removed dur-
ing the analysis. Segments displaying an average log2 ratio greater than 0.8 
for a region were considered to have high-level amplification (7), and thus 
used as the GISTIC log2 ratio threshold. The frequency of TRAF6 copy num-
ber alteration in tumors and cell lines was performed using aCGH-Smooth 
ratios, as previously described (35). Sanger Institute’s Cancer Cell Line Proj-
ect (http://www.sanger.ac.uk/genetics/CGP/CellLines/) was used to investi-
gate whether TRAF6 amplifications exist in human cancer cell lines.

Gene expression analysis. Gene expression data for the lung cancer cell 
lines were generated using the Affymetrix Gene Chips HG-U133A and 
HG-U133B and downloaded from the Gene Expression Omnibus (acces-
sion no. GSE4824) (36). Fresh-frozen lung tumors were obtained from 
Vancouver General Hospital as described above. Microdissection of tumor 
cells was performed, and total RNA was isolated using RNeasy Mini Kits 
(Qiagen Inc.). Samples were labeled and hybridized to a custom Affymetrix 
microarray, containing 43,737 probes mapping to approximately 23,000 
unique genes, according to the manufacture’s protocols (Affymetrix Inc.) 
All data were normalized using the Robust Multichip Average algorithm 
in R (37). Of the lung tumor cohort, only samples with sufficient mate-
rial for RNA isolation were selected for expression analysis. The Director’s 
Challenge Consortium for the Molecular Classification of Lung Adenocar-
cinoma was also used to analyze TRAF6 gene expression (38).

Integration of genomic and gene expression data. Gene expression probes were 
mapped to March 2006 (hg18) genomic coordinates, and those within 
the peak 11p13 region identified by GISTIC were determined. If multiple 
probes were present for a gene, the one with the maximum intensity across 
all samples was used. To integrate gene expression with copy number data, 
we first separated samples based on their copy number status as previ-

Table 2
Incidence of KRAS mutations and TRAF6 amplifications

	 TRAF6	amplification	 No	TRAF6	amplification
KRAS	mutation 21 68
No	KRAS	mutation 104 564

Incidence data show total n for each pairing. P = 0.0428, 1-tailed Fisher 
exact test.

Table 3
Incidence of 11p13 amplifications in human cancer cell lines

Cancer	type	 11p13	amplification		 Total		 Incidence		
	 (n)	 (n)	 (%)
Blood 2 6 33
Bone 1 2 50
Brain 1 5 20
Breast 10 35 29
Cervix 3 8 38
Colon 2 8 25
Kidney 3 8 38
Lymphoid 1 9 11
Ovary 2 7 29
Pancreas 7 20 35
Skin 3 10 30
Oral 3 6 50
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ously described (39). Gene expression data were then compared between 
amplified and neutral copy number groups for each gene using the Mann-
Whitney U test to identify those that were overexpressed in the amplified 
samples with a P value less than 0.05. As the direction of gene expression 
difference was predicted to match the direction of copy number difference, 
1-tailed P values were calculated. A Bonferroni multiple-comparison test-
ing correction was applied based on the total number of gene expression 
probes analyzed for the region. Probes with an adjusted P value of 0.05 or 
less were considered significant.

Lentiviral infections. For Rev-dependent lentivirus, HEK293T cells were 
contransfected with pLKO.1sh, RRE, VSV-G, and REV constructs. Virus 
was harvested and used to infect human lung cancer cell lines. Transduced 
cell lines were selected in puromycin.

Tumor and soft agar colony-forming studies. Retrovirally transduced NIH3T3, 
H1395, H460, HC995, or MEF cells were selected in puromycin for 2 weeks. 
For colony-forming assays, 1 × 103 to 1 × 104 cells were plated in 10% FBS 
in DMEM containing 0.3% agar and scored for colonies after approximate-
ly 2 weeks, according to published protocol (40). For clones, individual 
colonies were removed with a 1-ml pipet and transferred to 10% FBS in 
DMEM in 12-well plates. Cells were allowed to adhere and expand prior 
to reanalysis. Experimental approaches for tumor studies have been pub-
lished elsewhere (41). Nonobese diabetic/severe combined immunodefi-
cient mice were obtained from the Animal Resource Centre of the Brit-
ish Columbia Cancer Research Centre. For tumor implantation, NIH3T3  
(2.5 × 105), H460 (1.5 × 105), H1395 (2.5 × 106), or HCC95 (1 × 106) cells 
were injected subcutaneously into the dorsa of mice. Tumor length and 
width were determined using calipers, and tumor volume was calculated 
as (l × w2) × 0.5. For each time point, tumor data are presented as the mean 
tumor volume ± SEM for the indicated mice.

Western blot analysis. Cultured cells were lysed and analyzed by SDS-
PAGE and IB with the following antibodies: TRAF6 (sc-7221; Santa Cruz), 
Tubulin (T-9026; Sigma-Aldrich), actin (sc-1615; Santa Cruz), FLAG (M5; 
Sigma), RAS (Zymed Laboratories), and ubiquitin (sc-8017; Santa Cruz). IP 
was performed with anti-TRAF6 antibody (sc-7221; Santa Cruz). Protein 
expression was quantitated by densitometry.

IP. For RAS overexpression, HEK293 cells were transfected with 4 μg 
vH-RAS (G12V), KRAS (G12D or N17), or vector control for 2 days. For 
RAS knockdown, H460 cells were infected with pLKO.1 (control vector) or 
shKRAS and then selected with puromycin for 10 days. HEK293 or H460 
cells were lysed in 50 mM Tris-HCl (pH 7.6), 50 mM NaCl, 1 mM EDTA, 
1% Triton-X, and protease inhibitor cocktail. TRAF6 or FLAG antibody  
(2 μg) was added to cell lysates (10 mg) for 3 hours at 4°C and captured 
by the addition of protein A or G beads for an additional 12 hours at 4°C. 
The immune complexes were washed 3 times with lysis buffer, followed 
by the addition of SDS sample buffer. The bound proteins were separated 
by SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose 
membranes, and analyzed by IB for ubiquitin and TRAF6.

Apoptosis analysis. Approximately 1 × 105 cells were washed in PBS and 
resuspended in Annexin V–binding buffer (10 mM HEPES; 140 mM NaCl; 
2.5 mM CaCl2; pH 7.4) and Annexin V–conjugated antibody (diluted 1:20). 
After a 15-minute incubation, an additional 500 μl Annexin V–binding 
buffer was added, and cells were analyzed by flow cytometry.

Proliferation assay. NIH3T3 cells transduced with vector or TRAF6 were 
starved overnight in media containing 2% serum, then pulsed with 10 μM  
BrdU for 0, 1, and 3 hours. As described previously (42), cells were har-
vested, fixed with 70% ethanol, and analyzed with an anti-BrdU–FITC 
antibody by flow cytometry.

NF-κB activation assays. For the NF-κB luciferase assays, 300 ng of a κB site-
containing luciferase reporter plasmid and 10 ng of thymidine kinase–driv-
en Renilla luciferase were cotransfected into HEK293 cells, NIH3T3 cells, or 

the indicated lung cancer lines (12-well format) using TransiT transfection 
reagent (Mirus). Values shown reflect luciferase values normalized to Renilla.  
For NF-κB translocation, 7 lung cancer cell lines (3 with amplification of 
11p13; 4 diploid at 11p13) were cultured in RPM1 (10% FBS). The trypsized 
cells were washed once in ice-cold buffer A (10 mM HEPES-KOH, pH 7.8; 
10 mM KCl; 1.5 mM MgCl2). The supernatant was removed, and each pellet 
was resuspended in 375 μl buffer A containing protease inhibitor cocktail 
(Roche) and 0.5% NP-40 (Sigma-Aldrich). The lysate samples were allowed 
to sit on ice for 10 minutes before they were subjected to centrifugation at 
12,000 g for 10 minutes at 4°C. The supernatant, which was the cytoplasmic 
fraction, was transferred to new mirocentrifuge tubes while each of the pel-
lets was washed once with 375 μl buffer A. After centrifugation and removal 
of supernatant, each pellet was solubilized with 75 μl RIPA buffer contain-
ing protease inhibitor cocktail through incubation at 4°C for 20 minutes 
on a rotator. The nuclear lysate was centrifuged at maximum speed at 4°C 
for 15 minutes, and the supernatant was transferred to new microcentrifuge 
tubes as nuclear extracts. Nuclear extracts were then analyzed for NF-κB 
(anti-p65) and PARP1 (anti-Parp1) expression.

Preparation of cDNA and RT-PCR of mRNA. Total cellular RNA was extract-
ed using TRIzol reagent (Invitrogen). The purified total RNA prepara-
tion was used as a template to generate first-strand cDNA synthesis using 
SuperScriptII (Invitrogen).

Statistics. Results are mean ± SEM. Statistical analyses were performed 
using Student’s t test (1-tailed unless otherwise specified; P < 0.05 consid-
ered significant) and Mann-Whitney U test (gene expression data). Com-
parison of survival between different groups was done by the Kaplan-Meier 
test, and P value was calculated by the log-rank test. In box-and-whisker 
plots, bounds of the boxes denote 25th and 75th percentiles; lines within 
the boxes denote the 50th percentile (median); and whiskers denote range. 
GraphPad Prism (version 4; GraphPad) was used for statistical analysis.

Study approval. Studies using human material were approved by the Uni-
versity of British Columbia–British Columbia Cancer Agency Research 
Ethics Board (Vancouver, British Columbia, Canada). Written consent was 
obtained from all subjects. All animal protocols were approved by the Ani-
mal Care Committee of the University of British Columbia (Vancouver, 
British Columbia, Canada).
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