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Identification of TRA2B-DNAH5 fusion as a novel 
oncogenic driver in human lung squamous cell carcinoma
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Lung squamous cell carcinoma (SCC) is one of the major subtypes of lung cancer. Our current knowledge of on-
cogenic drivers in this specific subtype of lung cancer is largely limited compared with lung adenocarcinoma (ADC). 
Through exon array analyses, molecular analyses and functional studies, we here identify the TRA2B-DNAH5 fusion 
as a novel oncogenic driver in lung SCC. We found that this gene fusion occurs exclusively in lung SCC (3.1%, 5/163), 
but not in lung ADC (0/119). Through mechanistic studies, we further revealed that this TRA2B-DNAH5 fusion pro-
motes lung SCC malignant progression through regulating a SIRT6-ERK1/2-MMP1 signaling axis. We show that 
inhibition of ERK1/2 activation using selumetinib efficiently inhibits the growth of lung SCC with TRA2B-DNAH5 
fusion expression. These findings improve our current knowledge of oncogenic drivers in lung SCC and provide a po-
tential therapeutic strategy for lung SCC patients with TRA2B-DNAH5 fusion.
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Introduction
 
Lung cancer, which can be divided into small cell 

lung cancer (SCLC) and non-SCLC (NSCLC) according 
to the histology differences, is the leading cause of can-
cer-related death worldwide [1]. NSCLC accounts for 
about 85% of all lung cancer cases, with a 5-year surviv-
al rate as low as 16%, and is composed of two major sub-

types including adenocarcinoma (ADC) and squamous 
cell carcinoma (SCC).

Currently, although the traditional therapeutic meth-
ods including surgery, chemotherapy and radiotherapy 
are widely used for lung cancer patients, the effective 
treatment options are still limited. Molecular targeted 
therapy, which has better effect and less side effect, is a 
more promising therapeutic method for lung cancer pa-
tients as compared with traditional methods. The identi-
fication of oncogenic drivers such as EGFR mutation has 
significantly reformed the current strategies for NSCLC 
treatment in clinic and initiated the era of molecular tar-
geted therapy [2]. Searching for new oncogenic drivers 
in NSCLC also becomes increasingly important for the 
development of molecular targeted therapy.
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To date, many genetic alterations, such as KRAS mu-
tation [3], EGFR mutation [4-6], PDGFRA amplification 
[7] and DDR2 mutation [8], have been identified as on-
cogenic drivers in NSCLC. EGFR is an essential ther-
apeutic target which is fully studied, and patients with 
EGFR mutations can benefit from EGFR inhibitors [4-
6]. Fusion genes, including ALK, ROS1, RET, NTRK1, 
NRG1 and FGFR fusions, have been identified to be a 
new class of oncogenic drivers in NSCLC in recent years 
[9-18]. ALK fusion, ROS1 fusion and RET fusion have 
been proved to be essential therapeutic targets in NSCLC 
[12, 14, 15, 19-22]. Thus, searching for new oncogenic 
gene fusions is also a direction for us to identify novel 
therapeutic targets in NSCLC.

Interestingly, oncogenic drivers have been well studied 
in lung ADC [23-26], whereas in lung SCC, the current 
knowledge of oncogenic drivers is largely limited. Up to 
now, only a few oncogenic drivers such as PDGFRA am-
plification, DDR2 mutation and FGFR fusions have been 
identified in lung SCC [7, 8, 17], which significantly lim-
its the molecular targeted therapy for lung SCC patients.

Using previously established method for gene fusion 
detection based on exon array analyses [23, 27], as well 
as molecular analyses and functional studies, we here 
identify the TRA2B-DNAH5 fusion as a new oncogenic 
driver in human lung SCC. We further show that the TR-
A2B-DNAH5 fusion promotes lung SCC malignant pro-
gression through modulating SIRT6, activating ERK1/2 
and upregulating MMP1 expression. This study indicates 
that the MEK/ERK cascade might serve as a potential 
therapeutic target for the lung SCC patients harboring 
TRA2B-DNAH5 fusion. 

Results

Identification of TRA2B-DNAH5 fusion by exon array 
analyses in human lung SCC

To search for novel gene fusions, as previously de-
scribed [23, 27], we performed exon array (Affymetrix 
Exon 1.0) analyses in 143 NSCLC specimens (78 ADC 
and 65 SCC) plus 15 paired pathologically normal lung 
tissues. We initially identified 693 candidates (409 in 
ADC and 284 in SCC) as potential gene fusions or iso-
forms (Supplementary information, Tables S1 and S2). 
We then narrowed down the candidates through the fol-
lowing 3 steps: (1) manually go through the heatmaps 
and choose these candidates with obvious breakpoints; 
(2) exclude those candidates also detected in normal 
lung samples; (3) exclude those known gene isoforms by 
referring to the NCBI database. Eventually, we obtained 
15 candidates which were potentially new gene fusions 
or isoforms (Table 1). We then performed 5′ RACE or 3′ 

RACE followed by Sanger sequencing to confirm these 
potential candidates, and found that most of these were 
novel isoforms, and only three were gene fusions (Table 
1). Besides the CCDC6-RET fusion that we previous-
ly reported [23], we found another two in-frame novel 
gene fusions, PTPRF-TIE1 fusion in lung ADC and TR-
A2B-DNAH5 fusion in lung SCC (Table 1, Figure 1 and 
Supplementary information, Figure S1). 

We first analyzed PTPRF-TIE1 fusion. TIE1 is a 
transmembrane receptor tyrosine kinase, which may 
modulate the activity of angiopoitin-TIE2 signaling 
pathway and contribute to the regulation of angiogenesis 
[28]. We found that its C-terminal portion including the 
whole kinase domain was fused to PTPRF N-terminal 
part to form a new fusion protein in one “pan-negative” 
lung ADC specimen (Supplementary information, Figure 
S1). We tried to detect PTPRF-TIE1 fusion in another 47 
“pan-negative” lung ADC specimens through RT-PCR 
analyses, but found no more samples positive for this 
fusion (data not shown). Cell transformation assay also 
showed that the PTPRF-TIE1 fusion cannot transform 
Ink4a−/− MEFs (data not shown), suggesting that this fu-
sion might not be oncogenic.

We next analyzed TRA2B-DNAH5 fusion. DNAH5 is 
one member of axonemal dyneins, which causes sliding 
of microtubules in the axonemes of cilia and flagella and 
is found only in cells that have these two structures. We 
found that its C-terminal portion was fused to TRA2B 

Table 1 Validation results of 15 candidates of potential gene fu-
sions and/or isoforms
Candidates   Sample        5′ RACE   Partner gene
                     histology     validation results 
RET              ADC            New gene fusion    CCDC6
TIE1             ADC            New gene fusion    PTPRF
CNTNAP2    ADC            New isoform (5′ deletion)        – 
IQCG           ADC             New isoform (5′ deletion)         –
DNAH5        SCC              New gene fusion    TRA2B
NTRK2         SCC             New isoform (5′ deletion)        – 
SPAG17        SCC              New isoform (5′ deletion)        –
CHUK          SCC               New isoform (3′ deletion)        – 
KALRN         SCC              New isoform (5′ deletion)         – 
YEAST2        SCC             New isoform (3′ deletion)         – 
LTK              SCC              New isoform (exon skipping)   – 
UMODL1     SCC              New isoform (5′ deletion)        – 
PARD3          SCC              Isoform (3′ deletion)                –
VAV3             SCC              Isoform (5′ deletion)                –
CSMD1*       SCC              New isoform (5′ deletion)              –
*Also found in ADC.
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Figure 1 Identification of TRA2B-DNAH5 fusion by exon array analyses in lung SCC. (A) Exon array analyses of 65 lung 
SCC specimens and 5 paired normal lung tissues identified a potential DNAH5 fusion in lung SCC sample 207LC. The poten-
tial fusion site was indicated by the arrow. (B) 5′ RACE analyses of 207LC showed a PCR band about 750 bp, which is obvi-
ously different from the wild-type DNAH5 band (about 500 bp). (C) Sequencing result confirmed the TRA2B-DNAH5 fusion in 
lung SCC sample 207LC. (D) The schematic diagram of TRA2B-DNAH5 fusion protein. (E) Detection of TRA2B-DNAH5 fu-
sion in 163 human lung SCC specimens through RT-PCR analyses. Besides 207LC, another 4 human lung SCC specimens 
harbor the TRA2B-DNAH5 fusion. ***P < 0.001. LC, lung cancer; N, normal lung tissue.

N-terminal part to form a new fusion protein (Figure 
1A-1D). Through long-range PCR, we identified the 
breakpoint at genomic DNA level (Supplementary infor-
mation, Figure S2). Through RT-PCR analyses followed 
by Sanger sequencing, we identified another 4 specimens 
positive for the TRA2B-DNAH5 fusion in another cohort 
of 98 lung SCC specimens (Figure 1E and Supplemen-
tary information, Figure S3). Moreover, this fusion is 
a somatic event which does not exist in paired normal 
lung tissue (Figure 1E). In total, 3.1% (5/163) lung SCC 
patients harbor the TRA2B-DNAH5 fusion. All these five 
patients are male and smokers (Supplementary informa-
tion, Table S3). Interestingly, no TRA2B-DNAH5 fusion 
was detected in 119 lung ADC through RT-PCR analyses 
(data now shown), indicating the exclusive existence of 
TRA2B-DNAH5 fusion in human lung SCC.

TRA2B-DNAH5 fusion is a novel oncogenic driver in 
lung SCC

We then functionally characterized the TRA2B-DNAH5 
fusion in lung SCC. First, TRA2B-DNAH5 fusion sig-
nificantly increased the number of foci which possess 
the transformation phenotype in Ink4a−/− MEFs (Supple-
mentary information, Figure S4). Thus we proved that 
the TRA2B-DNAH5 fusion was capable of promoting 
cell transformation. Consistently, TRA2B-DNAH5 fusion 
promoted anchorage-independent growth of human bron-
chial epithelial cells (Beas2B) and human lung SCC cells 
(CRL-5889; Figure 2A-2D). Moreover, TRA2B-DNAH5 
fusion promoted matrigel invasion of Beas2B and CRL-
5889 cells (Figure 2E and 2F). TRA2B-DNAH5 fusion 
also significantly promoted tumor growth in CRL-5889 
xenograft assay (Figure 3A-3C). A higher cell prolifer-
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Figure 2 TRA2B-DNAH5 fusion promotes lung SCC progression in vitro. (A) Western blot analysis confirmed the expression 
of TRA2B-DNAH5 fusion in Beas2B cells. Myc tag was used to mark the TRA2B-DNAH5 fusion. (B) The TRA2B-DNAH5 fu-
sion promoted anchorage-independent growth of Beas2B cells in soft agar assay. Statistical analysis of colony formation was 
shown on the right. (C) Western blot analysis confirmed the expression of TRA2B-DNAH5 fusion in CRL-5889 cells. (D) The 
TRA2B-DNAH5 fusion promoted anchorage-independent growth of CRL-5889 cells in soft agar assay. Statistical analysis of 
colony formation was shown on the right. (E, F) TRA2B-DNAH5 fusion promoted cell invasion of Beas2B cells (E) and CRL-
5889 cells (F) in transwell assay. Statistics analyses were shown on the right. All data were shown as mean ± SEM. **P < 0.01 
and ***P < 0.001. Ctrl, control; TD, TRA2B-DNAH5 fusion.
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Figure 3 TRA2B-DNAH5 fusion promotes lung SCC progression in vivo. (A-C) TRA2B-DNAH5 fusion promoted tumor growth 
in CRL-5889 xenograft assay. Photos of xenograft tumors (A), tumor volume (B) and tumor weight (C) were shown. Ctrl, n = 
6; TD, n = 6. (D-F) TRA2B-DNAH5 fusion promoted tumor growth in HTB-58 xenograft assay. Photos of xenograft tumors (D), 
tumor volume (E) and tumor weight (F) were shown. Ctrl, n = 7; TD, n = 7. All data were shown as mean ± SEM. **P < 0.01 
and ***P < 0.001. Ctrl, control; TD, TRA2B-DNAH5 fusion.
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ation rate was observed in CRL-5889 xenograft tumors 
with TRA2B-DNAH5 fusion expression (Supplementary 
information, Figure S5A). Since Beas2B cells were not 
tumorigenic in immuno-deficient mice, we used another 
lung SCC cell line HTB-58 which has weak tumori-
genic capability in xenograft assay. Consistently, the 
TRA2B-DNAH5 fusion could significantly promote tu-
mor growth in HTB-58 xenograft assay (Figure 3D-3F). 
These results together indicate that the TRA2B-DNAH5 
fusion is a novel oncogenic driver in lung SCC.

TRA2B-DNAH5 fusion promotes lung SCC progression 
through upregulating MMP1 expression

To explore the potential mechanism, we comparative-
ly analyzed the gene expression profiles of xenograft 
tumors with or without TRA2B-DNAH5 fusion. Func-
tional enrichment analyses of the differentially expressed 
genes identified several cancer-related KEGG pathways 
(Figure 4A). Among those genes in the most significant-
ly enriched pathway (hsa05200: pathways in cancer), 
MMP1 was the top one (Figure 4B). Principal compo-
nent analysis (PCA) also indicated MMP1 as one of the 
most important genes (Figure 4C). MMP1 is previously 
reported to promote tumor progression in many cancers 
including lung cancer [29]. Through real-time PCR, 
western blot and immunostaining analyses, we confirmed 
the upregulation of MMP1 by TRA2B-DNAH5 fusion in 
CRL-5889 cells as well as xenograft tumors (Figure 4D 
and 4E, Supplementary information, Figure S5B). We 
also obtained similar results in Beas2B cells, HTB-58 
cells and HTB-58 xenograft tumors (Supplementary in-
formation, Figure S6). These results suggest that MMP1 
is a potential downstream effector which may mediate 
the tumor-promotive function of TRA2B-DNAH5 fusion 
in lung SCC. To prove this, we used shRNAs to target 
MMP1, and found that MMP1 knockdown significant-
ly inhibited the function of TRA2B-DNAH5 fusion in 
promoting cell invasion in both Beas2B cells and CRL-
5889 cells (Supplementary information, Figure S7). 
Moreover, MMP1 knockdown dramatically inhibited the 
tumor-promotive function of TRA2B-DNAH5 fusion in 
xenograft assay (Figure 5A-5C and Supplementary infor-
mation, Figure S8). Together, these data demonstrate that 
TRA2B-DNAH5 fusion promotes lung SCC progression 
potentially through upregulating MMP1 expression.

TRA2B-DNAH5 fusion upregulates MMP1 expression 
through activating ERK1/2

We next determined how TRA2B-DNAH5 fusion up-
regulated MMP1 expression. To this end, we initially 
screened six reporters including CRE, serum response 
element (SRE), NF-κB, glucocorticoid response element 

(GRE), heat-shock element (HSE), and AP1 for their re-
sponses to TRA2B-DNAH5 fusion. Our data showed that 
the TRA2B-DNAH5 fusion could activate three reporters 
including CRE, SRE and GRE reporters (Figure 6A). 
Interestingly, the related genes of these three reporters, 
including PKA, PKC, CaMKII, JNK, P38 and the MEK-
ERK cascade, were known to regulate MMP1 expression 
[30-34]. Moreover, the JAK-STAT pathway was reported 
to upregulate MMP1 expression [35]. Therefore, we used 
inhibitors toward these molecules to do further screen-
ing. The inhibitors of PKA, PKC, CaMKII, JAK-STAT, 
MEK-ERK cascade and JNK significantly inhibited the 
upregulation of MMP1 expression by TRA2B-DNAH5 
fusion (Figure 6B). To narrow down the potential can-
didates, we further performed western blot analyses to 
examine the activation of these molecules. The level of 
p-ERK1/2 was consistently and significantly upregu-
lated by TRA2B-DNAH5 fusion in CRL-5889 cells and 
xenograft tumors (Figure 6C and 6D). This was further 
confirmed by immunostaining of xenograft tumors with 
TRA2B-DNAH5 fusion expression (Supplementary infor-
mation, Figure S5B). Moreover, the p-ERK1/2 level was 
significantly upregulated by the TRA2B-DNAH5 fusion 
in HTB-58 cells and xenograft tumors (Supplementary 
information, Figure S6D and S6F). The five MEK inhib-
itors decreased ERK1/2 phosphorylation and most inhib-
itors significantly inhibited MMP1 expression (Figure 6E 
and 6F), further supporting that MMP1 expression was 
controlled by the MEK/ERK cascade. These data collec-
tively showed that the TRA2B-DNAH5 fusion upregulat-
ed MMP1 expression through activating ERK1/2. Con-
sistent with this, those human lung SCC specimens with 
TRA2B-DNAH5 fusion harbored high levels of p-ERK1/2 
and MMP1 (Supplementary information, Figure S9). 

TRA2B-DNAH5 fusion activates ERK1/2 through modu-
lating SIRT6 nuclear activity

To explore how the TRA2B-DNAH5 fusion promoted 
ERK1/2 activation, we performed immunoprecipitation 
and mass spectrometry analyses (IP-MS) in CRL-5889 
cells with or without TRA2B-DNAH5 fusion expression. 
Through this analysis, we identified 38 protein candidates 
which potentially interacted with the TRA2B-DNAH5 fu-
sion protein (Supplementary information, Table S4). We 
then went through these 38 proteins manually and select-
ed 15 candidates (FAM101A, FMN2, HNRNPF, SYNE1, 
RPA1, ZNF451, SIRT6, APOC3, TCEB1, ANXA2, PKM2, 
C1QA, S100A10, ACTBL2 and BEND3) which are 
known to regulate tumor progression for further valida-
tion. Through gene knockdown validation, we found that 
SIRT6 knockdown significantly increased both p-ERK1/2 
and MMP1 expression levels (Figure 7A and 7B). We 
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Figure 4 TRA2B-DNAH5 fusion significantly upregulates MMP1 expression. (A) KEGG pathway enrichment analyses. Neg-
ative log transformed (base 10) P values was visualized in the bar plot. (B) Heatmap of differentially expressed genes in the 
top significant KEGG pathway (hsa05200: pathways in cancer). (C) Contributions of differential genes to the 1st and 2nd prin-
cipal components (PCs), as reflected by the absolute coordinates on the two axes, respectively. The point size of each gene 
was correlated with its contribution to PC1. (D, E) Real-time PCR quantification and western blot analysis of MMP1 expres-
sion in CRL-5889 cells (D) and xenograft tumors (E) with or without TRA2B-DNAH5 fusion expression.



1156
TRA2B-DNAH5 fusion in lung squamous cell carcinoma

SPRINGER NATURE | Cell Research | Vol 26 No 10 | October 2016

Figure 5 Upregulated MMP1 expression mediates the tumor-promotive function of TRA2B-DNAH5 fusion. (A) Real-time PCR 
quantification confirmed the knockdown efficiency of MMP1 in CRL-5889 cells with TRA2B-DNAH5 fusion expression. MMP1 
knockdown inhibited the tumor-promotive function of TRA2-DNAH5 fusion in CRL-5889 xenograft assay. Photos of xenograft 
tumors were shown. (B, C) Tumor volume (B) and tumor weight (C) were shown. Ctrl and TD, n = 5; TD + shMMP1-1, -2, -3, 
n = 6. All data were shown as mean ± SEM. ***P < 0.001. Ctrl, control; TD, TRA2B-DNAH5 fusion.

confirmed the interaction between TRA2B-DNAH5 fu-
sion protein and SIRT6 through Co-immunoprecipitation 
(Co-IP) assay (Figure 7C). SIRT6, which functions as 
a histone deacetylase in nuclei, has been reported to be 
a tumor suppressor through inhibiting many important 
cancer-promotive pathways [36-38]. SIRT6 knockdown 
could activate ERK1/2, consistent with previous studies 
[37, 39]. Through immunofluorescence, we showed that 
TRA2B-DNAH5 fusion protein is preferentially located 
in cytoplasm (Supplementary information, Figure S10). 
Moreover, TRA2B-DNAH5 overexpression decreased the 
nuclear localization of SIRT6 (Figure 7D). These data 
demonstrate that TRA2B-DNAH5 fusion protein may 
control ERK1/2 activation through modulating nuclear 
localization of SIRT6.

SIRT6 inhibition activates ERK1/2 through controlling 
the transcriptional activities of TIAM1, SUV420H1, 
RIN1 and IGF signaling-related genes

We next explored how SIRT6 inhibited ERK1/2 ac-
tivation. From SIRT6 ChIP-Seq data set, we annotated 
3 784 genes potentially targeted by SIRT6, among 
which 99 genes are further selected based on its upreg-
ulation by TRA2B-DNAH5 fusion expression (data not 
shown). Through literature searching, we found that 
only three candidates, including TIAM1, SUV420H1 
and RIN1, have been implicated in ERK1/2 activation 
[40-44]. ChIP-Seq data showed that SIRT6 binds to the 
promoter region of TIAM1, SUV420H1 and RIN1 genes 
(Supplementary information, Figure S11). Our microar-
ray data showed that TIAM1, SUV420H1 and RIN1 gene 
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Figure 6 TRA2B-DNAH5 fusion upregulates MMP1 expression through activating ERK1/2. (A) The TRA2B-DNAH5 fu-
sion specifically upregulated the activity of SRE, CRE and GRE but not other reporters as indicated in HEK-293T cells. (B) 
Screening of kinase inhibitors including H-7 (PKA, PKG, MLCK, and PKC inhibitor), H-8 (PKA, PKG inhibitor), H-89 (PKA in-
hibitor), PCC (Palmitoyl-DL-carnitine Cl, PKC inhibitor), STS (Staurosporine, PKC inhibitor), KN-62 (CaMKII inhibitor), KN-93 
(CaMKII inhibitor), ML-7 (MLCK inhibitor), AT9283 (Aurora Kinase inhibitor), AG-490 (JAK-2 inhibitor), ZM 449829 (JAK-3 in-
hibitor), CTS (Cryptotanshinone, STAT3 inhibitor), Stattic (STAT3 inhibitor), SL327 (MEK inhibitor), PD98059 (MEK inhibitor), 
SP600125 (JNK inhibitor), SB 202190 (p38 MAPK inhibitor), VX-702 (p38 MAPK inhibitor). P values were calculated through 
comparison with the untreated TD group. (C, D) Western blot analyses of p-ERK1/2, total ERK1/2, p-CaMKIIα, p-PKAα/β, 
p-PKCα/β, p-PKCδ/θ, p-STAT1, p-STAT2 and p-JNK in CRL-5889 cells (C) and CRL-5889 xenograft tumors (D). (E, F) Five 
MEK inhibitors inhibited MMP1 expression in CRL-5889 cells with TRA2B-DNAH5 fusion expression. Real-time PCR quantifi-
cation (E) and western blot analysis (F) of MMP1 were performed. All data were shown as mean ± SEM. *P < 0.05, **P < 0.01 
and ***P < 0.001. Ctrl, control; TD, TRA2B-DNAH5 fusion.

expression were upregulated by the TRA2B-DNAH5 
fusion in CRL-5889 xenograft tumors (Figure 7E). This 
was confirmed by real-time PCR analyses (Figure 7F). 
Moreover, TIAM1 and SUV420H1 were significantly up-
regulated by TRA2B-DNAH5 fusion in CRL-5889 cells 
(Figure 7G). Consistently, SIRT6 knockdown upregu-
lated TIAM1, SUV420H1 and RIN1 in CRL-5889 cells 
(Figure 7H). Previous data also showed that the binding 
of SIRT6 to the promoters of many IGF signaling-relat-

ed genes inhibits their transcription, and loss of SIRT6 
activates ERK1/2 through the IGF signaling pathway 
[39]. The upregulation of multiple IGF signaling-related 
genes was also obvious in CRL-5889 cells and xeno-
graft tumors (Figure 7F and 7G). Consistently, SIRT6 
knockdown upregulated several IGF signaling-related 
genes in CRL-5889 cells (Figure 7H). Among these IGF 
signaling-related genes which may be involved in this 
process, we are more interested in IGF1R and IGF2R. 
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Figure 7 TRA2B-DNAH5 fusion activates ERK1/2 through modulating SIRT6. (A) Real-time PCR quantification confirmed 
the knockdown efficiency of SIRT6 in CRL-5889 cells. (B) Western blot analysis confirmed the ERK1/2 activation and MMP1 
upregulation after SIRT6 knockdown. (C) Co-IP assay confirmed the interaction between TRA2B-DNAH5 fusion protein and 
SIRT6. (D) TRA2B-DNAH5 fusion expression decreased the nuclear localization of SIRT6. (E) TIAM1, SUV420H1 and RIN1 
were upregulated in CRL-5889 xenograft tumors with TRA2B-DNAH5 fusion expression according to the microarray data. 
(F) Real-time PCR quantification confirmed the upregulation of TIAM1, SUV420H1, RIN1 and several IGF signaling-related 
genes in CRL-5889 xenograft tumors with TRA2B-DNAH5 fusion expression. (G) Real-time PCR quantification confirmed 
the upregulation of TIAM1, SUV420H1 and IGF2R by TRA2B-DNAH5 fusion in CRL-5889 cells. (H) Real-time PCR quanti-
fication confirmed the upregulation of TIAM1, SUV420H1, RIN1 and several IGF signaling-related genes in CRL-5889 cells 
after SIRT6 knockdown. All data were shown as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001. Ctrl, control; TD, TR-
A2B-DNAH5 fusion.

Through western blot analyses, we found that IGF1R 
instead of IGF2R was upregulated by TRA2B-DNAH5 
fusion (Supplementary information, Figure S12A-S12C). 
Ectopic expression of TRA2B-DNAH5 fusion promoted 
the increase of pIGF1R and pMEK1/2 levels (Supple-
mentary information, Figure S12C). Moreover, treatment 
of the IGF1R inhibitor AG-1024 can significantly inhibit 
pIGF1R, pMEK as well as MMP1 levels (Supplementary 
information, Figure S12D). These data together suggest 
that TIAM1, SUV420H1, RIN1 and IGF signaling-related 
genes may be the potential mediators between SIRT6 in-
hibition and ERK1/2 activation.

Targeting ERK1/2 activation using selumetinib efficiently 
inhibits the growth of lung SCC with TRA2B-DNAH5 fu-
sion expression

TRA2B-DNAH5 fusion promoted lung SCC progres-
sion through activating ERK1/2 (Figure 6 and Supple-
mentary information, Figures S5B, S6D and S6E), and 
human lung SCC specimens with TRA2B-DNAH5 fusion 
showed high level of p-ERK1/2 (Supplementary infor-
mation, Figure S9). This suggests that targeting ERK1/2 
activation might be a good therapeutic strategy for the 
lung SCC patients harboring the TRA2B-DNAH5 fusion. 
Among five MEK inhibitors we used in this study, selu-
metinib showed the strongest inhibitory effect (Figure 6E 
and 6F). Interestingly, the TRA2B-DNAH5 fusion expres-
sion sensitized CRL-5889 and HTB-58 cells to selume-
tinib treatment (Supplementary information, Figure S13). 
We then performed selumetinib treatments in xenograft 
assay. The selumetinib treatment efficiently inhibited 
the growth of CRL-5889 xenograft tumors expressing 
the TRA2B-DNAH5 fusion (Figure 8A-8C). Selumetinib 
treatment significantly decreased the proliferation rate 
of xenograft tumors (Supplementary information, Figure 
S14A); similarly, p-ERK1/2 and MMP1 levels were also 
downregulated by selumetinib treatment (Supplementary 
information, Figure S14B-S14D). This was further con-
firmed in HTB-58 xenograft assay (Figure 8D-8F). No 
significant weight loss was detected in mice treated with 

selumetinib (Supplementary information, Figure S15). 
Collectively, our data suggest that selumetinib might 
serve as a potential candidate drug for lung SCC patients 
harboring the TRA2B-DNAH5 fusion.

Discussion 
 
Despite advanced knowledge of oncogenic drivers 

in human lung ADC, the potential oncogenic drivers 
in human lung SCC remain largely unknown. DDR2 
gain-of-function mutation and FGFR fusions have been 
identified in 3.8% and 3.5% lung SCC, respectively [8, 
45]. Our study here identifies a novel oncogenic driver, 
the TRA2B-DNAH5 fusion, exclusively in human lung 
SCC but not ADC. About 3.1% lung SCC harbor the 
TRA2B-DNAH5 fusion, which is comparable to DDR2 
mutation and FGFR fusions. Through mechanistic stud-
ies, we revealed that this fusion promotes lung SCC 
progression through regulating a SIRT6-ERK1/2-MMP1 
signaling axis. Targeted therapy toward ERK1/2 activa-
tion using selumetinib provides an efficient means for 
treatment of lung SCC with the TRA2B-DNAH5 fusion. 
This study might hold great promise for therapeutic 
strategy development toward lung SCC patients harbor-
ing the TRA2B-DNAH5 fusion. Indeed, MMP1 seems 
to be a promising target for the treatment of lung SCC 
patients harboring TRA2B-DNAH5 fusion. Marimastat is 
a broad-spectrum inhibitor of MMPs which has high in-
hibitory effect on MMP1 (IC50 value is 5 nM for MMP1). 
We therefore tested the therapeutic effect of marimastat 
upon the growth of CRL-5889 xenograft tumors with TR-
A2B-DNAH5 fusion expression. To our disappointment, 
marimastat treatment failed to inhibit tumor growth 
(Supplementary information, Figure S16). This is some-
how consistent with clinical trial results of marimastat 
[46] and the lack of therapeutic efficacy might be due to 
non-specific targeting of multiple MMPs with counter-
acting function.

As we know, most oncogenic gene fusions are kinases, 
and only a few are transcriptional factors. Interestingly, 
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the TRA2B-DNAH5 fusion is different from traditional 
oncogenic gene fusions, and the core component of TR-
A2B-DNAH5 fusion is DNAH5, which is an axonemal 
dynein. We find that TRA2B-DNAH5 fusion interacts 

with SIRT6 and inhibits its nuclear translocation, which 
leads to upregulation of the expression of multiple 
downstream target genes including TIAM1, SUV420H1, 
RIN1 and several IGF signaling-related genes, and then 

Figure 8 Targeting ERK1/2 activation using selumetinib efficiently inhibits the growth of lung SCC with TRA2B-DNAH5 fusion 
expression. (A-C) Selumetinib significantly inhibited tumor growth in CRL-5889 xenograft tumors with TRA2B-DNAH5 fusion 
expression. Photos of xenograft tumors (A), tumor volume (B) and tumor weight (C) were shown. The treatment lasted 15 
days. Vehicle, n = 10; selumetinib, n = 11. (D-F) Selumetinib significantly inhibited tumor growth of HTB-58 xenograft tumors 
with TRA2B-DNAH5 fusion expression. The photos of xenograft tumors (D), tumor volume (E) and tumor weight (F) were 
shown. The treatment lasted 9 days. Vehicle, n = 14; selumetinib, n = 12. All data were shown as mean ± SEM. *P < 0.05, 
**P < 0.01 and ***P < 0.001.
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promotes ERK1/2 activation and MMP1 expression. Al-
though it remains attractive to find a better way to target 
MMP1, our data show that selumetinib can efficiently 
inhibit the growth of lung SCC with TRA2B-DNAH5 
fusion in xenograft assay. Selumetinib (AZD-6244; 
ARRY-142886), a MEK1/2 inhibitor designed by Astra-
Zeneca, can inhibit ERK1/2 activity through targeting 
MEK1/2 [47]. Moreover, selumetinib was approved by 
the US Food and Drug Administration for the treatment 
of Uveal melanoma in 2015, and now this drug is un-
der phase 3 clinic trial for the treatment of metastatic 
NSCLC. Our data indicate that selumetinib serves as a 
promising drug for those lung SCC patients harboring 
the TRA2B-DNAH5 fusion, which might help develop 
targeted therapy and precision medicine for lung cancer 
treatment.

Materials and Methods

Clinical specimen collection
This study was approved by the institutional review board of 

Fudan University Shanghai Cancer Hospital, Shanghai, China. All 
participants gave written informed consent. The 119 lung ADC and 
163 SCC specimens with paired pathological normal lungs were 
collected from July 2007 to June 2011. Fresh surgical specimens 
were snap-frozen and stored in liquid nitrogen upon resection un-
til use. The pathology of each tumor sample was determined by 
pathologists. All these specimens were with a minimum of 70% 
of tumor cellularity, and all patients did not receive neoadjuvant 
chemotherapy. Total RNA was extracted from tissues with Trizol 

Reagent (Invitrogen) according to the manufacturer’s instruction.

Exon array-based fusion gene detection and gene expres-
sion profiling analyses

The method for fusion gene detection has been established in 
our previous study [11]. Fusion gene prediction was based on the 
Affymetrix Exon 1.0 dataset. For the microarray data analysis, we 
applied the Robust Multichip Average (RMA) method to perform 
background correction, normalization and exon-level probe set 
summarization. Exon-level expression values were then normal-
ized across the samples, which allowed subsequent computational 
identification of breakpoints along the exons positioned in the 
chromosome order. To identify fusion genes characterized by di-
vergent expression between the 5′ and 3′ sides partitioned by the 
breakpoint, a Student’s t-test was used to evaluate each sample for 
such expression patterns (single-sample significance) and then an 
overall asymptotic significance was calculated by summarizing the 
t-statistics into a dataset-wise statistic Sg:
 tgi ~ T (df = k-2)

Here, k is the probe set number designed for gene g in the 
Exon 1.0 microarray, and n is the sample number. Note, the above 
computations require an exhaustive screening for all possible 
breakpoints in the gene under analysis, which would turn out to be 

a computationally expensive procedure when applied to whole-ge-
nome screen. To accelerate the screening process, we simplified 
the procedure by taking the middle point of probe sets for a gene 
as an initial breakpoint to identify candidate genes which were 
then sent for exact analysis aiming at predicting the optimal break-
point. 

Expression profiling was performed on Affymetrix Prime Pre-
view Chips. After preprocessing, normalization and annotation, 
differential expressions were evaluated with fold change (fold > 
1.5) and t-test (P < 0.05), and functional enrichment was analyzed 
with Fisher’s exact test on KEGG pathways and Gene Ontology 
(GO) gene sets. With PCA, expression data composed of a set of 
differentially expressed genes was reduced in dimension to a few 
principal components (PCs), and contributions of those original 
genes to the three predominant PCs were assessed and visualized.

Molecular analysis for gene fusions
5′ RACE was performed using SMARTerTM RACE cDNA 

Amplification Kit from Clontech Laboratories (Mountain View, 
CA, USA) according to the manufacturer’s instructions. Briefly, 
1 µg RNA extracted from lung tumor specimens was reverse-tran-
scribed using primers 5′-RACE CDS primer A and SMARTer II 
A Oligonucleotide supplied by SMARTerTM RACE cDNA Ampli-
fication Kit. PCR was performed with TIE1 gene-specific primer 
5′-CACCACAGCCACCATCAGAACCAGAG-3′ or DNAH5 
gene-specific primer 5′-TCCACGGCTTTGTTCAGGGTCTGCT-
GTA-3′ in conjunction with RACE universal primer A mix (UPM): 
5′-CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAAC-
GCAGAGT-3′ and 5-CTAATACGACTCACTATAGGGC-3′. PCR 
products were purified for direct sequencing. Total RNA samples 
were also reverse-transcribed into single-stranded cDNA using 
RevertAidTM First Strand cDNA Synthesis Kit (Fermentas, EU) 
and used for detection of the potential TIE1 fusion. For detection 
of PTPRF-TIE1 fusion, the forward primer was 5′-CACTGGT-
GATGCTTGGTTTG-3′, and the reverse primer was 5′-GTG-
GTCTTCTCTGGCTCCAC-3′. For detection of TRA2B-DNAH5 
fusion, the forward primer was 5′-AAGGAAGGTGCAAGAG-
GTTG-3′ and the reverse primer was 5′-AACTTCCACATCCAG-
CAACA-3′. 

The PCR program for detection of PTPRF-TIE1 fusion and TR-
A2B-DNAH5 fusion is: 94 °C, 2 min; 94 °C, 15 s, 58 °C, 30 s, 72 °C, 
30 s, 35 cycles; 72 °C, 1 min.

To identify the genomic breakpoint of TRA2B-DNAH5 fusion 
(Supplementary information, Data S1), genomic DNAs from lung 
cancer sample 207LC and paired normal lung tissue were used for 
long-range PCR using a series of primers (7 forward primers T1-
T7 at TRA2B intron 1 with 1-2 kb intervals, and 3 reverse primers 
D1-D3 at DNAH5 intron 17 with 1-2 kb intervals).

T1: 5′-GCGGCGAGCAGAACTACGGCGAGCG-3′;
T2: 5′-ACTGCAAAGTAAGCGATTTTAAAGT-3′;
T3: 5′-GTTAATGGGATTTGCCTTACATAGC-3′;
T4: 5′-TGGTTGACTTGATTTTGTCTTTTTA-3′;
T5: 5′-ACACATATCAAAAATAATACCCAGT-3′;
T6: 5′-TGAAACACCCATATTCTGCTTTCAC-3′;
T7: 5′-TGAAACACCCATATTCTGCTTTCAC-3′;
D1: 5′-ACAGTTAGTGAATGTGAGGAGGAGG-3′;
D2: 5′-TTCAACCATTGTTTTGCTAATATCC-3′;
D3: 5′-ATTTGTGCACCATTTACACAAAGAT-3′.
The genomic breakpoint from lung cancer sample 207LC was 
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amplified by the primer pairs T1 + D2, T1 + D3, T2 + D2 and T2 
+ D3. PCR products were visualized by 1.5% agarose gel electro-
phoresis, and the exact location of the breakpoint was obtained by 
regular Sanger sequencing.

Cell culture, plasmid construction and lentivirus infection 
Ink4a−/− MEFs, HEK-293T and Beas2B cells were cultured in 

DMEM (Hyclone) with 10% fetal bovine serum (FBS). CRL-5889 
and HTB-58 cells were cultured in RPMI-1640 (Hyclone) with 
10% FBS.

PTPRF-TIE1 fusion with C-terminally fused Myc tag or TR-
A2B-DNAH5 fusion with C-terminally fused 6× Myc tag was 
cloned into pCDH-CMV-EF1-Puro (Systems Biosciences). SIRT6 
with C-terminally fused 3× Flag tag was cloned into pCDH-CMV-
EF1-CoGFP (Systems Biosciences). The shRNAs toward human 
MMP1 and SIRT6 were cloned into pLKO.1 vector (Addgene) 
with the AgeI/EcoRI sites. The target sequences of shRNAs were 
as follows:

shMMP1-1: 5′-CTTGAAGCTGCTTACGAATTT-3′
shMMP1-2: 5′-GCTAACCTTTGATGCTATAAC-3′
shMMP1-3: 5′-GTTTGTGGCTTATGGATTCAT-3′
shSIRT6-1: 5′-ACGGGAACATGTTTGTGGAAG-3′
shSIRT6-2: 5′-CAGTACGTCCGAGACACAGTC-3′
shSIRT6-3: 5′-CAAGTTCGACACCACCTTTGA-3′
Lentiviral package and infection was done as follows: HEK-

293T cells were co-transfected with pCDH or pLKO.1 constructs 
and packaging plasmids. The progeny viruses released from HEK-
293T cells were filtered, collected and used to infect cells. Stable 
cell lines were selected and maintained in 2 µg/ml puromycin.

Quantitative real-time PCR
    Total RNA was extracted from cells and xenograft tumors 
with Trizol Reagent (Invitrogen) according to the manufacturer’s 
instructions. Total RNAs were also reverse-transcribed into sin-
gle-stranded cDNA using RevertAidTM First Strand cDNA Syn-
thesis Kit (Fermentas, EU). cDNAs were subjected to quantitative 
real-time PCR with gene-specific primers on 7500 Fast Real-Time 
PCR System (Applied Biosystems) using SYBR Green Master 
PCR mix (Invitrogen). GAPDH (human), 16S RNA (human) or 
β-actin (mouse) served as internal control. Primers used for re-
al-time PCR analyses were listed in Supplementary information, 
Table S5.

Western blot analysis 
Stable cell lines or xenograft tumors were harvested for west-

ern blotting. Protein samples were probed with specific antibod-
ies against MMP1 (Proteintech, 10371-2-AP, 1:1 000), phos-
pho-ERK1/2 (T202/Y204, Cell Signaling, #9106S, 1:1 000), total 
ERK1/2 (Cell Signaling, #9102, 1:1 000), phospho-CaMKIIα 
(T286, Santa Cruz Biotechnology, #SC-12886-R, 1:1 000), phos-
pho-PKAα/β (T197, Bioworld, BS4345, 1:1 000), phospho-PKCα/
β (T648/641, Cell Signaling, #9375S, 1:1 000), phospho-PKCδ/
θ (S643/676, Cell Signaling, #9376, 1:1 000), phospho-STAT1 
(Y701, Cell Signaling, #9167S, 1:1 000), phospho-STAT2 (Y690, 
Cell Signaling, #4441S, 1:1 000), phospho-JNK (T183/Y185, Cell 
Signaling, #9255, 1:1 000), SIRT6 (Sangon, #D121220, 1:500), 
IGF2R (Sangon, #D161777, 1:500), IGF1R (Sangon, #D151673, 
1:500), phospho-IGF1R (Absci, #AB11716, 1:500), MEK1/2 (Cell 
Signaling, #9154, 1:1 000), phospho-MEK1/2 (Cell Signaling, 

#8727, 1:1 000) or β-actin (Sigma, #A2228, 1:5 000). Protein ex-
pression was assessed by Pierce ECL Western Blotting Substrate 
(Thermo Scientific, IL, USA) and exposure to X-ray film (Eastman 
Kodak, NY, USA). The film was scanned, and the digitalized im-
ages were quantified by densitometry.

IP-MS analyses and Co-IP assay
CRL-5889 cells with or without 6× Myc-tagged TRA2B-DNAH5 

fusion expression were lysed and the supernatants were incubated 
with anti-Myc antibody and protein G agarose (Invitrogen). The 
immune complexes were subjected to trypsin digestion and mass 
spectrometry analysis [48]. All mass spectrometric data were 
acquired using Xcalibur software and analyzed using MaxQuant 
1.3.0.5 against the human International Protein Index (IPI) data-
base (version 3.68).

HEK-293T cells were transfected with the indicated plasmids 
using calcium transfection. Cells were lysed and the supernatants 
were incubated with anti-Myc and anti-FLAG antibodies and pro-
tein G agarose (Invitrogen). The immune complexes were subject-
ed to SDS-PAGE, and analyzed by western blot.

Immunostaining
Immunostaining was performed as previously described [49]. 

The antibodies used were p-ERK1/2 (T202/Y204, Santa Cruz Bio-
technology, sc-16982-R, 1:100), MMP1 (Proteintech, 10371-2-AP, 
1:500), Ki67 (Novocastra, NCL-KI67p, 1:500). The proliferation 
rate was evaluated by counting Ki67-positive nuclear staining at 
high-power field (HPF) for more than 30 fields for each group.

Cell proliferation assay and soft agar colony formation as-
say

For cell proliferation assay, cells were seeded in 96-well plates 
(Nest) and the viability of cells was measured at the indicated time 
points. For Beas2B and CRL-5889 cells, at different time points 
(Days 1-5), 20 µl MTT solution (5 mg/ml, Sigma) was added into 
each well. Cells were incubated at 37 °C for 4 h. Then the medium 
was removed and 100 µl DMSO was added to each well to solubi-
lize the formazan crystals. Absorbance was measured at dual wave 
length mode (570 nm and 630 nm) using a Microplate Reader 
(Thermo Scientific, MULTISKAN MK3, USA). 

For soft agar assay, 5 000 cells were plated in 0.4% top agarose 
on top of 1% agarose base supplemented with complete medium 
in 6-well plates. After 3 weeks, cells were stained with 0.005% 
crystal violet and colonies (>1 mm in diameter) were counted. All 
experiments were performed in triplicates.

Cell transformation assay
Ink4a−/− MEFs transfected with TRA2B-DNAH5 or CCDC6-

RET fusion were cultured in DMEM with 10% FBS until 100% 
confluence. MEFs were changed with fresh medium every 3 days 
until the foci analyses using 0.005% crystal violet staining. 

Xenograft assay and drug treatment
CRL-5889 or HTB-58 cells with or without TRA2B-DNAH5 fu-

sion expression were subcutaneously transplanted into nude mice. 
Selumetinib were given through gavage at 50 mg/kg twice a day, and 
marimastat was given through intraperitoneal injection at 18 mg/kg 
once a day. Tumor volume was monitored twice a week, and mice 
were sacrificed for further molecular and pathological analysis.
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Luciferase reporter assay
Six reporters including CRE, SRE, NF-κB, GRE, HSE, and AP1 

are used in this study. HEK-293T cells were seeded in 24-well plates. 
Luciferase reporter and the indicated plasmids were co-transfected. 
Luciferase activities were measured 48 h after transfection using 
Dual-Luciferase Assay kit (Promega) on GloMax 20/20 luminometer 
(Promega) following the manufacturer’s instructions. pRL-TK was 
co-transfected as internal control. Experiments were conducted in 
triplicates and repeated at least 3 times.

Statistical analysis
All statistical analyses were carried out using the SPSS 13.0 sta-

tistical software package. Data were analyzed by Student’s t-test (two 
tailed). P < 0.05 was considered to be significant. Error bars represent 
SEM.

Data access
Expression profile data for CRL-5889 xenograft tumors and Affy-

metrix Exon 1.0 array data for human NSCLC and paired normal 
lungs from this study have been submitted to the NCBI Gene Expres-
sion Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under the 
accession numbers GSE74046, GSE74095, GSE74115, GSE74116 
and GSE74117.
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