HOTAIR in Small-Cell Lung Cancer

Cell proliferation assay and matrigel
invasion assay

For cell proliferation assays, 4.0 x 10* cells were plated in
triplicate on 24-well plates containing DMEM medium
with 10% FBS, 1% antibiotics, and glutamine solution.
Subsequently, the cell number was calculated using the
Trypan-blue staining and an automated cell counter
(TC10 Bio-Rad Laboratories, Tokyo, Japan) after transfec-
tion with siRNA for 24, 48, 72, and 96 h.

A matrigel invasion assay was performed using the
Biocoat Matrigel Invasion Chamber (BD) according to
the manufacturer’s protocols. In brief, 4.0 x 10* cells
were plated in the upper insert chamber in serum-free
medium. The bottom chamber contained DMEM med-
ium with 10% FBS as an inducer of invasion. After 48 h,
the bottom of the insert chamber was fixed and stained
with Diff-Quick staining (Sysmex, Kobe, Japan). Cells on
the dissected stained membrane were counted under a
microscope. Each membrane was divided into four quad-
rants and the sum of all four quadrants was calculated.
Each matrigel invasion assay was performed in triplicate,
and compared with migration assays using control insert
membranes.

Comprehensive gene expression analysis
using microarrays

Total RNAs from #1siHOTAIR-transfected SBC-3 cells
and control cells (siGFP-transfected cells), were extracted
using RNeasy mini kit Plus (Qiagen) and hybridized to
the microarrays, Sure Print G3 Human GE 8 x 60K
microarrays (Agilent Technologies, Santa Clara, CA),
according to the manufacturer’s instructions. Subse-
quently, data analysis was carried out using the Gene-
Spring GX 12 software (Agilent Technologies), with a
stringency of P < 0.1 and a twofold or more change using
gene ontology analysis.

Statistical analysis

Continuous datasets were compared using an independent
t-test between two groups, and categorical datasets were
analyzed by the chi-square test. Significance of difference
between two or more groups was estimated with the
Mann-Whitney U-test or the Kruskal-Wallis test, as
appropriate. Disease-specific survival (DSS) was defined
by death only from SCLC. Relapse-free survival (RES)
was defined by metastasis as the first recurrence event. In
this study, because second primary cancers were not
found in all subjects, RFS is de facto disease-free survival
(DFS). DSS and RFS/DFS curves were plotted according
to the Kaplan-Meier method with the Cox-Mantel
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log-rank test applied for comparison. Univariate and mul-
tivariate analyses by the Cox proportional hazard method
were performed. All differences were considered statisti-
cally significant at the level of P < 0.05, and there being a
tendency at a level of P < 0.10. SPSS 19.0 (IBM Corpora-
tion, Somers, NY) was used for statistical analyses.

Results

Clinicopathological profiles of 35 SCLC cases

We assessed 35 surgically removed SCLC tumors and 15
lung tissues. The patients were mostly male, the average age
was 65.8 years, and cumulative smoking was over 50 pack-
years. Nine cases undertook chemotherapy before surgery,
typically four courses of platinum (cisplatin [CDDP] or
carboplatin [CBDCA]) plus etoposide (VP-16), and 26
(74%) cases did not have chemotherapy. Histologically,
69% (n = 24) were pure SCLC and vascular invasions were
often observed (83%, n = 29). As expected, there were
many stage I cases (n = 15, 43%). Generally, although
SCLC patients once improved after chemotherapy, relapses
frequently occur, resulting in poor prognosis. During the
period of observation, 43% (n = 15) had relapses and 46%
(n = 16) died. DSS and RFS/DFS were 45.3 £ 35.7 months
and 40.9 £ 38.5 months, respectively.

HOTAIR expressions and clinicopathological
factors in SCLC

We assessed HOTAIR expression levels in 35 tumors and
15 normal tissues by qRT-PCR normalized to the ACTB.
HOTAIR levels between tumor tissues (7 = 35) and nor-
mal tissues (n = 15) were not different significantly when
analyzed across all cases (P = 0.992 [Mann-Whitney U
test]; Fig. 1A). When compared between pure-SCLC
tumor tissues (n = 24) and combined-SCLC tumor tis-
sues (n=11), HOTAIR expression was significantly
higher in pure SCLC (P = 0.009; Fig. 1B). For pure-SCLC
cases, HOTAIR had a tendency to be expressed more in
tumor tissues (n = 24) than normal tissues (n = 13)
(P = 0.092; Fig. 1C). Since chemotherapy prior to surgery
might have some effect on cellular nature, analysis was
limited to cases without such treatment (pure-NAC(-)
cases), resulting in significantly higher expression in
tumor (1 = 18) than normal tissues (n =9) (P = 0.012;
Fig. 1D).

We divided 35 subjects by HOTAIR expression into
two groups: high expression (1 = 12) and low expression
(n = 23), according to a HOTAIR/ACTRB ratio of 1.368 in
tumor tissues, obtained by the ROC method (Fig. 2A).
The high-expression group contained significantly more
pure SCLC (P = 0.04), lymphatic
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Figure 1. HOTAIR expression levels assessed by quantitative RT-PCR in 35 SCLC and normal tissues. Comparisons between all the tumors
(n = 35) and normal tissues (n = 15) (A), pure (n = 24) and combined (n = 11) SCLC {(B) (P = 0.009), pure SCLC and normal {C), and between
pure SCLC with adjuvant chemotherapy and no neoadjuvant chemotherapy (n = 18) and normal (D) (P = 0.012) were made. HOTAIR was highly

expressed in pure SCLC than combined SCLC and normal tissues.

(P =0.03), and more relapse (P = 0.04) than the low-
expression group (Table 1). To perform survival analysis,
we focused only on cases with pure SCLC, without NAC
and with AC (n = 8 in high-expression group and n = 10
in low-expression group). The high-expression group
tended to have lower survival for RES/DFS (P = 0.086),
but not for DSS (P = 0.263) (Fig. 2B and C). Univariate
analyses of DSS in all the subjects revealed that there were
tendencies toward poor prognosis in the cases with
relapse and pathological stages II or higher (P = 0.058,
0.099, respectively, Table S2). Multivariate analyses of
DSS demonstrated that AC (P = 0.005) and pathological
stages (P = 0.02) were significant prognostic factors
(Table S2). However, HOTAIR expression was not a
prognostic factor by either uni- or multivariate analyses.
In regard to RFS/DFS, multivariate analyses showed that
AC and pathological stages were significant prognostic
factors (P = 0.004 and 0.021, respectively) and there was
a tendency to poor prognosis in the cases with high-HO-
TAIR expression (P = 0.071) as indicated in Table S2.

Expression of HOTAIR in SCLC cells and their
xenografts

We next examined HOTAIR expression in cell lines and
normal cells. Normal cells had no expression. There were

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

five SCLC cell lines (COR-L51, COR-L88, DMS-79, Lu-
134A, and SBC-3) whose expression was significantly
higher than normal, whereas the other five cell lines and
the adenocarcinoma line showed the same low-level
expression as normal cells. The SBC-3 cells expressed par-
ticularly highly (Fig. 3A). We made xenografts from these
five cell lines and assessed HOTAIR expression using RT-
PCR as normalized to ACTB. Although Lu-134A and
DMS-79 lines expressed significantly highly compared
with states of culture, it was SBC-3 that expressed most
highly (Fig. 3B).

Consequently, we selected SBC-3 cells for further analy-
ses. The SBC-3 line is an adherent cell line, others are
not, and therefore RNAi was successful.

Depletion of HOTAIR by siRNA leading to
decreased proliferation and invasiveness

#1-3 siRNAs against HOTAIR gene and siGFP were con-
formed as described [8, 9, 14]. All three siRNAs worked
well and the gene expression was reduced significantly
(Fig. 4A). In the proliferation experiments, however,
depletion of HOTAIR by #1 siHOTAIR in SBC-3 cells
dramatically decreased its proliferation ability whereas
transfection of #2 or #3 siHOTAIR did not (Fig. 4B).
Also, in the invasion assay, #1 siHOTAIR successfully
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Figure 2. HOTAIR expression levels in SCLC and survival curves by HOTAIR expression. (A) HOTAIR expression in 35 SCLC and a reference level
(HOTAIRIACTB ratio = 1.368). (B and C) The Kaplan-Meier DSS curves and RFS/DFS curves, respectively, according to HOTAIR levels in pure-SCLC
cases with adjuvant chemotherapy and no neoadjuvant chemotherapy (n = 18). Note that there was a tendency to poor prognosis in the high-
expression group for the RFS/DFS of these groups (P = 0.086). For abbreviations, see text.

reduced matrix invasiveness as compared with controls
(siGFP transfection), whereas #2-3 siRNA did not
(Fig. 4C).

Gene ontology analysis in siHOTAIR-
transfected cells

We tested whether HOTAIR depletion by siRNA affected
the pattern of gene transcriptions, especially in genes
related to proliferation and invasiveness targeted by siHO-
TAIR. We succeeded in the transfection experiments
using the SBC-3 cell line and subsequently performed
gene expression analysis. Raw data of two samples (#1
siHOTAIR-transfected cells and siGFP-transfected cells)
were deposited in the GEO database (GSE43877). We
identified significantly altered 110 genes. Ontology analy-
ses demonstrated that many of these genes were related to
cell adhesion, proliferation, and mucin formation.

Among the upregulated genes, there were those related
to cell adhesion such as ASTNI (astrotactin 1), PCDHAI
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and 10 (protocadherin-alpha [Pcdha]l 1 and 10), and
CLDN11 (Claudin-11), and genes involved in mucin
production including MUC5AC and MUC4. In addition,
ECM2, coding an extracellular matrix protein, and NRP2,
coding a transmembrane protein interacting with vascular
endothelial growth factor, were among the top 15
upregulated genes (Table S3). The top 15 downregulated
genes include NTM, neurotrimin, encoding a protein that
may promote neurite outgrowth and adhesion, PTK2B,
protein tyrosine kinase 2 beta (also known as Pyk2), which
functions in the activation of MAPK signaling pathways,
and CTNNA2, catenin (cadherin-associated protein) alpha
2, expression of which is important for maintaining a
subset of neurons. In addition, SIRPG (signal regulatory
protein gamma), a member of the immunoglobulin
superfamily, known to be involved in the negative
regulation of receptor tyrosine kinase-coupled signaling
processes, and ITGB8 (Integrin beta-8), coding a member
of the integrin beta chain family, are downregulated.

Generally, integrin complexes mediate cell-cell and

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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Figure 3. Expression of HOTAIR in cell lines and xenografts of SCLC. (A) Relative expression levels normalized to GAPDH. The SBC-3 line showed
particularly high expression. (B) Comparisons in five SCLC cell lines with higher expression than normal cells. For abbreviations, see text.

cell-extracellular matrix interactions and play a role in
human airway epithelial proliferation.

Discussion

Among lincRNAs, HOTAIR is one of the most remarkable
because of its relevance to metastases in common cancers
such as breast and colon cancers. Here, we first demon-
strated that HOTAIR was expressed in pure SCLC and
higher expression was significantly related to lymphatic
invasion and relapse. Multivariate analyses demonstrated
that HOTAIR expression correlated with RFS. In vitro
experiments demonstrated that half of SCLC cell lines
expressed HOTAIR at higher levels than normal cells and
that, using SBC-3 cells, knockdown of HOTAIR decreased
proliferative activity and cellular invasiveness with altered
expression of cell adhesion-related genes.

Accumulating reports suggest that HOTAIR is related
to poorer prognosis of tumors. Several studies have
shown a relationship between high HOTAIR expression
and the poorer prognosis of diverse cancers [14-22], but
there are few studies that reveal the importance of Hox-
related genes and/or HOTAIR in SCLC because of the
scarcity of fresh tissue samples. In fact, almost all
evidence obtained for alterations of expression in Hox-
related genes in SCLC to date was based on cell lines and
their xenografts [26-29]. To our knowledge, this is the
first report on HOTAIR expression in primary SCLC

©® 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.

tissues. In particular, we have shown that HOTAIR
expression is significantly higher in SCLC tumors than
normal tissues, considering induction chemotherapy
(Fig. 1D), and that high expression of HOTAIR is rele-
vant for relapse of SCLC. This tumor type is special for
lung cancer, but proved to share similar characteristics of
HOTAIR-related cellular regulations with ordinary carci-
nomas including those of breast and colon. Furthermore,
our knockdown experiments of HOTAIR demonstrated
that its depletion in SBC-3 cells caused altered expression
of genes involved in neural cell adhesion, proliferation,
and mucin formation although the findings are based on
one cell line.

It is interesting, although not surprising, that HOTAIR
correlates with SCLC proliferation and invasion with
expression of genes implicated in cell adhesion and mucin
production. In fact, depletion of HOTAIR upregulates
genes implicated with cellular adhesion and mucin pro-
duction including ASTN1, PCDHAI, and MUC5AC. The
roles of each of these genes have been elucidated to some
extant: ASTNI, is required for appropriate and timely
migration of cerebellar granule cells [30]; PCDHAI
belongs to the cadherin superfamily and mediate the
formation and maintenance of specific synaptic connec-
tions [31]; MUC5AC, whose expression of protein and
mRNA is significantly decreased in gastric cancer tissue
[32]. On the other hand, the depletion of HOTAIR down-
regulates some genes implicated in tumor invasion and
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proliferation; NTM is expressed in fetal brain at higher
levels than that in mature brain and is more highly
expressed in nervous tumors than that in normal brain
tissues [33]; PTK2B mediates cell proliferation and inva-
siveness in HCC cells by upregulation of the ¢-Src and
ERK/MAPK-signaling pathway, and is related to progres-
sion and metastasis in breast cancer, together with focal
adhesion kinase [34, 35]. Genes with fold change values
of 10 or more were including genes mainly relevant to
neural development (ASTNI, PCDHAI, MUC5AC, and
NTM). Our data suggest that HOTAIR mainly regulates
the expression of genes related to neural development in
SCLC cells.

Possible limitations of our analysis and interpretation
are as follows: First, our analyses were based on surgically
resectable cases representing a very minor population. In
fact, several reports indicated that patients with surgically
resectable SCLC had much better prognosis and showed
5-year survival rate 30-70% [36-38], and we were not
able to show significantly different survival between the
groups with low- and high-HOTAIR expression (Fig. 2B

640

216

and C). However, if we only used material from inopera-
ble cases, in other words, the majority of SCLC patients,
almost all patients were of extended disease, and as a
result, we had almost no patients with good prognosis.
Certainly, we need more cases with good prognosis to
obtain significant difference of prognosis between low-
and high-HOTAIR groups. Second, we succeeded in RNAi
experiments using only the SBC-3 cells. As mentioned
above, the SBC-3 cell line was established from a bone
metastasis and not from a primary site. It is known that
HOTAIR expression in metastatic sites was higher than in
primary sites for breast cancer [14]. Possibly, high expres-
sion in the SBC-3 cells may be due to its metastatic nat-
ure, rather than its neuroendocrine nature. Further
analysis using other cell lines is warranted although RNAi
experiments will be a challenge.

Finally, although the knockdown efficacy was similar in
#1-3 siHOTAIRs, suppression of cell proliferation and
invasion were induced only by #1 siHOTAIR. This might
be because the time to onset of gene silencing only by #1
siRNA  was approptiate, and because the sequence

© 2014 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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conditions of the three siRNAs were different. In particu-
lar for the latter point, following four sequence conditions
were suggested to give rise to highly effective RNAI in
mammalian cells {39, 40]: (1) the 5’ antisense-strand (AS)
end, A or U; (2) the 5 sense-strand (SS) end, G or C; (3)
the 5'-terminal one third of AS, A/U-rich; and (4) a long
G/C stretch, absent from the 5'-terminal two thirds of SS.
Considering these conditions as compared among #1-3
sIHOTAIRs, only #1 siHOTAIR met the four conditions
at the same time.

siHOTAIR may represent a new therapeutic target for
SCLC, in particular, of its metastatic phase. Although sev-
eral kinds of pharmaceutical agents are available for SCLC
treatment, HOTAIR therapy may be useful after the devel-
opment of multidrug resistance. However, we have to
bear in mind that biological, pathological, and clinical
evidence for SCLC on HOTAIR is very limited and that
our knowledge of homeobox genes, the target genes of
HOTAIR, is very sparse. Further analysis of HOTAIR
expression in systemic tissues of both adults and fetuses
followed by further cell line experiments and in vivo
analyses on tissue effects by siRNA administration using a
more number of siRNA will be required.
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Role of lymphatic invasion in the prognosis of patients with clinical
node-negative and pathologic node-positive lung adenocarcinoma
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Objective: Some patients with clinical T1 NO MO lung adenocarcinoma have pathologic lymph node metastasis.
However, neither the precise prognosis nor the factors predictive of the prognosis of such patients have yet been
identified.

Methods: Our study included 609 patients with clinical T1 NO MO lung adenocarcinoma; 568 (93.3%) patho-
logic node negative [pN(-)] and 41 (6.7%) pathologic node positive [pN(+)] patients, diagnosed after complete
surgical resection. The association between prognosis and pathologic findings was analyzed retrospectively.

Results: pN(+) patients had a significantly lower lepidic growth component ratio (10% vs 50%), a higher
lymphatic invasion (LI) rate (68% vs 11%), vessel invasion rate (59% vs 14%), and visceral pleural invasion
rate (29% vs 9%), compared with pN(-) patients (all Ps < .001). Surprisingly, 13 of 41 (32%) pN(+) patients
showed no LI In pN(-) patients, a multivariate analysis of recurrence-free survival revealed that lower lepidic
growth component ratio, and lymphatic, vessel, and pleural invasion were significantly correlated with a poor
prognosis (P = .008, .045, .031, and .024). However, in pN(+) patients, the multivariate analysis of
recurrence-free survival showed that only LI was a significant independent prognostic factor (P = .037).
The 5-year recurrence-free survival rates were as follows: 91.2% for pN(-)/LI(-) patients, 68.2% for pN(-)/
LI(-+) patients, 63.5% for pN(+)/LI(-) patients, and 41.9% for pN(+)/LI(+) patients. LI status stratified the
prognosis not only in patients with no nodal metastasis but also in those with metastasis.

Conclusions: LI, which is not always present in node-positive adenocarcinoma, is an important prognostic var-

iable in patients with node involvement. (J Thorac Cardiovasc Surg 2014;147:1820-6)

., Earn CME credits at
http://jtcvs.com/cme/home

Fluorescence deoxyglucose (FDG) positron emission to-
mography (PET) is commonly used for preoperative assess-
ment of primary tumors, lymph nodes, and distant
metastasis to determine staging and treatment strategy,'™
thereby improving the accuracy of the definition of
clinical stage IA compared with only computed
tomography assessment.' This has changed the population
of patients with clinical stage IA lung adenocarcinoma.'*”’
However, some clinical lymph node-negative [cN(-)]
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patients show positive pathologic lymph node [pN(+)]
metastasis. It is speculated that a cN(-) but pN(+) status in-
dicates an initial lymph node metastatic condition, because
the accumulation of FDG in the lymph node could be signif-
icantly higher in patients with massive lymph node metas-
tasis. Therefore, cN(-)/pN(+) patients may have a better
prognosis than cN(+)/pN(4-) patients, or a similar prog-
nosis to cN(-)/pN(-) patients. In addition, no studies have
identified the prognostic factors in cN(=)/pN(+) patients.

In our study, we evaluated the clinicopathologic findings
and prognosis of patients with clinical T1 NO MO lung adeno-
carcinoma according to lymph node status, or other patho-
logic status. First, we examined the pathologic findings to
identify predictive factors for recurrence-free survival (RFS)
among patients with clinical stage IA lung adenocarcinoma.
Multivariate analysis revealed that lymphatic invasion (LI)
status was a predictive factor, both in patients with and without
node involvement. Next, we assessed the prognosis of patients
with and without lymph node involvement according to LI
status. The results highlight the importance of the LI status
in patients with clinical T1 NO MO lung adenocarcinoma.

MATERIALS AND METHODS
Patient Population

Our study included 611 patients who underwent complete surgical resec-
tion of clinical stage 1A lung adenocarcinoma at the Hiroshima University
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Abbreviations and Acronyms
CT = computed tomography
FDG = fluorescence deoxyglucose
GGO = ground glass opacity
HU = Haunsfield unit

LC = lepidic component
LI = lymphatic invasion
OS = overall survival

PET = positron emission tomography
RES = recurrence-free survival
SUV = standardized uptake value

Hospital (Hiroshima, Japan), the Kanagawa Cancer Centre (Yokohama,
Japan), the Cancer Institute Hospital (Tokyo, Japan), and the Hyogo Cancer
Centre (Akashi, Japan) between April 2007 and December 2010. Approval
was given by the institutional review boards of the participating institutions,
all of which waived the requirement for informed consent from individual
patients for this retrospective review of the prospective database. Two pa-
tients were excluded because they lacked a lepidic component (LC) ratio.
The data from the remaining 609 patients were analyzed retrospectively.
High-resolution computed tomography (CT) and FDG-PET/CT, followed
by a curative RO resection were performed for all patients staged according
to the TNM Classification of Malignant Tumours.® Endobronchial ultraso-
nography or mediastinoscopy was not performed routinely because all pa-
tients underwent preoperative high-resolution CT and FDG-PET/CT; the
high-resolution CT results showed no swelling of mediastinal or hilar
lymph nodes and FDG-PET revealed no accumulation of FDG in those
lymph nodes. Lymph node swelling was defined when the diameter of a mi-
nor axis is larger than 10 mm. Sublobar resection was performed in cases of
complete removal of the disease with appropriate surgical margins for a
peripheral T1a NO MO tumor. Wedge resection without lymph node assess-
ment was performed for ground glass opacity (GGO) tumors on high-
resolution CT, which was regarded as a node-negative and noninvasive
tumor in a prospective study.” Segmentectomy with hilar and mediastinal
lymph node dissection were performed for a GGO-mixed tumor. If lymph
node involvement was detected on an intraoperative frozen section of any
lymph node, the procedure was converted to a standard lobectomy. All other
patients underwent a standard lobectomy. The inclusion criteria included
preoperative staging determined by high-resolution CT and FDG-PET/
CT, curative surgery without any induction therapy, and a definitive histo-
pathologic diagnosis of lung adenocarcinoma. Patients with incompletely
resected tumors (R1 or R2), and those with multiple tumors or previous
lung surgery, were excluded from the data set.

Pathology Studies

Sections were fixed with 10% formalin and embedded in paraffin.
Consecutive 4-um sections were cut and 1 slice per 5 mm was examined
under a microscope for the pathologic assessment. Histologic diagnosis
and staging was based on the latest edition of the World Health Organiza-
tion classification scheme.'’ The histologic type of adenocarcinoma and
the presence of lymphatic involvement were determined using
hematoxylin-eosin stained tissue. If the findings could not be determined
by hematoxylin-eosin staining alone, immunohistochemical staining was
carried out as necessary. An LC ratio was defined as the proportion of
LC area relative to the entire tumor. LI and blood vessel invasion were as-
sessed by immunohistochemistry for D2-40, which stains lymphatic ducts,
and Van Gieson staining of the elastic fiber of the vessels. LI and blood
vessel invasion were determined when spreading through or penetration
was detected as an extension of a malignant neoplasm. To evaluate pleural
invasion, elastic tissue fibers were subjected to Van Gieson staining. Pleural
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invasion was determined if cancer cells had invaded beyond the elastic
layer, including invasion into the visceral pleural surface, or neighboring
organs. Histologic examinations were determined by pathologists from
each institution for the purposes of this study.

HRCT

A 16-row multidetector CT was used to obtain chest images. For high-
resolution images of the tumors, the following parameters were used: 120
kVp, 200 mA, 1 to 2 mm section thickness, 512 X 512 pixel resolution, 0.5
to 1.0 second scanning time, a high spatial reconstruction algorithm with a
20 cm field of view, and mediastinal (level, 40 Haunsfield unit [HU]; width,
400 HU) and lung (level, —600 HU; width, 1600 HU) window settings.
GGO was defined as a misty increase in lung attenuation that did not
obscure underlying vascular markings. CT scans were reviewed and tumor
sizes determined by radiologists from each institution.

FDG-PET/CT

Patients were instructed to fast for at least 4 hours before intravenous
injection of 74 to 370 MBq FDG and then to relax for at least 1 hour before
the FDG-PET/CT scan. For imaging, Biograph Sensation 16 (Siemens
Healthcare, Erlangen, Germany), Aquiduo (Toshiba Medical Systems Cor-
poration, Tochigi, Japan), or Discovery ST (GE Healthcare, Little Chalfont,
United Kingdom) integrated 3-dimensional PET/CT scanners were used.
Low-dose nonenhanced CT images of 2 to 4 mm section thickness were
taken from the head to the pelvis of each patient. An anthropomorphic
body phantom (NEMA NU2-2001; Data Spectrum Corp, Hillsborough,
NC) was used to minimize variations in standardized uptake values
(SUVs) among the institutions.'"'? The original SUV,,,x values were
determined by radiologists from each institution for the purposes of this
study. On FDG-PET/CT images, all lymph nodes in the thorax with FDG
uptake no greater than the normal background activity of the mediastinal
blood pool—the SUV,,,x of which was <1.5, regardless of size—were
considered cNO. A lymph node where the SUV,,,, was >1.5 or more
was considered “suspicious for malignancy.” However, even lymph nodes
with high FDG uptake, when they showed higher attenuation than medias-
tinal structures (great vessels) or benign calcification (central, nodular,
diffuse, or popcorn-like), were also considered benign. ">

Follow-up Evaluation

All patients who underwent lung resections were followed-up from the
day after surgery. Postoperative follow-up procedures, including a phys-
ical examination and chest radiograph every 3 months and chest and
abdominal CT examinations every 6 months, were performed for the first
2 years. Thereafter, a physical examination and chest radiograph were per-
formed every 6 months, and a chest CT examination was performed
annually.

Statistical Analyses

Patients with clinical stage IA lung adenocarcinoma were included in
the analysis. A Mann-Whitney U test was used to compare continuous vari-
ables and the x* test or Fisher exact test was used for categorical variables.
RFS was defined as the length of time after primary surgical treatment for a
cancer ends that the patient survived without any sign or symptom of the
cancer. Recurrence was defined as patients having symptoms caused by
recurring cancer and suspicious lesions that were diagnosed as recurrent tu-
mors by biopsies. If suspicious lesions were not diagnosed as recurrence,
by biopsy, the “recurrence” was comprehensively and clinically defined
by radiographic findings, including CT and FDG-PET/CT. RFS and overall
survival (OS) curves were calculated using the Kaplan-Meier method. Uni-
variate survival analysis was performed using the log-rank test for compar-
isons of curves. A Cox regression model was used to calculate P values and
hazard ratios in the univariate and multivariate analyses. The prognostic
analysis was performed during August 2012. All statistical analyses were
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performed using EZR (Saitama Medical Centre, Jichi Medical University,
Saitama, Japan),"' which is a graphical user interface for R (The R Foun-
dation for Statistical Computing, version 2.13.0, Vienna, Austria). More
precisely, it is a modified version of R Commander (version 1.6-3), which
includes statistical functions frequently used in biostatistics.

RESULTS
Clinical Outcomes in Patients With Lung
Adenocarcinoma

The median follow-up time was 41.6 months. Lobec-
tomy, segmentectomy, and wedge resection were performed
in 375, 97, and 137 patients, respectively. The 30-day mor-
tality rate was 0%. As shown in Table 1, 41 patients (6.7%)
had lymph node metastasis in the clinical stage IA lung
adenocarcinoma cohort. No significant difference between
pN(-) and pN(+) patients was detected in terms of age,
sex, and carcinoembryonic antigen value, whereas a mar-
ginal difference was seen for tumor size on preoperative
high-resolution CT. Regarding the clinical variables, lower
GGO ratios and higher SUV,,,x were observed in the N4
group compared with the N— group. In terms of pathologic
variables, a lower LC ratio and higher positive rate of LI,
blood vessel invasion, and pleural invasion were detected
in pN(+) patients. Thirteen of 41 pN(4-) patients showed
no LI As shown in Figure 1, A, clinical stage IA lung adeno-
carcinoma patients with lymph node metastasis had a lower
RFS rate than those without lymph node metastasis
(P <.001).

Univariate and Multivariate Analyses of Prognosis
According to Pathologic Variables, by Lymph Node
Status

Univariate and multivariate analyses of the clinical and
pathologic variables were performed to ascertain the most
important predictive factor. Univariate analyses were per-
formed on RFS and OS, whereas further analyses, including
multivariate analyses, were performed on RFS because OS
was more immature than RFS. The pathologic variables
included LC ratio, LI status, blood vessel invasion status,
pleural invasion status, and lymph node status. For the LC
ratio, 30% was used as a threshold because this is the
borderline for ¢T1 NO MO lung adenocarcinoma classified
as a high- or low-grade malignancy.® Univariate analysis re-
vealed that pN(+) patients with LI positive status [LI(+)]
had a marginally poorer prognosis (P = .059), whereas a
lower LC ratio and LI+ status, blood vessel invasion,
pleural invasion, or lymph node metastasis was significantly
correlated with a poor prognosis in both all patients in this
cohort, and in pN(-) patients (Table 2). Additionally, multi-
variate analysis showed that only LI positive status was a
prognostic factor in pN(+) patients (P = .037), whereas a
lower LC ratio and positive LI status, blood vessel invasion,
pleural invasion, or lymph node metastasis were prognostic
factors in both all patients and pN(-) patients (Table 3).

TABLE 1. Clinicopathologic findings in patients with clinical stage 1A
lung adenocarcinoma with or without lymph node metastasis

Node negative Node positive

Finding (n = 568) (n = 41) P value

Age
Median 66 65 33
Interquartile range 60.75-73 56-73

Sex
Female 322 (57%) 22 (54%) .19
Male 246 (43%) 19 (46%)

CEA
Median 2.5 3.6 25
Interquartile range 1.5-3.6 1.1-113.8

Size*
Median 20 22 .060
Interquartile range 1.5-2.4 2.55-4.2

GGOf ratio
Median 40 0 <.001
Interquartile range 10-80 0-10

SUV max
Median 1.5 3.6 <.001
Interquartile range 0.9-2.6 2.3-49

LC ratio
Median 50 10 <.001
Interquartile range 10-90 0-20

Lympbhatic invasion
Negative 507 (89%) 13 (32%) <.001
Positive 61 (11%) 28 (68%)

Blood vessel invasion
Negative 488 (86%) 17 (41%) <.001
Positive 80 (14%) 24 (59%)

Pleural invasion
Negative 515 (91%) 29 (71%) <.001
Positive 53 (9%) 12 29%)

CEA, Carcinocmbryonic antigen; GGO, ground-glass opacity; SUV, standardized up-
take value; LC, lepidic component. *Tumor size on the high-resolution computed to-
mography scan. 1GGO ratio on the high-resolution computed tomography scan.

Next, we assessed the RFS of pN(-) and pN(+) patients ac-
cording to their LI status. In both pN(-) and pN(+) patients,
RFS rates were lower in LI(+) status compared with LI
negative status [LI(-)] (P <.001 and P = .059) (Figure 1,
B and C). The 3-year RFS and OS rates for each group
was as follows: pN(=)/LI(-) 93.4% and 96.7%, pN(-)/
LI(+) 70.8% and 85.1%, pN(+)/LI(-) 84.6% and
92.3%, and pN(+)/LI(+) 47.9% and 75.0%, respectively
(Table 2 and Figure 1, B-F). No significant difference was
detected between the pN(+)/LI(-) and pN(-)/LI(+) pa-
tients for RFS (P = .62; Figure 1, D), whereas pN(+)/
LI(-) and pN(-)/LI(~) patients, pN(+)/LI(+) and pN(-)/
LI(-) patients, and pN(+)/LI(4) and pN(-)/LI(+) patients
exhibited significantly different RFS values (P = .022,
<.001, and .011, respectively).

Clinicopathologic Findings in N+ Patients
In N+ patients, there were no significant differences be-
tween the LI(-) and LI(4) groups in terms of age, sex,
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FIGURE 1. Kaplan-Meier recurrence-free survival (A-D) and overall survival (E and F) curves in patients with clinical stage IA lung adenocarcinoma

according to pathologic lymph node status and lymph node metastasis and

lymphatic invasion (L[) status. A, Patients are classified into pathologic lymph

node metastasis negative (pN[-]) and positive (pN[+]) groups. B, The pN(-) patients are classified into a lymphatic permeation negative (pN[-]/LI[-]) group
and a lymphatic permeation positive (pN[-]LI[-+]) group. C, The pN(+) patients are classified into a lymphatic permeation negative (N[+]LI{-]) group and
a lymphatic permeation positive (N[+]LI[+]) group. D, Recurrence-free survival curves of pN(+)LI(~) and pN(-)LI(+) patients are shown. E, The pN(-)
patients are classified into a pN(-)/LI(~) group and a pN(-)LI(+) group. F, The pN(+) patients are classified into an N(+)LI(-) group and an N(+)LI(+)

group. *P <.001; **P = .059; {P = .62; {P = 48.

carcinoembryonic antigen values, preoperative tumor size,
and SUV..x values. Regarding pathologic findings, LI sta-
tus had no association with the LC ratio, blood vessel inva-
sion, and pleural invasion. Additionally, LI status had no
correlation with lymph node metastasis status, both single
or multiple station metastases (Table 4).

The Journal of Thoracic and

DISCUSSION

In this study, pN(+)/LI(-) patients had a better prognosis
than pN(+)/LI(+4) patients, whereas there were no signifi-
cant differences in the RFS between pN(+)/LI(~) and
pN(-)/LI(+) clinical stage IA lung adenocarcinoma pa-
tients at the participating institutions. LI status, which is
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TABLE 2. Univariate log-rank analysis of recurrence-free survival (RFS) and overall survival (OS) according to various factors in patients with

lung adenocarcinoma

All

Node negative Node positive

Pathologic variable 3-y RFS rate (%) P value 3-y RFS rate (%) P value 3-y RFS rate (%) P value
LC ratio
>30 952 <.0001 95.9 <.0001 57.1 .93
<30 78.2 81.4 60.5
Lympbhatic invasion
Negative 93.1 <.0001 93.4 <.0001 84.6 .059
Positive 63.7 70.8 479
Blood vessel invasion
Negative 93.1 <.0001 94.3 <.0001 58.8 93
Positive 63.7 71.0 60.6
Pleural invasion
Negative 93.1 <.0001 92.6 <.0001 57.1 42
Positive 68.6 74.6 65.6
Lymph node metastasis
Negative 90.9 <.0001 90.9 — —_ —
Positive 59.9 — 59.9
All Node negative Node positive
3-y OS rate (%) P value 3-y OS rate (%) P value 3-y OS rate (%) P value
LC ratio
>30 97.0 <.0001 97.3 <.0001 75.0 .76
<30 90.9 92.0 84.5
Lympbhatic invasion
Negative 96.6 <.0001 96.7 <.0001 92.3 490
Positive 835 85.1 75.0
Blood vessel invasion
Negative : 96.4 <.0001 96.7 <.0001 88.2 .55
Positive 86.5 88.1 81.0
Pleural invasion
Negative 94.9 .0042 95.9 <.0001 100.0 .29
Positive 92.7 912 . 71.3
Lymph node metastasis
Negative 95.5 <.0001 95.5 -— — —
Positive 83.6 e 83.6

LC, Lepidic component; RFS, recurrence-free survival; OS, overall survival.

not always positive in N+ patients, is a significant predic-
tive factor in patients with pathologic lymph node metas-
tasis, whereas the lymph node metastasis status is a strong
prognostic factor in patients with clinical T1 NO MO lung
adenocarcinoma.

It is reasonable that lymph node metastasis occurs after
cancer cells invade the lymphatic vessels around the tu-
mors; however, 13 of 41 (31.7%) patients with lung adeno-
carcinoma, whose LI status was negative, exhibited
metastasis to regional lymph nodes. One possible explana-
tion is the difficulty in examining all slices of a specimen;
some of the slices, including the tumor, could be patholog-
ically assessed. This could be missed if tumors had only
slight LI, and the LI status would be determined as negative.
Therefore, “no pathologic LI” could either mean no
massive LI, just a slight invasion, or it could mean that there

was indeed no LI. This is especially the case in pN+ pa-
tients, where “‘no pathologic LI” indicates a slight LI.
Slight invasion means the initial period of lymphatic vessel
invasion and lymph node metastasis; therefore, patients
with slight invasion had a better prognosis than those with
massive invasion after complete surgical resection. In
pN-+ patients the N1 rate was higher in pN(+)/LI(-) pa-
tients compared with pN(+4)/LI(+) patients, albeit nonsig-
nificantly so. This suggests that pN(+)/LI(~) is indicative
of initial lymph node metastasis, as described above.

In pN+ patients, the N2:N1 ratio was higher in pN(+)
LI(+) than pN(+)LI(-) patients, although the difference
was not statistically significant. The number of pN+ pa-
tients was too small to draw any conclusion; however, the
tumors that showed massive LI had a higher tendency to
progress to N2 disease than LI(-) tumors. Patients with
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TABLE 3. Multivariate Cox regression analysis of recurrence-free survival according to various factors

All Node negative Node positive
Pathologic variables HR P value HR P value HR P value

LC ratio 0.44 .010 0.39 .008 1.7 62
>30 vs <30 0.23-0.82 0.20-0.78 0.44-6.3

Lymphatic invasion 2.5 .001 19 .045 6.1 037
Positive vs negative 1.4-4.3 1.0-3.5 1.3-28.7

Blood vessel invasion 1.8 .037 2.0 .031 0.87 .61
Positive vs negative 1.0-3.1 1.1-3.8 0.31-24

Pleural invasion 1.6 11 2.1 024 0.47 .19
Positive vs negative 0.91-2.7 1.1-3.9 0.14-15

Lymph node metastasis 1.9 .032 —* —* —* —*
Positive vs negative 1.1-34

LC, Lepidic component; HR, hazard ratio. *Not calculated.

micrometastatic disease to the lymph nodes have been
demonstrated to have a worse prognosis than patients with
lymph nodes completely replaced by tumors.' This sug-
gests that the continuum from LI to lymph node micrometa-
stasis to lymph node replacement might be more complex
than previously believed.

As in previous reports, in all patients, multivariate anal-
ysis of RFS revealed a lower LC ratio, positive status of
Iymph nodes, LI, blood vessel invasion, pleural invasion
and were poor prognostic factors as well as N+ status in
this study.”"I7 In contrast, all evaluated pathologic
variables, except for LI status, did not show potential as
predictive factors for patients with lymph node
involvement. Although lymphatic metastasis status was a
strong prognostic factor, LI status was also a significant
predictive factor of prognosis in patients with clinical
stage IA lung adenocarcinoma. In pN+ patients, LI status
had no association with either the clinical or pathologic
findings. Thus, the above findings strongly support the
significance of LI status as a predictive factor, particularly
in patients whose lymph node status is clinically negative
and pathologically positive. That is, poor prognosis
should be defined according to not only lymph node
status but also LI status. Other unknown factors may
more precisely determine the true patient population with
a poor prognosis. Although pN+ patients typically
receive adjuvant chemotherapy, such patients may be
classified into no-adjuvant, mild-adjuvant, and severe-
adjuvant groups using several predictive factors, including
LI status.

Two previous reports have demonstrated that LI status is
a poor prognostic factor in surgically resected non—small
cell lung cancer'®' and a similar result was shown in
pathologic stage I or adenocarcinoma patients.
Additionally, LI status has been demonstrated to be a
prognostic factor regardless of lymph node status.'™'°
However, these previous studies had some limitations; 1
was the quality of LI status evaluation. LI status was
evaluated using D2-40 immunostaining in this study,
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whereas only some tumors were assessed for LI status using
D2-40 in the report'® and the other did not distinguish LI
from blood vessel invasion.'® Thus, the quality of LI evalu-
ation was higher in our study. Another limitation is hetero-
geneity of the cohort. The analysis was performed only in
pathologic stage I patients in the previous studies to mini-
mize heterogeneity.'™'® However, that analysis of
pathologic stage 1 patients could not assess LI status in
pN+ patients. In our study, we evaluated LI status with
little heterogeneity in pN+ patients because we included
only clinical stage IA adenocarcinoma patients having
little heterogeneity.

The rate of lymph node involvement was 6.7 % of clinical
stage IA lung adenocarcinoma patients in our study (41 out
of 609 cases). PET/CT examination has been shown to pro-
vide the most accurate preoperative diagnosis'* and results
in appropriate treatment. However, a new diagnostic
method is necessary to evaluate more accurately the
preoperative status of patients with clinical stage IA
adenocarcinoma and pathologic lymph node involvement
whose preoperative diagnostic modality included a PET
scan.

Few patients had lymph node metastasis in clinical stage
IA lung adenocarcinoma, which represents one of the main
limitations of this study; only a very small number of pa-
tients with lymph node involvement had a negative LI sta-
tus. This makes it difficult to conclude that the prognosis
of pN(+)LI(-) patients is equivalent to that of pN(-)
LI(+) patients; however, it cannot be denied that LI status
plays an important role in assessing patients with lymph
node metastasis. The lack of data about pathologic tumor
size or morbidity are also limitations of our study. Another
is that detailed numbers on patients who received postoper-
ative chemotherapy were not available. Postoperative
chemotherapy was performed when pathologic upstaging
or recurrence was detected. Additionally, although the
follow-up time was too short to assess OS in this study,
the OS curves showed similar tendencies to RFS. Because
a previous study reported that RFS could be a surrogate
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TABLE 4. Clinicopathologic findings in patients with clinical stage IA
but pathologic lymph node positive lung adenocarcinoma, according to
lymphatic invasion status

Lymph node metastasis positive

Lymphatic Lymphatic
invasion invasion
negative positive r
Finding (n = 13) (n = 28) value
Age
Median 64 66 .96
Interquartile range 56-72 55.25-73.25
Sex
Female 4 15 .20
Male 9 13
CEA
Median 3.7 3.4 81
Interquartile range 2.5-4.075 2.65-4.25
Size*
Median 2 2.2 .62
Interquartile range 1.6-2.6 1.775-2.5
GGOf ratio
Median 0 0 5
Interquartile range 0-10 0-2.5
SUV max
Median 34 37 .87
Interquartile range 2.7-4.0 2.175-4.925
LC ratio
Median 10 10 .16
Interquartile range 10-20 0-12.5
Blood vessel invasion
Negative 7 10 32
Positive 6 18
Pleural invasion
Negative it 18 28
Positive 2 10
Lymph node metastasis
N1 9 11 .18
Single station N2 or single 2 11
station N2 -+ N1
Multistation N2 2 6

CEA, Carcinoembryonic antigen; GGO, ground-glass opacity; SUV, standardized
uptake value; LC, lepidic component. *Tumor size on the high-resolution computed
tomography scan. TGGO ratio on the high-resolution computed tomography scan.

for 0S,” to evaluate RFS may effectively be equivalent to
assessing OS in identifying prognostic factors.

CONCLUSIONS

LI was not always present in pN+ adenocarcinoma pa-
tients. In addition, pN(+)LI(-) patients had a better prog-
nosis than pN(+)LI(+) patients, whereas there was no
significant difference in RFS between pN(+)LI(-) and
pN(—)LI(+) patients with clinical stage IA lung adenocarci-
noma. LI status was indicated to classify clinical T1 N0 M0
lung adenocarcinoma patients with and without lymph node
involvement into good and poor prognosis groups, the pre-
operative staging of which conducted using high-resolution

1826
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CT and FDG-PET/CT. LI status may affect the selection of
patients who have to receive adjuvant therapy.
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Abstract

Purpose: To identify druggable oncogenic fusions in invasive mucinous adenocarcinoma (IMA) of the
lung, a malignant type of lung adenocarcinoma in which KRAS mutations frequently occur.

Experimental Design: From an IMA cohort of 90 cases, consisting of 56 cases (62%) with KRAS
mutations and 34 cases without (38%), we conducted whole-transcriptome sequencing of 32 IMAs,
including 27 cases without KRAS mutations. We used the sequencing data to identify gene fusions, and
then performed functional analyses of the fusion gene products.

Results: We identified oncogenic fusions that occurred mutually exclusively with KRAS mutations: CD74-
NRG1, SLC3A2-NRG1, EZR-ERBB4, TRIM24-BRAF, and KIAA1468-RET. NRG1 fusions were present in
17.6% (6/34) of KRAS-negative IMAs. The CD74-NRG]1 fusion activated HER2:HERS3 signaling, whereas the
EZR-ERBB4 and TRIM24-BRAF fusions constitutively activated the ERBB4 and BRAF kinases, respectively.
Signaling pathway activation and fusion-induced anchorage-independent growth/tumorigenicity of
NIH3T3 cells expressing these fusions were suppressed by tyrosine kinase inhibitors approved for clinical
use.

Conclusions: Oncogenic fusions act as driver mutations in IMAs without KRAS mutations, and
thus represent promising therapeutic targets for the treatment of such IMAs. Clin Cancer Res; 20(12);

3087-93. ©2014 AACR.

Introduction

Oncogene fusions have recently been identified as driver
mutations and (possible) therapeutic targets in lung ade-
nocarcinoma (LADC), a major histologic type of lung
cancer (1). Such fusions include EML4- or KIF5B-ALK,
KIF5B, or CCDCG6-RET, and CD74-, EZR-, or SLC34A2-
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ROS1 (2-9). These oncogene fusions occur mutually exclu-
sively with one another, and with other targetable oncogene
aberrations such as EGFR, KRAS, BRAF, and HER2 muta-
tions. Therefore, molecular targeted therapy combined with
the identification of driver oncogene aberrations represents
a powerful and promising approach to personalized treat-
ment of LADC (10, 11).

Invasive mucinous adenocarcinoma (IMA) of the lung
is composed predominantly of goblet cells. IMA is mor-
phologically characterized by tall columnar cells with
basal nuclei and a pale cytoplasm containing varying
amounts of mucin (12, 13). IMAs, which constitute 2%
to 10% of all LADCs in Japan, the United States, and
European countries (14-16), are indicated as being more
malignant than more common types of LADC, such as
acinar or papillary adenocarcinoma. The KRAS mutation
is the only driver aberration commonly detected in IMAs
(in 50%-80% of cases). To date, no driver gene aberra-
tions have been detected in KRAS-negative IMAs; these
aberrations must be identified to facilitate the develop-
ment of effective treatments for such cancers. Therefore,
we performed whole-transcriptome sequencing (RNA
sequencing) of IMAs lacking KRAS mutations to identify
novel chimeric fusion transcripts that represent potential
targets for cancer therapy.
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Materials and Methods

Samples

Ninety IMAs were identified among consecutive
patients with primary adenocarcinoma of the lung who
were treated surgically at the National Cancer Center
Hospital, Tokyo, Japan, from 1998 to 2013. Histologic
diagnoses were based on the most recent World Health
Organization classification and the International Asso-
ciation for the Study of Lung Cancer/American Thoracic
Society/European Respiratory Society (IASLC/ATS/ERS)
criteria for LADC (13, 17). Total RNA was extracted from
grossly dissected, snap-frozen tissue samples using
TRIzol (Invitrogen). The study was approved by the
Institutional Review Boards of the participating
institutions.

RNA sequencing

RNA sequencing libraries were prepared from 1 or 2 pg of
total RNA using the mRNA-Seq Sample Prep Kit or TruSeq
RNA Sample Prep Kit (Illumina). The resultant libraries
were subjected to paired-end sequencing of 50 or 75 bp
reads on a Genome Analyzer IIx (GAllx) or HiSeq 2000
(Ilumina). Fusion transcripts were detected using the
TopHat-Fusion algorithm (18). Experimental conditions
for RNA sequencing are described in Supplementary
Table S1.

Examinations of oncogenic properties of fusion
products

To construct lentiviral vectors for expression of the CD74-
NRG1, EZR-ERBB4, and TRIM24-BRAF fusion proteins,
full-length ¢cDNAs were amplified from tumor ¢cDNA by
PCR and inserted into pLenti-6/V5-DEST plasmids (Invi-
trogen). The integrity of each inserted cDNA was verified by
Sanger sequencing. Expression of fusion products of the
predicted sizes was confirmed by Western blot analysis of
transiently transfected and virally infected cells (Supple-
mentary Fig. S1A). Details of plasmid transfection, viral
infection, Western blot analysis, and soft agar colony and
tumorigenicity assays are described in Supplementary Mate-
rials and Methods.

Results and Discussion

We prepared an IMA cohort of 90 cases consisting of 56
(62%) cases with KRAS mutations and 34 (38%) cases
without. The 34 KRAS-negative cases included two, one,
and one cases with BRAF mutation, EGFR mutation, and
EML4-ALK fusion, respectively; the remaining 30 were "pan
negative" for representative driver aberrations in LADCs.
Thirty-two cases, consisting of 27 pan-negative and five
KRAS mutation-positive cases, were subjected to RNA
sequencing (Supplementary Table S1). Analysis of >2 x
107 paired-end reads obtained by RNA sequencing and
subsequent validation by Sanger sequencing of reverse
transcription PCR (RT-PCR) products revealed five novel
gene-fusion transcripts detected only in the pan-negative
IMAs: CD74-NRG1, SLC3A2-NRG1, EZR-ERBB4, TRIM24-
BRAF, and KIAA1468-RET (Fig. 1A and B; Table 1; details in
Supplementary Materials and Methods; Supplementary
Fig. $2 and Supplementary Table $2). RT-PCR screening of
these fusions in the remaining 58 IMAs that had not been
subjected to RNA sequencing revealed one additional pan-
negative case with the CD74-NRG1 fusion. Thus, the CD74-
NRGT1 fusion, detected in five of 34 (14.7%) cases negative
for KRAS mutations, was the most frequent fusion among
KRAS mutation-negative IMAs. Fusions of CD74 or SLC3A2
with NRG1 were present in 17.6% (6/34) of cases. The five
novel fusions were mutually exclusively with one another
and were not present in any of the KRAS mutation-positive
cases (Table 2).

Four of the novel fusions, CD74-NRG1, SLC3A2-NRG1,
EZR-ERBB4, and TRIM24-BRAF, involved rearrangements
of genes encoding protein kinases or a ligand of a receptor
protein kinase (NRG1/neuregulin/heregulin) for which
oncogenic rearrangements have not been previously
reported in lung cancer (Supplementary Fig. S3). The
remaining fusion was a novel type involving the RET
oncogene; fusions with RET are observed in 1% to 2%
of LADCs (4, 5, 7, 8, 11). In a screen of 315 LADCs
without IMA features from Japanese patients and 144
consecutive LADCs from U.S. patients, all tumors were
negative for all of the NRG1, BRAF, and ERBB4 fusions, as
well as the novel RET fusion. Therefore, these fusions
might be driver aberrations specific to LADCs with IMA
features. The four novel gene fusions were likely to have
been caused by interchromosomal translocations or para-
centric inversion (Table 1 and Supplementary Fig. S3).
Consistently, separation of the signals generated by the
probes flanking the translocation sites of NRG1 in fusion-
positive tumors was observed upon FISH analysis of
CD74-NRG1 fusion-positive tumors (Supplementary Fig.
S4). We also confirmed overexpression of NRG1, ERBB4,
and BRAF proteins in tumor cells carrying the correspond-
ing fusions by immunohistochemical analysis, using anti-
bodies recognizing polypeptides retained in the fusion
proteins; expression of NRG1, ERBB4, and BRAF proteins
was also observed in some fusion-negative cases (Sup-
plementary Fig. S5). IMAs harboring gene fusions were
obtained from both male and female patients, although
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Figure 1. Oncogenic fusions in invasive mucinous LDAC. A, schematic representations of the wild-type proteins (top rows of each section) followed by the
fusion proteins identified in this study. The breakpoints for each variant are indicated by blue arrows. TM, transmembrane domain. Locations of putative
cleavage sites in the NRG1 polypeptide are indicated by dashed green lines. B, detection of gene-fusion transcripts by RT-PCR. RT-PCR products for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are shown below. Six IMAs (T) positive for gene fusions are shown alongside their corresponding
non-cancerous lung tissues (N); labels below the gel image indicate sample IDs (see Table 1). C, pie chart showung the fraction of IMAs that harbor the

indicated driver mutations.
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Table 1. Characteristics of invasive mucinous LDACs with novel gene fusions
Smoking Chromosome  Oncogene Pathologic
No. Sample Sex Age (pack/year) Gene fusion aberration mutation® stage TTF1 HNF4A
1 3017 M 55 Ever(47) CD74-NRG1 1(5;8)(q32;p12) None 1a - +
2 AD12-108T F 68  Never CD74-NRG1 None 2b - +
3 AD09-404T F 78  Never CD74-NRG1 None 1a - -+
4 AD13-199T F 47  Never CD74-NRG1 None 1b - +
5 AD13-223T F 53  Never CD74-NRG1 None ia - -+
6 AD13-379T F 66  Never SLC3A2-NRGT (8;11)(p12;q13) None 1b Not tested Not tested
7 436T M 61 Ever(d1) EZR-ERBB4 1(2;6)(025;934) None 1b - -+
8 ADO8_127T F 66  Never TRIM24-BRAF  inv7(q33;q34) None 1a + +
9 AD12-119T M 62  Current (63) KIAAT468-RET 1(10;18)(q21;q11) None 1a -+ -
8EGFR, KRAS, BRAF, and HER2 mutations and ALK, RET, and ROST fusions.

NRG1 fusion-positive cases were preferentially from
female never smokers (Table 1).

The CD74-NRG1 and SLC3A2-NRGI1 fusion proteins,
whose sequences were deduced from RNA sequencing data,
contained the CD74 or SLC3A2 transmembrane domain
and retained the EGF-like domain of the NRG1 protein
(NRG1 11I-B3 form; Fig. 1A). The NRG1 11I-B3 protein has a
cytosolic N-terminus and a membrane-tethered EGF-like
domain, and mediates juxtacrine signals signaling through
HER2:HER3 receptors (19). Because parts of CD74 or
SLC3A2 replaced the transmembrane domain of wild-type
NRG1 IHI-B3, we speculated that the membrane-tethered
EGF-like domain might activate juxtacrine signaling
through HER2:HER3 receptors. In addition, it was also
possible that expression of these fusion proteins resulted
in the production of soluble NRG1 protein due to proteo-
Iytic cleavage at sites derived from NRG1 (dashed green
lines in Fig. 1A), as recently suggested for NRG1 type Il
proteins {20, 21). Exposing EFM-19 cells to conditioned
media from H1299 human lung cancer cells expressing
exogenous CD74-NRG1 fusion protein resulted in phos-
phorylation of endogenous ERBB2/HER2 and ERBB3/
HER3 proteins, suggesting that autocrine HER2:HERS3 sig-

naling was activated by secreted NRG1 ligands generated
from CD74-NRG1 polypeptides (Fig. 2A). Phosphorylation
of extracellular signal—regulated kinase (ERK) and AKT,
downstream mediators of HER2:HER3, was also elevated.
HER2, HER3, and ERK phosphorylation was suppressed by
lapatinib and afatinib, U.S. Food and Drug Administration
(FDA)-approved tyrosine kinase inhibitors (TKI) that target
HER kinases (22-24). Together, these observations indicate
that NRG1 fusions activated HER2:HER3 signaling by jux-
tacrine and/or autocrine mechanisms.

The EZR-ERBB4 fusion protein contained the EZR coiled-
coil domain, which functions in protein dimerization, and
also retained the full ERBB4 kinase domain (Fig. 1A). These
features indicated that the EZR-ERBB4 protein is likely to
form a homodimer via the coiled-coil domain of EZR,
causing aberrant activation of the kinase function of ERBB4,
similar to the situation of EZR-ROS1 fusion (5). Indeed,
when the EZR-ERBB4 cDNA was exogenously expressed in
NIH3TS3 fibroblasts, tyrosine 1258, located in the activation
loop of the ERBB4 kinase site, was phosphorylated in
the absence of serum stimulation, indicating that fusion
with EZR aberrantly activated the ERBB4 kinase (Fig. 2B).
Consistent with this, phosphorylation of a downstream

Table 2. Characteristics of 90 invasive mucinous LDACs

Mutation Fusion
CD74-NRG1 or EZR- TRIM24- EML4- KIAA1468-

Variable All KRAS BRAF EGFR SLC3A2-NRG1 ERBB4 BRAF ALK RET None (%)
Total 90 (100) 56 (62.2) 2{2.2) 1(1.1) 6(6.7) 1011 1(1.1) 1.1 1011 21 (23.3)
Age (mean £ SD;y) 67.2 +£9.7 68.1 9.7 66,5+ 3550 -61.2+11.5 61 66 64 62 68.1 + 9.6
Sex

Male (%) 39 (43.3) 28(50.0) 0(0) 0O 1(86.7) 1(100) 0(0) 0@ 1(100) 8(38.1)

Female (%) 51(66.7) 28(50.0) 2(100) 1(100) 5 (83.3) 0(0) 1(100) 1 (100) 0 (0) 13 (61.9) .
Smoking habit

Never smoker (%) 51 (56.7) 29 (51.8) 2 (100) 1(100) 4 (66.7) 0 (0) 1(100) 1(100) 0 () 13 (61.9)

Ever smoker (%) 39 (43.3) 27 (48.2) 0(0) 00 2333 1(100) 0(0) 0() 1(100) 8 (38.1)
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Figure 2. Oncogenic properties of gene-fusion products. A, ERBB3 activation by CD74-NRG?1 fusion, demonstrated using the EFM-19 cell system. ERBBS3,
ERBB2, AKT, and ERK phosphorylation were examined in EFM-18 (reporter) cells treated for 30 minutes with conditioned media from H1299 cells exogenously
expressing CD74-NRG1 cDNA. Phosphorylation was suppressed by HER-TKIs. B, ERBB4 activation by EZR-ERBB4 fusion. Stably transduced NIH3T3
cells were serum-starved for 24 hours and treated for 2 hours with DMSO (vehicle control) or TKls. Phosphorylation of ERBB4 and ERK was suppressed by
ERBB4-TKIls. EZR-ERBB4 protein was detected using an antibody recognizing ERBB4 polypeptides retained in the fusion protein. C, BRAF activation by
TRIM24-BRAF fusion. Stably transduced NIH3T3 cells were serum-starved for 24 hours and treated for 2 hours with DMSO or kinase inhibitors. ERK
phosphorylation (activation) was suppressed by sorafenib, a kinase inhibitor targeting BRAF, as well as by U0126, a MEK inhibitor. TRIM24-BRAF protein was
detected using an antibody recognizing BRAF polypeptides retained in the fusion protein. D-F, anchorage-independent growth of NIH3T3 cells expressing
CD74-NRGT1 (D), EZR-ERBB4 (E), or TRIM24-BRAF (F) cDNA, and suppression of this growth by kinase inhibitors. Mock-, CD74-NRG1-, EZR-ERBB4-,
and TRIM24-BRAF-transduced NIH3T3 cells were seeded in soft agar with DMSO alone or kinase inhibitors. Colonies > 100 pm in diameter were counted

after 14 days. Column graphs show mean numbers of colonies + SEM.

mediator ERK was also elevated. Phosphorylation of ERBB4
and ERK was suppressed by lapatinib and afatinib, which
inhibit ERBB4 protein (22-24).

The TRIM24-BRAF fusion protein retained the BRAF
kinase domain but lacked the N-terminal RAS-binding
domain responsible for negatively regulating BRAF
kinase. These features suggested that the fusion was con-
stitutively active, as in the cases of the ESRP1-BRAF and
AGTRAP-BRAF fusions in other cancers (25). When the
TRIM24-BRAF c¢DNA was exogenously expressed in
NIH3T3 cells, ERK, a downstream mediator of BRAF,
was phosphorylated in the absence of serum stimulation,
indicating that fusion with TRIM24 aberrantly activated
BRAF kinase (Fig. 2C). ERK phosphorylation was sup-
pressed by sorafenib, an FDA-approved drug originally

identified as a RAF kinase inhibitor (26), and also by the
MEK inhibitor U0126 (Fig. 2C).

Exogenous expression of fusion gene ¢cDNAs induced
anchorage-independent growth of NIH3T3 fibroblasts,
indicating their transforming activities (Fig. 2D-F). This
growth was suppressed by the kinase inhibitors that sup-
pressed fusion-induced activation of signal transduction, as
described above. NIH3T3 cells expressing EZR-ERBB4 or
TRIM24-BRAF fusion cDNA formed tumors in nude mice
(Fig. 3). Therefore, we concluded that these three fusions
function as driver mutations in IMA development. We
screened 200 commonly used human lung cancer cell lines,
but all were negative for these three fusions (data not
shown); thus, the oncogenic properties of these fusions
remain unvalidated in human cancer cells.
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Figure 3. Tumorigenicity of NIH3T3
cells expressing ERZ-ERBB4 or
TRIM24-BRAF fusion cDNAs. A,
tumor growth in nude mice injected
with NIH3T3 cells expressing
empty vector, EZR-ERBB4 fusion,
or TRIM24-BRAF fusion. Cells

were resuspended with 50%

Time (d)

Empty vector (0/5)

EZR-ERBBA (5/5)

Matrigel and injected into the right
flank of nude mice. Tumor size was
measured twice weekly for

5 weeks, Data are shown as mean
+ SEM. B, representative tumors
were photographed onday 21. The
numbers in parentheses indicate
the ratio of the number of mice with
tumors to the number of mice
receiving cell injection.

TRIM24-BRAF (5/5)

The results here suggest that the NRG1, ERBB4 and
BRAF fusions are novel driver mutations involved in the
development of IMAs of the lungs (Fig. 1C) and potential
targets for existing TKIs. The recurrent NRG1 fusions were
especially notable because NRG1 was previously identi-
fied as a regulator of goblet-cell formation in primary
cultures of human bronchial epithelial cells (27); there-
fore, activation of the NRG1-mediated signaling pathway
(s) might play a part in IMA development by contributing
to both cell transformation and acquisition of goblet-cell
morphology. In addition to a small fraction of known
druggable aberrations (an ALK fusion and an EGFR muta-
tion), more than 10% (11/90; 12.2%) of IMAs harbored
other druggable aberrations targeted by existing kinase
inhibitors: these aberrations were represented by fusions
involving NRG1, ERBB4, BRAF, or RET, or BRAF muta-
tions (Table 2, Fig. 1C). To facilitate translation of these
findings to the cancer clinic, it will be necessary to
establish diagnostic methods, particularly using break-
apart and fusion FISH methods, capable of detecting
these aberrations. Such methods will also help identify
additional fusions involving other partner genes and
contribute to a greater understanding of the significance
of gene fusions in lung carcinogenesis.
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