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showed that both exogenous and endogenous AJUBA were mainly
localized in the cytoplasm (Figure 4¢ and Supplementary Figure 53f).
AJUBA transduction led to a clear increase in the YAP phosphoryla-
tion level in Y-MESO-8D cells, which was associated with an
increased YAP expression level in the cytoplasm (Figure 4c). These
results suggested that AJUBA suppressed YAP activity through
phosphorylation and its cytoplasmic translocation in MM cells.

AJUBA inhibits cell growth of MM cell lines dependent on LATS
status

To verify whether AJUBA has a growth-suppressive activity against
MM cells, we carried out a cell proliferation assay. As expected,

AJUBA transduction significantly inhibited cell proliferation of all
three MM cell lines, NCI-H28, NCI-H290 and Y-MESO-8D, which
retained both LATS1 and LATS2 expression {(Figure 5a). In contrast,
such significant suppression of cell proliferation was not observed in
two MM cell lines, Y-MESO-14 and Y-MESO-27, which harbored
LATS2 deletion (Supplementary Figure S4a). However, there still
appeared to be a difference in the proliferation curves between the
latter two cell lines; AJUBA still induced a weak suppression of
Y-MESO-14 cells, which retained LATS1, but not of Y-MESO-27
without LATS1 expression (Supplementary Figure S4a). The suppres-
sion levels in each MM cell line were well consistent with the YAP
phosphorylation status induced by AJUBA (Figures 2a and 4a).
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Figure 4.

Subcellular localization of AJUBA and YAP. (a) Western blot analysis. NCI-H290 and Y-MESO-8D cells were infected with AJUBA-

expressing or empty lentivirus and fractionated into nuclear and cytoplasmic fractions. AJUBA was mainly localized in the cytoplasm, and
AJUBA induced a significant increase in YAP and phospho-YAP (Ser127) levels in the cytoplasm. (b) Nucleus/cytoplasm ratio (N/C ratio) of YAP
shown in a is indicated with a bar graph. (c) Immunofluorescent microscopic analysis of Y-MESO-8D cells. Exogenous AJUBA was mainly
localized in the cytoplasm of Y-MESO-8D cells infected with AJUBA-expressing lentivirus. Exogenous AJUBA induced a marked increase in

total YAP and YAP phosphorylation in the cytoplasm.

Oncogene (2015) 73-83

-36 -

© 2015 Macmillan Publishers Limited



AJUBA suppresses mesothelioma cell proliferation
| Tanaka et al

a mwmmm Emply Vector b
mmmmen AJUBA Vector
., NCI-H28 FCS 1%
i 490 NCI-H28 Empty 400, SCLH28 AJUBA @
< =
3 ., 320 320 el
5 02 = = =
E Z 0 ER 2
E z S 160 g4
= 6l S 160 s 1 £
3 30 80 kL
0 0 —
0 200 400 600 800 1000 200 400 600 800 1000 0
¢ 1 2 (::)83 5§ 6 7 FL2-A FL2-A Empty  AJUBA
04 .. NCLH290 FCS 1% %
c 250 NCEH290 Fmpty . NCLHI90AJUBA =~ 3
2 i . < 60 BG1
£ 03 200 200 £ os
£ £ 1501 g i
£ o2 % g ! g 150 £ 40 De2
E f S 100 3300 E 25+
6 8.1 | W 501 50 3
0t g S 72 - @...b
0 0 200 400 600 800 1000 200 400 600 800 1000 Empty  AJUBA
0123456780910 FL2-A FL2-A
(Day)
Y-MESO-8D FCS5% 60+
07 150 ¥MESO-8D Empty 150 ¥MESO-8D aJUBS wci
5 06 S i e 5
- 7 S a 1504 150 £ 40 os
5 a4 5120 120 z Be2
£ e Z 90 2 9 g
g 5 e S 60 X
5 30 3
@] 0 0 .
0 200 400 600 800 1000 0 200 400 600 800 1000 0-

¢
6 12 3 4 567
(Day)

Figure 5.
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AJUBA inhibits cell proliferation of MM cell lines. (a) Cell proliferation assays. After infection with AJUBA-expressing or empty

lentivirus, calorimetric assays were performed at each point. AJUBA transduction significantly inhibited the cell proliferation of NCI-H28 and
NCI-H290 cells in the low-serum condition with 1% FCS and of Y-MESO-8D cells in the usual condition at 5% FCS. (b) Flow cytometric analyses.
AJUBA transduction significantly increased cell population of G1 phase and decreased the population of S phase in NCI-H28 and NCI-H290
cells, indicating G1 arrest as an early response. Y-MESO-8D cells exhibited remarkably increased cell population of G2 phase and decreased
population of S-phase, indicating G2 arrest. Average and s.d. of triplicated experiments are demonstrated in a.

Furthermore, we studied cell cycle profiles to elucidate the
possible suppressive mechanisms of MM cell proliferation
by AJUBA. Flow cytometric analyses demonstrated that the
cell population of G1 phase increased, whereas that of S
phase decreased, in NCI-H28 and NCI-H290 cells after infection
of AJUBA-expressing lentivirus (Figure 5b). These results indicated
that G1 cell cycle arrest was induced in both cell lines by
exogenous AJUBA, which was consistent with the result of YAP
knockdown in our previous report.'® In contrast, Y-MESO-8D
cells displayed decreased S phase and clearly increased G2
phase-cell population, suggesting that exogenous AJUBA
induced G2 cell cycle arrest in this cell line. Thus, it was
considered that AJUBA can induce cell cycle arrest in either
G1 or G2 phase in MM cells with intact LATS1/2. Consistent
with these data, LATST or LATS2 knockdown led to the recovery
of cell proliferation in NCI-H290 cells transfected with
AJUBA-expressing vector (Supplementary Figures S4c and S4d).
Meanwhile, Y-MESO-14 and Y-MESO-27 cells with LATS2 deletion
showed little or no change in cell populations in each cell cycle,
which well accorded with marginal or no suppression of cell
proliferation of these cell lines after AJUBA transduction
(Supplementary Figure S4b).

We also carried out a soft agar colony formation assay. AJUBA
transduction caused marked reduction in the number and size of
colonies of NCI-H290 and Y-MESO-8D cells, indicating that AJUBA
significantly decreased anchorage-independent growth in the
presence of the LATS family (Figures 6a and b). On the other hand,
similar to the results of the cell proliferation assay, AJUBA
transduction induced weak or no effect on Y-MESO-14 and
Y-MESO-27 cell lines, respectively.

© 2015 Macmillan Publishers Limited

Immunohistochemical analysis of AJUBA and YAP in primary MMs

To examine whether the frequent inactivation of AJUBA detected
in MM cell lines is observed also in primary MM specimens, we
carried out immunohistochemical analysis with an anti-AJUBA
antibody. Among 20 cases, 5 (25%) showed negative (0) and 11
(55%) showed weak (1 +) staining of AJUBA, whereas only 4 cases
showed strong (2 +) staining, indicating that AJUBA expression
was frequently and consistently reduced in both MM cell lines and
primary MM specimens (16 (80%); negative or weak) (Figure 7a
and Supplementary Table 2). Consistent with the above results,
immunohistochemical analysis also confirmed that AJUBA was
mainly localized in the cytoplasm in all AJUBA-positive cases
(Figure 7b).

To determine whether AJUBA downregulation is associated
with YAP activation in primary MMs, we next performed
immunohistochemical analysis of YAP. Among 20 cases, 13
(65%) showed that YAP was stained more strongly in the nucleus
than in the cytoplasm, indicating constitutive activation of YAP
(Figures 7a and b). Quite consistent with the in vitro results, all five
cases of AJUBA-negative cases (Figure 7a and indicated in blue in
Supplementary Table 2) exhibited nuclear localization of YAP,
suggesting the association of AJUBA inactivation with YAP
activation in primary MMs (Figures 7a and b).

DISCUSSION

In the present study, we found that AJUBA is frequently
downregulated in MM cells and acts as a tumor suppressor by
inducing YAP phosphorylation in a LATS family-dependent
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AJUBA suppresses anchorage-independent colony formation in MM cells. (a) Soft agar colony formation assays with AJUBA

transduction. After 12-day incubation, colonies were stained with 0.03% crystal violet. Low (top), medium (middle) and high magnification
(bottom) photos show that anchorage-independent growth was significantly suppressed in NCI-H290 and Y-MESO-8D cell lines. The size and
number of colonies in the Y-MESO-14 cell line with lost LATS2 expression were moderately reduced, but not at all in the Y-MESO-27 cell line,
which harbored LATS2 deletion and low-LATS1 expression. (b) A graphic presentation of the soft agar colony formation assays of a. Average
and s.d. of triplicated experiments are demonstrated in b. *P < 0.05 versus empty lentivirus control.

manner. Although the components of the Hippo pathway
between Drosophila and mammals are highly conserved, our
study demonstrates that AJUBA attenuates YAP activity in human
MM cell lines, which contradicts its possible pro-oncogenic
function in Drosophila, HEK293 cells and canine kidney MDCK
cells?” In this regard, it is worth noting that RAS association
domain family (RASSF) members, which are also known to be
involved in the Hippo signaling pathway, regulate this pathway in
opposite  ways between Drosophila and  mammals.*®*°
Furthermore, in preimplantation embryos, the Hippo signaling
pathway was also shown to control cell differentiation,' although
the Hippo pathway regulates cell proliferation by contact
inhibition in cultured cells. Therefore, the tumor-suppressive
function of AJUBA that we found in this study might be
attributable to the evolutionary distance of gene functions and/
or to the difference in cell lineage or germ layer for example, the
mesothelium originates from the mesoderm.

We previously reported that the frequencies of alterations of
NF2 and LATS2 ex?ression in MM cell lines were about 50% and
20%, respectively.?® However, there were several MM cell lines
with YAP activation regardless of the absence of NF2 or LATS2
alteration. The present study revealed that all six cell lines without
NF2 or LATS1/2 alterations showed the downregulation of AJUBA
(Supplementary Table 1), suggesting that AJUBA inactivation is
involved in the regulation of Hippo signaling activity. In total, 21 of
24 cell lines with YAP activation showed at least one alteration
among NF2, LATS1/2 and AJUBA. Individual cell lines showed
obvious single or multiple alterations of Hippo components. The
difference in the target molecules also seemed to influence the
levels of YAP activity. For instance, MM cells with only NF2
inactivation ~ showed relatively ~modest YAP  activation
(Supplementary Table 1 and Supplementary Figure S1b). This
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may suggest that NF2 inactivation may not be sufficient to fully
activate YAP, and thus NF2-defective MM cell lines frequently
acquire additional alterations of other molecules such as SAVT,
KIBRA, LATS1/2 or AJUBA that lead to the enhancement of YAP
activation (Supplementary Figures S1b and S1c¢). In contrast, the
LATS1/2 alteration completely disrupts the last step of the Hippo
signaling cascade, resulting in significant reduction of YAP
phosphorylation. Indeed, three MM cell lines with LATS1/2
inactivation but without NF2 mutation had most activated
(underphosphorylated) YAP (Supplementary Figure S1b, red
columns).

Our study indicates the difference between LATS1 and LATS2 in
the regulation of YAP under exogenous AJUBA fransduction.
Compared with three cell lines with intact LATS1/2 (Figure 2a),
AJUBA transduction induced only a modest effect on YAP
phosphorylation in the Y-MESO-14 cells with LATS2 deletion and
no effect in the Y-MESO-27 cells with both LATST and LATS2
inactivation (Figure 3a). These results were well consistent with
the weaker suppression of cell proliferation and colony formation
by AJUBA transduction in these cell lines (Figure 6 and
Supplementary Figure S4a). Furthermore, in the MM cell lines
with intact LATS1/2 that were transfected with AJUBA-expressing
vector, LATS2 knockdown decreased a phosphorylated form of
YAP more than did LATS1 knockdown, suggesting that LATS2 may
have a more significant role. However, the effect of LATS1
knockdown could be underestimated, because silencing LATS1
resulted in increased LATS2 protein, which might enhance the
difference in the effects between knockdown of LATS1 and LATS2
(Figure 3d). Thus, the possible association and stimulation
mechanism between AJUBA, LATS1/2 and YAP need to be more
vigorously investigated in a future study to elucidate the exact
role of LATS1 on the Hippo signaling regulation. Finally, as the MM

© 2015 Macmillan Publishers Limited
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Figure 7. Immunohistochemical analyses of AJUBA and YAP in 20

primary MMs. (a) Twenty primary MM specimens were stained with
anti-AJUBA and anti-YAP antibodies and were classified according to
the YAP localization pattern (N>C or N=C) and the staining
intensity of AJUBA (negative (0), weak (1 +) or strong (2+)). All 5
AJUBA-negative cases showed the nuclear localization pattern
(N>C) of YAP protein. N, nucleus; C, cytoplasm. (b) AJUBA and
YAP staining patterns of two representative cases are demonstrated.
Specimen-02 showed no AJUBA expression (0) and strong nuclear
staining of YAP (3+, N>C). Meanwhile, Specimen-19 had strong
AJUBA expression (2 +) and YAP staining in both the nucleus and
the cytoplasm 2+, N=C).

cells with both LATS1 and LATS2 inactivation showed the most
underphosphorylated YAP, the alteration of both LATS1 and
LATS2 may be a crucial event apart from the NF2 loss in the
development of MM.

We studied the effects of AJUBA family proteins on YAP
activation using the small interfering RNAs against AJUBA, LIMD1
and WTIP in the MeT-5A and Y-MESO-43 cell lines (Supplementary
Figures S3a and S3b). We found that AJUBA knockdown reduced
the YAP phosphorylation level, whereas LIMD1- or WTIP-
knockdown led to an increase in the YAP phosphorylation level,
suggesting that LIMD1 and WTIP might negatively regulate the
Hippo signaling pathway, which was consistent with the
previous report.27 Moreover, in the Y-MESO-43 cell line, LIMD1-
or WTIP- knockdown caused a decrease in the AJUBA expression
level, by which a reduction in YAP phosphorylation levels
could have been expected. However, despite the subsequent
AJUBA downregulation, the YAP phosphorylation level was
instead increased in this LIMD1- or WTIP-knockdown cell line.
These data possibly suggest contrasting effects among
AJUBA family proteins—that is, LIMD1/WTIP might counteract
AJUBA and activate YAP in the MM cells. However, further
studies are definitely needed to clarify the functional interactions
among AJUBA family proteins on the Hippo signaling pathway in
MM celis.

We found that overexpressed AJUBA induces either G1/S or G2/
M arrest in MM cells. We previously reported that FOXM1 was one
of the target genes of YAP/TEAD and that YAP knockdown induces
downregulation of FOXM1.'® As FOXM1 is known to regulate the

© 2015 Macmillan Publishers Limited
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transcription of cell cycle-specific genes that are responsible in
both G1/S and/or G2/M transition,>>” the cell cycle arrest
induced by AJUBA might be due to FOXM1 downregulation.
Interestingly, Y-MESO-8D cells predominantly presented G2 arrest
induced by AJUBA. This result was consistent with a finding that
the dual-luciferase reporter assay did not show a reduction of
CCND1 promoter activity in the Y-MESO-8D cell line (data not
shown), suggesting that Y-MESO-8D cells have low dependency
on CCND1 in G1/S progression. In addition, AJUBA has been
shown to interact with multiple factors such as Aurora A, Aurora B
and BUBR1.3%%° This indicates that G2 arrest in this cell line was
related to the involvement of AJUBA at the G2/M checkpoint with
binding Aurora A384°

Recently, the activity of Hippo-YAP has been shown to be
regulated by various factors—for example, protease-activated
receptors and  G-protein-coupled  receptor  signaling.*'*?
Mechanical signals, for example, cytoskeleton organization, cell
attachment, intercellular junction and cell morphology, have also
been suggested to be involved in the Hippo-YAP regulation.**
in this regard, AJUBA was shown to directly interact with both
o-catenin and F-actin, which were recruited at an adherent
junction.*” Thus, AJUBA might be involved in the signal
transduction from mechanical signals to YAP activity, and might
modulate the proliferation status of cells.

In this study, we found frequent inactivation of AJUBA in MM as
well as its tumor-suppressive role that is associated with the Hippo
signaling pathway. Although most MM cells show the
Hippo pathway inactivation leading to constitutive activation of
YAP, new treatment strategies to target this pathway may well be
developed to cure patients with this highly aggressive
malignancy.

MATERIALS AND METHODS
Cell lines

Eighteen Japanese MM cell lines including ACC-MESO-1, -4, Y-MESO-8D, -9,
-12, -14, -22, -25, -26B, -27, -28, -29, -30, -37, -43, -45, -48 and -72 were
established in our laboratory, and cells at 10-15 passages were used for
each assay. Four MM cell lines including NCI-H28, NCI-H2052, NCI-H2373
and MSTO-211H, and one immortalized mesothelial cell line, MeT-5A, were
purchased from the American Type Culture Collection (Rockville, MD, USA),
and then used at 3-5 passages after reception. Two MM cell lines, NCI-
H290 and NCI-H2452, were the kind gift of Dr Adi F Gazdar. All MM cell
lines and MeT-5A were cultured in RPMI-1640 medium supplemented with
10% fetal calf serum (FCS) and 1 x antibiotic-antimycotic Invitrogen
(Carlsbad, CA, USA) at 37 °C in a humidified incubator with 5% CO,.

Expression constructs and reagents

AJUBA-expressing plasmid and lentiviral vectors were constructed with
pcDNA3 with Myc-tag vector (Invitrogen) or CSH-CMV-MCS-IRES2-Blastici-
din vector (provided by Dr H Miyoshi, RIKEN BioResource Center). The wild-
type AJUBA was amplified with ¢cDNA synthesized from MeT-5A RNA, by
reverse transcription~PCR using Pfu-Turbo DNA polymerase (Agilent
Technologies, Tokyo, Japan) or PrimeSTAR Max DNA polymerase (Takara
Bio, Otsu, Japan). Oligonucleotides were designed within the AJUBA open
reading frame (AJUBA, 5'-ATGGAGCGGTTAGGAGAGAAAGC-3' and 5'-
TCAGATATAGTTGGCAGGGGGTTGT-3'). For luciferase reporter plasmids,
CCND1 and CTGF were amplified and cloned into pGL3 basic luciferase
reporter vector (Promega, Madison, Wi, USA) as described previously.'®*®
Rabbit anti-YAP antibody (EP1674Y) was purchased from Abcam (Tokyo,
Japan). Rabbit anti-phospho-YAP (5127) antibody (#4911), anti-LATS1
antibody (#9153), anti-MST1 antibody (#3682), anti-MST2 antibody (#3952),
anti-Merlin antibody (#6995), anti-AJUBA antibody (#4897) and mouse anti-
CCND1 antibody (#2926) were from Cell Signaling Technology (Danvers,
MA, USA). Mouse anti-AJUBA antibody (sc-374610) and anti-c-Myc
antibody (sc-40), anti-o-tubulin antibody (sc-5286), goat anti-LIMD1
antibody (sc-55845) and anti-WTIP antibody (sc-24173) were from Santa
Cruz (Santa Cruz, CA, USA). Mouse anti-LATS2 antibody (MAB0Q19) was
from Abnova Corporation (Taipei, Taiwan). Rabbit anti-WWC1 (KIBRA)
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antibody (HPA038016) and mouse anti-f-actin (A5441) were from Sigma
(St Louis, MO, USA).

Transfection of siRNA

AJUBA, LIMD1, WTIP, LATST, LATS2 and control small interfering RNAs (ON-
TARGETplus SMARTpool siRNA reagent, Thermo Fisher Scientific, Lafayette,
CO, USA) were introduced into cells by transient transfection with RNAi
MAX (Invitrogen) in accordance with the manufacturer’s instructions.

Cell proliferation assay

MM cells (1 x 10") were seeded on flat-bottomed 24-well plates. After 24 h,
cells were transduced with fentiviral vectors, and then incubated for an
additional 48 h. Cells were incubated to grow for an additional 5 days
under Blasticidin (InvivoGen, San Diego, CA, USA) selection. The medium
was then changed with fresh RPMI-1640 medium with 1% FCS as
described previously.'® As an exceptional case, Y-MESO-8D cells were
cultured in fresh RPMI-1640 medium with 5% FCS because this cell line
hardly grew in the 1% FCS medium. After an additional 24 h incubation,
calorimetric assays were performed by adding 30 pl of Tetra Color One
(Seikagaku, Tokyo, Japan) containing 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfo

phenyl)-2H-tetrazolium, monosodium salt and 1-methoxy-5-methylphena
zinium methylsulfate as electron carrier in each well and incubated at 37 “°C
for 1h. Absorbance was measured at 450 nm using a multiplate reader.
Cell proliferation was shown as a relative ratio to control cells.

Anchorage-independent growth in soft agar

Bottom agar was made of 1.5ml of 0.5% agar supplemented with 10%
FCS and RPMI-1640 medium, plated in 35 mm plates. Cells (3.0 x 10
were mixed with 1.0ml of 0.35% agar supplemented with 10% FCS
and RPMI-1640 medium, and then added onto the bottom agar.
Cells were incubated to grow and form colonies for 12 days. Colonies
were stained with 0.03% crystal violet, and the numbers of colonies
were counted.
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Like many other human cancers, the development of malignant
mesothelioma is closely associated with a chronic inflamma-
tory condition. Both macrophages and mesothelial cells play
crucial roles in the inflammatory response caused by asbestos
exposure. Here, we show that adipocytes can also contribute
to asbestos-induced inflammation through dysregulated adi-
pocytokine production. 3T3-L1 preadipocytes were differenti-
ated into mature adipocytes prior to use. These cells took up
asbestos fibers (chrysotile, crocidolite and amosite) but were
more resistant to asbestos-induced injury than macrophages
and mesothelial cells. Expression microarray analysis fol-
lowed by reverse transcription-PCR revealed that adipocytes
respond directly to asbestos exposure with an increased pro-
duction of proinflammatory adipocytokines [e.g. monocyte
chemoattractant protein-1 (MCP-1)], whereas the production
of anti-inflammatory adipocytokines (e.g. adiponectin) is sup-
pressed. This was confirmed in epididymal fat pad of mice
after intraperitoneal injection of asbestos fibers. Such dysregu-
lated adipocytokine production favors the establishment of a
proinflammatory environment. Furthermore, MCP-1 margin-
ally promoted the growth of MeT-5A mesothelial cells and
significantly enhanced the wound healing of Y-MESO-8A and
Y-MESO-8D human mesothelioma cells. Our results suggest
that increased levels of adipocytokines, such as MCP-1, can
potentially contribute to the promotion of mesothelial carcino-
genesis through the enhanced recruitment of inflammatory cells
as well as a direct growth and migration stimulatory effect on
mesothelial and mesothelioma cells. Taken together, our find-
ings support a potential cancer-promoting role of adipocytes in
asbestos-induced mesothelial carcinogenesis.

Introduction

Malignant mesothelioma, which arises from the mesothelial cells
lining the pleural, peritoneal and pericardial cavity, is closely associ-
ated with exposure to asbestos fibers. The first convincing evidence
of an etiologic relationship between asbestos fibers and malignant
mesothelioma emerged in 1960 (1). Since then, there has been

Abbreviations: Ccl, chemokine C-C motif ligand; FBS, fetal bovine serum;
IL-6, interleukin-6: MCP-1, monocyte chemoattractant protein-1; mRNA,
messenger RNA; MTT, thiazoly! blue tetrazolium bromide; NT-tngl, tangled
carbon nanotubes; PAI-1, plasminogen activator inhibitor-1; Prl2c5, prolactin
family 2, subfamily ¢, member 5; RT-PCR, reverse transcription-PCR.

considerable interest in unraveling the mechanisms underlying
asbestos-induced mesothelial carcinogenesis. Macrophages were the
first {0 receive great atlention, as asbestos exposure is often associ-
ated with a chronic granulomatous inflammatory response. Several
groups reported the activation of macrophages by asbestos fibers, and
they showed that asbestos fibers were able to induce macrophages to
release a multitude of factors, such as lysosomal enzymes, cytokines,
plasminogen activators and reactive oxygen species (2-4), which
collectively contribute to chronic inflammation. Subsequent studies
revealed a direct interaction between asbestos fibers and mesothelial
cells, and asbestos fibers were shown to be able to activate certain
signaling cascades within mesothelial cells. This activation might be
critical for mesothelial transformation (5-8). In addition, mesothe-
fial cells themselves also play a role in the inflammatory response.
Mesothelial cells are particularly sensitive to the cytotoxic effect
ol asbestos fibers. Yang er al. (9) termed the process of asbestos-
induced mesothelial cell death as ‘programmed necrosis’, and they
reported that during this process, there was an extensive release of
high-mobility group box 1 into the extracellular space, which then
initiated a chronic inflammatory response by inducing the mac-
rophages to release tumor necrosis factor-c. Together, this evidence
strongly supports the vital role of chronic inflammation in asbestos
carcinogenicity.

To establish an animal model of mesothelioma, asbestos fibers
are usually injected into the pleural or peritoneal cavity (10-12).
According to some previous reports, the peritoneal cavity appeared
to be more sensitive to the effect of asbestos fibers compared with
the pleural cavity, i.e. malignant mesothelioma developed more
frequently and rapidly in the peritoneal cavity following asbestos
injection (13,14). We speculated that this finding might be related
to the abundance of adipose tissue in the peritoneal cavity. A sub-
stantial body of recent evidence has revealed the role of adipose
tissue in inflammation, particularly in obesity-related inflamma-
tion (15~17). This inflammatory response in the adipose tissue of
obese individuals is linked to the development of type 2 diabetes
mellitus.

Adipose tissue is now recognized as an endocrine organ that is
capable of secreting a wide variety of biologically active peptides
collectively known as adipocytokines [e.g. monocyte chemoattractant
protein-1 (MCP-1), interleukin-6 (IL-6), leptin, adiponectin, plasmi-
nogen activator inhibitor-1 (PAI-1), resistin and visfatin]. Evidence
from numerous epidemiologic studies has revealed an increased risk of
cancer development in obese individuals, further supporting a cancer-
promoting role of adipose tissue (18-21). Obesity has been defined
as a low-grade chronic inflammatory condition. Many groups have
reported that the dysregulated endocrine function of adipose tissue
underlies this obesity-related inflammation (22-25). Dysregulation of
adipose tissue generally results in the enhanced production of pro-
inflammatory adipocytokines and suppression of anti-inflammatory
adipocytokines.

Some previous studies have demonstrated the ability of adi-
pocytes to perform phagocytosis in a macrophage-like manner
(26,27). A direct interaction between asbestos fibers and adipocytes
involving fiber internalization is thus very likely to take place. We
hypothesized that this interaction can trigger off an inflammatory
response in adipocytes which occurs through dysregulation of adi-
pocytokine production, as in obesity. Due to the close anatomic
proximity between adipocytes and mesothelial cells, altered levels
of adipocytokines can potentially affect mesothelial cells in a par-
acrine manner. We performed this study to evaluate the potential
involvement of adipose tissue as a cancer promoter in asbestos-
induced carcinogenesis through its ability to aggravate the inflam-
matory response.

© The Author 2013. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @oup.com
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Materials and methods

Materials

Three types of Union for International Cancer Control asbestos fibers (chry-
sotile A, crocidolite and amosite) were suspended in physiological saline.
Tangled carbon nanotubes (NT-tngl, diameter = 15nm; VGCF-X, Showa
Denko, Tokyo, Japan) were suspended in physiological saline containing 0.5%
bovine serum albumin. The 3T3-L1 preadipocyte cell line was a kind gift
from Dr M.N. and Prof. K.H. (Kyoto University, Kyoto. Japan). MeT-5A and
RAW?264.7 cell lines were obtained from American Type Culture Collection
(Manassas, VA). Y-MESO-8A and Y-MESO-8D cell lines were kindly pro-
vided by Prof. Y.S. (Aichi Cancer Centre Research Institute, Nagoya, Japan).
These two human mesothelioma cell lines were established from the same
Japanese patient with biphasic-like characteristics of malignant pleural mes-
othelioma and they showed epithelial and sarcomatous phenotypes, respec-
tively, in cell culture (28). Recombinant human MCP-1 was purchased from
PeproTech (Rocky Hill, NJ). Thiazolyl blue tetrazolium bromide (MTT) was
purchased from Sigma (St Louis, MO). Dimethyl sulfoxide was purchased
from Wako (Osaka, Japan).

Cell culture

3T3-L1 preadipocytes were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% calf serum and antibiotics. The differentiation
of these preadipocytes into mature adipocytes was induced with Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum (FBS),
0.5mM 3-isobutyl-1-methyl-xanthine, 0.25 pM dexamethasone and 1 pg/ml
insulin. Mature adipocytes were used for experiments within 10-14 days after
the induction of differentiation. The RAW264.7 macrophage cell line was
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS and antibiotics. MeT-5A, a human mesothelial cell line immortalized
through transfection with the pRSV-T plasmid (an SV40 ori-construct contain-
ing the SV40 early region and the Rous sarcoma virus long terminal repeat),
was maintained in M199 medium supplemented with 10% FBS, 10ng/ml epi-
dermal growth factor; 870nM insulin, 400nM hydrocortisone, 0.3% (vol/vol)
trace element B and antibiotics. Y-MESO-8A and Y-MESO-8D cell lines were
maintained in RPMI 1640 medium supplemented with 10% FBS and antibiot-
ics. All the cells were-cultured in a humidified incubator with 5% CO, at 37°C.

Experimental animals

For animal experiments, 8-week-old male ddY mice (Japan SL.C, Hamamatsu,
Shizuoka, Japan) were used. The animals were housed in a specific pathogen-
free animal facility with 12h light/12h dark cycle and allowed free access to
food (CE-2, CLEA Japan, Tokyo, Japan) and water. These mice were subjected
to a single intraperitoneal injection of 2.5 mg of asbestos fibers and killed after
3 days via cervical dislocation. Physiological saline (0.9%) was injected as
a control. After killing, the epididymal fat pad was harvested; half of it was
fixed in 10% phosphate-buffered formalin for histological analysis, whereas
the other half was snap-frozen in liquid nitrogen and kept at —80°C until fur-
ther use. The animal experiment was approved by the Animal Experiment
Committee of the Nagoya University Graduate School of Medicine.

0il Red O staining of adipocytes

Adipocyte maturation from the preadipocyte cell line was confirmed by stain-
ing the lipid droplets that accumulated in the cytoplasm of adipocytes during
maturation using the Oil Red O staining method. After washing the mature
adipocytes with phosphate-buffered saline, the cells were fixed with 10%
phosphate-buffered formalin for 2h. After another washing step, Oil Red O
solution was added, and the cells were incubated at 37°C for 5min. Images
were acquired using a Nikon Eclipse TS-100 microscope (Nikon, Tokyo,
Japan).

Fiber uptake by adipocytes

The uptake of asbestos fibers by adipocytes was analyzed by both light micros-
copy and transmission electron microscopy. Cultured adipocytes were exposed
to 10 pg/cm? of asbestos fibers, and 24 h later, the cells were harvested by
trypsinization and centrifuged to generate a cell pellet. For light microscopy,
cell block was prepared by fixing the cells with 10% phosphate-buffered
formalin and subsequently processed into a paraffin-embedded cell block.
Sections of 4 pm were stained with Kernechtrot staining and viewed under
%100 magnification using a BZ-9000 microscope (Keyence, Osaka, Japan) to
detect fibers inside the cells. For electron microscopy, cells were fixed with
phosphate buffer containing 2.5% glutaraldehyde and 2% paraformaldehyde,
followed by fixation with 1% osmium tetroxide. The cells were then embedded
in Epon resin and cut into 80nm ultrathin sections with diamond knife. After
staining with uranyl acetate and lead citrate, detection of fibers inside the cells
was performed using JEM-1400EX transmission electron microscope (JEOL,
Tokyo, Japan).
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Cell viability assay

The cytotoxicity of asbestos fibers on adipocytes, MeT-5A and RAW264.7
macrophages was measured using a CellTiter-Glo Luminescent Cell Viability
Assay (Promega, Madison, WI). Asbestos fibers were added to the cells at a
concentration of 10 pg/cmz. After 72h of incubation, the number of viable
cells was evaluated via the addition of the CellTiter-Glo Luminescent Cell
Viability Assay reagent followed by chemiluminescence measurement using a
PowerScan4 plate reader (DS Pharma Biomedical, Osaka, Japan).

Microarray-based gene expression analysis

Microarray analysis was performed using an Agilent SurePrint G3 Mouse GE
8x60K Microarray slide and Agilent’s Low Input Quick Amp Labeling Kit
(Agilent Technologies, Santa Clara, CA) according to Agilent’s One-Color
Microarray-Based Gene Expression Analysis protocol. In total, 200 ng of total
RNA extracted from adipocytes exposed to asbestos fibers under the conditions
stated above was used as the initial material. Amplified cRNA was labeled with
Cy3-CTP. Hybridization was performed by placing the slide in a hybridization
oven equipped with a rotator and set at 65°C for 17h. After hybridization, the
microarray slide was washed with GE Wash Buffer and scanned, and data were
analyzed using GeneSpring GX 10.02.2 sofiware (Agilent Technologies).

Quantitative real-time reverse transcription-PCR

Total RNA was isolated from the differentiated adipocyte cell line or adi-
pose tissue using the RNeasy Lipid Tissue Mini Kit (Qiagen, Valencia,
CA). Total RNA was then reversed transcribed into complementary DNA
using the SuperScript Il First-Strand Synthesis Kit (Invitrogen, Grand
Island, NY). Gene expression levels were quantitatively measured using the
Platinum SYBR Green gPCR SuperMix-UDG kit (Invitrogen) and analyzed
with an Applied Biosystems Model 7300 Real Time PCR System (Applied
Biosystems, Foster City, CA). The 3-actin level was used to normalize the mes-
senger RNA (mRNA) level of all genes examined. The primer sequences used
were as follows: mouse IL-6, forward, 5-CTTCTTGGGACTGATGCTGG-3",
reverse, S5-CAGAATTGCCATTGCACAAC-3" (product size 185bp);
mouse [-actin, forward, 5-ACATCCCCCAAAGTTCTACAAA-3’, reverse,
5-TGAGGGACTTCCTGTAACCACT-3" (product size 132bp); mouse
adiponectin, forward, 5-GCAGGCATCCCAGGACATCC-3’, reverse,
5-TCCTTTCCTGCCAGGGGTTC-3’ (product size 186bp); mouse MCP-1,
forward, 5-CAGTTAACGCCCCACTCACC-3, reverse, 5-TCCTTCTTGG
GGTCAGCACA-3' (productsize 163 bp); mouse prolactin family 2, subfamilyc,
member 5 (Prl2¢5), forward, 5-AACAAGGAACAAGCCAGGCACA-3,
reverse, 5-ACCCCGTTCTGGACTGCGTT-3" (product size 188bp);
mouse leptin, forward, 5-CCAGCAGCTGCAAGGTGCAAGA-3’, reverse,
5-CCCTCTGCTTGGCGGATACCGA-3" (product size 214bp) and
mouse PAI-1, forward, 5-ATGTGCACCTCTCCGCCCTCA-3", reverse,
5-GCTGCTCTTGGTCGGAAAGACTTG-3’ (product size 213 bp).

MCP-1 enzyme-linked immunosorbent assay

Differentiated adipocytes in a 6-well plate were exposed to different types of
asbestos fibers and NT-tngl at 10 pg/cm? for 72h. The cell culture medium
was then collected, and the concentration of MCP-1 secreted by adipocytes
into the culture medium was measured using the Quantikine Mouse JE/MCP-1
Immunoassay Kit (R&D Systems, Minneapolis, MN). The immunoassay was
performed according to the manufacturer’s instructions.

Immunohistochemistry

Paraffin-embedded tissue sections were deparaffinized and rehydrated. Antigen
retrieval was performed by heating the sections with mjcrowave using 10mM
citrate buffer, pH 6.0. Endogenous peroxidase was inhibited by incubating the
sections with 0.3% hydrogen peroxide in methanol for 30 min. Tissue sections
were then blocked with normal goat serum and incubated with rabbit poly-
clonal primary antibody against mouse MCP-1 (ab7202, abcam, Tokyo, Japan)
or IL-6 (ab6672; abcam). After washing with phosphate-buffered saline, sec-
tions were incubated with biotinylated goat anti-rabbit immunoglobulin G
secondary antibody. Detection of antigen—antibody complexes was performed
by incubating the sections with horseradish peroxidase-conjugated streptavi-
din followed by 3,3’-diaminobenzidine. Images were acquired using BZ 9000
microscope.

Measurement of adipocyte size

Images of epididymal adipose tissue sections were acquired using BZ 9000
microscope at x40 magnification. Ten random fields were taken for each sec-
tion from five animals per group. Cell surface area was measured using Image]J
software (NIH, Bethesda, MD).

Transwell migration assay

Cell culture inserts and 24-well companion tissue culture plates from BD
Falcon (Franklin Lakes, NJ) were used for transwell migration assay. The

165

S10Z ‘ST Yodey uo Arexqry ueyuop] Je /810 sjewmelpioyxe tioizs/; dny woly papeoumod



S.H.Chew et al.

cell culture insert contains a porous membrane with an 8 pm pore size.
RAW264.7 macrophages were sceded into the insert at a density of 2 %
107 cells/insert. Conditioned medium collected from adipocytes that were

treated or untreated with asbestos fibers was added to the lower chamber off

the 24-well tissue culture plate. The plate was incubated for 24 h, followed
by staining of the migrated cells with May-Grunwald’s and Giemsa stains.
Images were acquired in 10 random fields, and the number of migrated cells
was counted.

A

3T3-L1 preadipocyte

Mat

Chrysotile

ure adipocyte

MTT cell proliferation assay

MeT-5A cells were seeded into a 96-well tissue culture plate at a density of
5% 10" cells/well. These cells were serum starved for 24h before being treated
with recombinant human MCP-1 at a concentration of 100 and 500ng/ml.
After 72 h of reatment, cell proliferation was measured using MTT. The MTT
compound was dissolved in phosphate-buffered saline at a concentration of
Smg/ml, and 20 pl was then added to cach well. Cells were incubated with
MTT for 4h to allow the reduction of MTT into purple formazan. Culture

Mature adipocyte
Oil Red O staining
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Fig. 1. Culwred adipocytes take up asbestos fibers but are resistant to their cytotoxic effect. (A) The 3T3-L1 preadipocyte cell line (left panel) was differentiated
into mature adipocytes (middle panel) according to the standard differentiation protocol. Lipid droplets that accumulated in the mature adipocytes were stained
by Oil Red O staining (right panel). Scale bars: left panel, 100 pm; middle and right panels, 20 pm. (B) The presence of asbestos fibers inside adipocytes was
detected using light microscopy at x100 magnification (upper panel) and transmission electron microscopy (middle and lower panels). Scale bars: upper panel,
10 um; middle panel, 5 pm; lower panel, 500 nm. (C) The cytotoxicity of asbestos fibers on adipocytes, MeT-5A mesothelial cells and RAW264.7 macrophages
was measured by the adenosine triphosphate cell viability assay. All the cells were exposed to 10 pg/cm? of asbestos fibers for 72h. The results are shown as the
mean + SEM of three independent experiments. *P < 0.05, *#P < 0.005. Amo, amosite; Chry, chrysotile; Cro, crocidolite.
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medium containing MTT was then aspirated from the wells, followed by the
addition of 100 pl of dimethyl sulfoxide into each well to dissolve the purple
formazan crystals. The optical density was measured using a PowerScan4 plate
reader.

Wound-healing assay

MeT-5A, Y-MESO-8A or Y-MESO-8D cells were grown in a 6-well tissue
culture plate until the cells formed a confluent monolayer. A scratch was
then made across the cell monolayer using a pipette tip. Recombinant human
MCP-1 was added to some of the wells at a concentration of 500ng/ml.

Adipocytes in mesothelial carcinogenesis

Images of the wound were taken immediately after the scratch (designated
as Oh) and at 18, 24 and 48 h after the scratch. The width of the wound was
measured using ImageJ software, and the percentage of wound healing was
then calculated.

Statistical analysis

The statistical significance between two groups of interest was analyzed
using the unpaired Student’s t-test. A P value of <0.05 was considered
significant.

Table I. Top 20 genes upregulated in asbestos-treated cultured adipocytes

Gene name

Accession number Fold change

Top 20 genes upregulated in chrysotile-treated adipocytes

Prolactin family 2. subfamily ¢, member 5 (Prl2c5) NM_181852 18.596165
Fibrinogen-like protein-1 (Fgl1) BC029734 8.48526
Chemokine (C-C motif) ligand 2 (Ccl2) NM_011333 8.051252
Troponin T2, cardiac (Tnnt2), transcript variant 9 NM_011619 6.9297132
Prolactin family 2, subfamily ¢, member 1 (Prl2cl) NM_001045532 6.292936
Secreted phosphoprotein 1 (Sppl) ' NM_009263 5.334665
High-mobility group AT-hook 2 (Hmga2) NM_010441 5.1633744
Chemokine (C-C motif) ligand 8 (Ccl8) NM_021443 4.867768
1incRNA:chr19:9060613-9060851 forward strand 4.497705
Fos-like antigen 1 (Fosl1) NM_010235 4.422233
Interleukin 1 receptor-like 1 (111r11), transcript variant 1 NM_001025602 4.192457
Tumor necrosis factor receptor superfamily, member 9 (Tnfrsf9), transcript variant 1 NM_011612 4.0868807
Plasminogen activator, urokinase (Plau) NM_008873 4.038391
Runt-related transcription factor 1 (Runx1), transcript variant 2 NM_001111022 3.8444314
Interleukin 1 receptor-like 1 (I1lr]1), transcript variant 2 NM_010743 3.7691207
cDNA sequence BC023744 (BC023744) NM_001033311 3.6094844
Matrix metallopeptidase 10 (Mmp10) NM_019471 3.6034727
Matrix metallopeptidase 13 (Mmp13) NM_008607 3.5614529
Serine/threonine/tyrosine kinase 1 (Styk1) NM_172891 3.4867864
Acyl-CoA synthetase bubblegum family member 1 (Acsbg!) NM_053178 3.3379452
Top 20 genes upregulated in crocidolite-treated adipocytes
Serum amyloid A 3 (Saa3) NM_011315 21.692352
Haptoglobin (Hp) NM_017370 11.54753
Dermokine (Dmkn), transcript variant 3 NM_001166173 9.095255
Suprabasin (Sbsn), transcript variant 1 NM_172205 7.677543
Secretory leukocyte peptidase inhibitor (Slpi) NM_011414 6.6974707
Serine (or cysteine) peptidase inhibitor, clade A, member 3G (Serpina3g) NM_009251 6.258521
PREDICTED: Mus musculus predicted gene, EG628900 (EG628900) XM_893705 6.231637
Chemokine (C-C motif) ligand 2 (Ccl2) NM_011333 5.961754
Chemokine (C-C motif) ligand 9 (Ccl9) NM_011338 5.94364
Chitinase 3-like 1 (Chi311) NM_007695 5.8167386
Lipocalin-2 (Len2) NM_008491 5.732993
Chemokine (C-X-C motif) receptor 7 (Cxcr7) NM_007722 5.6649795
Prolactin family 2, subfamily ¢, member 5 (Pri2c5) NM_181852 5.511816
Complement component 4B (Childo blood group) (C4b) NM_009780 5.504423
Serine (or cysteine) peptidase inhibitor, clade A, member 3H (Serpina3h) NM_001034870 5.3198853
Runt-related transcription factor 1 (Runx1), transcript variant 4 NM_009821 5.090166
Triggering receptor expressed on myeloid cells 2 (Trem2) NM_031254 4.8963866
Fibrinogen-like protein 1 (Fgll) NM_145594 4.8214192
Cannabinoid receptor 1 (brain) (Cnrl) NM_007726 4.818088
Placental protein 11 related (Ppl1r), transcript variant 2 NM_001168693 4.759451
Top 12 genes upregulated in amosite-treated adipocytes
Extended synaptotagmin-like protein 3 (Esyt3) NM_177775 2.988655
Budding uninhibited by benzimidazoles 1 homolog (Saccharomyces cerevisiae) (Bubl) NM_009772 2.4976056
Potassium inwardly rectifying channel, subfamily J, member 6 (Kcnj6) NM_001025585 2.4706264
lincRNA:chr4:21683562-21694344 reverse strand 2.4663801
PREDICTED: M.musculus predicted gene, EG666955 (EG666955) XM_001000153 2.3627758
lincRNA:chr2:75493715-75494227 reverse strand 2.3625197
Adult male tongue cDNA, RIKEN full-length enriched library, clone:2310006M14 AKO009188 2.271196
product:hypothetical protein, full insert sequence
ATPase, Ca** transporting, type 2C, member 2 (Atp2¢2) NM_026922 22707396
lincRNA:chr6:31017987-31174287 reverse strand 2.2265513
Adult male olfactory brain cDNA, RIKEN full-length enriched library, clone:6430601008 AK032580 2.2096734
product:similar to Pol protein (fragment) (M.musculus), full insert sequence
lincRNA:chr19:59498190-59531390 reverse strand 2.1915858
lincRNA:chr17:27479404-27481770 forward strand 2.082444
ATPase, adenosine triphosphatase; cDNA, complementary DNA. Twelve genes with >2-fold change were selected for amosite.
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Results

Uptake of asbestos fibers by cultured adipocytes
The 3T3-L1 preadipocyte cell line was used to generate mature adi-
pocytes according to the standard differentiation protocol. Adipocyles
were used for subscquent experiments 10-14 days alier the initiation
ol differentiation. During differentiation, the adipocytes accumulated
lipid droplets in the cytoplasm that stained red upon Oil Red O stain-
ing (Figure 1A). Three different types ol asbestos fibers, chrysotile,
crocidolite and amosite fibers, were added to the adipocytes, followed
by the assessment of fiber uptake using a cell block and light micros-
copy. Fiber uptake by the adipocytes was observed for all the asbestos
types (Figure 11, upper panel). Our findings were further supported by
transmission electron microscopy. which clearly demonstrated fiber inter-
nalization by adipocytes (Figure 113, lower panel), High magnification
revealed the structure of a vesicular membrane around the asbestos fibers.
Asbestos fibers induce cell death when administered to mesothelial
cells and macrophages (7,29). We compared the cytotoxicity of asbes-
tos fibers on the cultured adipocytes, MeT-5A mesothelial cells and
RAW264.7 macrophages by exposing them to the same concentration of
asbestos fibers (10 pg/em?). When we performed an adenosine triphos-
phate detection cell viability assay on these different cell types. we did
not observe any cytotoxic effect of asbestos fibers on the adipocytes,
which was in contrast to mesothelial cells and macrophages (Figure 1C).

A

Cultured adipocyies showed changes in gene expression after
asbestos exposure

As noted above, we hypothesized that the endocrine function of adi-
pose tissue is potentially affected by asbestos exposure. To screen
for genes with altered expression in asbestos-exposed adipocytes,
we performed microarray gene expression analysis on the total RNA
isolated from adipocytes alter 72 h of exposure to asbestos fibers
(GEO accession no.: GSE42330). The microarray results are shown
in Table L The top 20 genes that were upregulated in adipocytes after
exposure 1o the different types ol asbestos fibers are listed. More
information can be found in the Supplementary Tables 1-3, avail-
able at Carcinogenesis Online. Gene expression analysis revealed
the upregulation of some inflammation-related genes in adipocytes
following exposure to asbestos fibers, including serum amyloid A3,
haptoglobin and urokinase-type plasminogen activator. More impor-
tantly, we found the upregulation of an important adipocytokine that
is commonly reported to be upregulated in obesity and is responsi-
bie for the related chronic inflammation and associated metabolic
complications: chemokine C-C motif ligand 2 (Ccl2), which is also
known as MCP-1. Other members of the C-C motif chemokine fam-

ily were also upregulated. such as Ccl6, Ccl8 and Ccl9. Another

gene that was upregulated in both chrysotile- and crocidolite-treated
adipocytes was Pri2¢5, which belongs to the prolactin superfamily.
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Fig. 2. Alterations in the expression level of adipocytokines in cultured adipocytes after asbestos exposure. Cultured adipocytes were exposed to chrysotile,
crocidolite or amosite fibers at 10 pg/cm? for 72 h, with physiological saline as the control. (A) The gene expression level of various adipocytokines was
measured by quantitative real-time RT-PCR and is shown relative to that of B-actin. (B) The secretion of MCP-1 into culture medium was measured by an
MCP-1 immunoassay. In addition to asbestos fibers, adipocytes were also exposed to NT-tngl under the same experimental condition. The results are shown
as the mean = SEM of three independent experiments, *P £ 0.05, **P < 0.005, ***P < 0.001. Amo, amosite; A-Saline, saline containing 0.5% bovine serum

albumin; Chry, chrysotile; Cro, crocidolite.
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Fig. 3. Adipose tissues of mice injected with asbestos fibers show changes in adipocytokine expression levels. A total of 2.5 mg of chrysotile or crocidolite fibers
was injected into the peritoneal cavity of mice, with physiological saline used as a control. Epididymal adipose tissue was harvested after 3 days. (A) The gene
expression level of various adipocytokines in the epididymal adipose tissue was measured by quantitative real-time RT-PCR. The results are shown as the mean
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of adipocyte cell surface area from adipose tissue sections using image analyzing software (n = 5 per group). *P < 0.05, **P < 0.005, ***P < 0.001. Chry,

chrysotile; Cro, crocidolite.

MCP-1 was increased at the mRNA and protein level in adipocytes
treated with asbestos fibers

Quantitative real-time reverse transcription~-PCR (RT-PCR) was
performed to evaluate the expression level of MCP-1, Prl2c5 and
several other commonly known adipocytokines (PAI-1, leptin, IL-6
and adiponectin) in asbestos-treated or untreated adipocytes. In
support of the microarray results, quantitative real-time RT-PCR
showed the increased mRNA expression of MCP-1 and Prl2¢5 in
adipocytes following asbestos exposure (Figure 2A). Regarding the
other adipocytokines examined, PAI-1 was also upregulated, whereas
leptin, IL-6 and adiponectin did not show any significant alterations.
Nevertheless, a slight decrease in adiponectin mRNA expression was
observed. An enzyme-linked immunosorbent assay was performed
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to measure the secretion of MCP-1 protein into the culture medium
of adipocytes treated with asbestos fibers. The enzyme-linked immu-
nosorbent assay results corroborated those of quantitative real-time
RT-PCR, showing a significant elevation of MCP-1 secretion by
adipocytes treated with chrysotile and crocidolite fibers (control =
900.7 pg/ml, chrysotile treated = 3116.5 pg/ml, crocidolite treated
= 3455.9 pg/ml, P < 0.005) (Figure 2B, left panel). Amosite-treated
adipocytes did not show any apparent change in MCP-1 expression at
either the mRNA or protein level. To determine whether any type of
particulate is able to induce the same response, we also exposed the
adipocytes to NT-tngl. Exposure to NT-tngl did not induce any sig-
nificant increase in MCP-1 secretion from the adipocytes (Figure 2B,
right panel).
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Asbestos fibers dyvsregulated adipocviokine levels in adipose tissue
of asbestos-exposed mice

To determine whether adipose tissue in living animals also responds
to asbestos exposure, we injected chrysotile or crocidolite fibers into
the peritoneal cavity of mice. with physiological saline as a control.
Epididymal fat pads were harvested after 3 days. followed by quan-
titative real-time RT-PCR to examine changes in the expression
level of adipocytokines. Again, the mRNA levels of MCP-1 and
Prl2¢5 were both upregulated in the adipose tissue of mice injected
with asbestos fibers (Figure 3A). Regarding adiponectin, its sup-
pressed expression level in the adipose tissue was more apparent
than in the cultured adipocytes and was significant in chrysotile-
injected mice. Leptin and IL-6 were significantly downregulated
and upregulated, respectively, although no significant change in
these two genes was observed in cultured adipocytes (Figure 2A).
PAI-1 was the only exception that showed contradictory results
between in vitro and in vive assays. Immunohistochemical stain-
ing for MCP-1 and IL-6 was also performed on the adipose tissue
sections. We found that in both chrysotile and crocidolite-injected
mice, there was more intense MCP-1 staining in the cytoplasm of
adipocytes compared with the saline-injected mice (Figure 3B). In
contrast, the adipocytes did not show apparent positive staining of
[L-6 (Supplementary Figure 1, available at Carcinogenesis Online),
indicating that other inflammatory cells might be responsible for
IL-6 mRNA upregulation as shown in Figure 3A. We have also
noted some changes in adipocyte size and measurement ol adipo-
cyte surface area revealed a reduction of adipocyte size in asbestos-
injected mice (Figure 3C).

MCP-1 promoted cancer cell phenotypes of mesothelial cells

Based on the well-known effect of MCP-1 as a macrophage che-
moattractant, the increased secretion of MCP-1 by adipocytes in
response to asbestos fibers might implicate an important indirect
role of adipose tissue in enhancing the recruitment of macrophages
Lo the sites of asbestos deposition. We collected culture media from
ashestos-treated adipocytes and examined the ability of these condi-
tioned media to induce macrophage migration. The transwell migra-
tion assay results revealed an increase in macrophage migration in
response to the conditioned media from asbestos-treated adipocytes,
which was most probably mediated by increased MCP-1 secretion
(Figure 4).

Many chemokines have been reported to exert a mitogenic effect
and are thus able to promote cancer development. We studied
the effect of MCP-1 on mesothelial cell proliferation by treating
MeT-5A cells with recombinant MCP-1 protein. MCP-1 showed
a marginal but not significant effect on mesothelial cell prolif-
eration (Figure 5A). In addition, we assayed the effect of MCP-1
on mesothelial cell migration. A wound-healing assay was per-
formed in MeT-5A cells in the presence or absence of recombi-
nant MCP-1 protein. We did not observe any effect of MCP-1 on
MeT-5A cell migration (Figure 58, left panel). However, we found
that MCP-1 promoted the migration of the human mesothelioma
cells Y-MESO-8A and Y-MESO-8D (Figure 5B, middle and right
panels).

Discussion

Our results revealed for the first time that asbestos fibers are able to
directly affect the endocrine activity of adipocytes. This effect might
be mediated through a direct interaction, as we showed that adipo-
cytes were able to phagocytose asbestos fibers. Although adipose
tissue is more abundant in the peritoneal cavity, it is also present in
the pleural cavity, e.g. submesothelial space of the parietal pleura,
around the pericardial sac and near the mediastinum (30,31). These
anatomic locations render relevance of adipose tissue as it is acces-
sible for the inhaled fibers through fiber translocation. In response to
asbestos exposure, adipocytes upregulated proinflammatory adipocy-
tokine such as MCP-1 but suppressed the level of anti-inflammatory
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Fig. 4. Adipocytes induce increased macrophage migration following
asbestos exposure. Cultured adipocyles were exposed to chrysotile or
crocidolite fibers at 10 pg/em? for 72 h, with physiological saline as a control.
Conditioned medium was collected and assayed with a transwell migration
assay to determine the ability of the conditioned media to induce macrophage
migration. The results are shown as the mean £ SEM of three independent
experiments. *P < 0.05. Chry, chrysotile; CM, conditioned medium: Cro,
crocidolite.

adipocytokine, adiponectin, thereby shifting the balance towards a
proinflammatory condition. Increased MCP-1 secretion by adipocytes
might result in enhanced macrophage recruitment which in turn elab-
orates various cytokines and chemokines, leading to a vicious cycle
that aggravates inflammation. Our results using adipocyte condi-
tioned media to induce macrophage migration supported this notion.
The role of adipose tissue in asbestos-induced inflammation can thus
be both direct and indirect. MCP-1 has been reported to induce the
proliferation of primary human pleural mesothelial cells (32) and our
results using MeT-5A are consistent with the report. We also showed
that MCP-1 promoted the migration of human mesothelioma cells.
In addition, we observed a reduction in adipocyte size in asbestos-
injected mice, which is probably due to the more active state of the
adipocytes that requires higher metabolic rate.

MCP-1 transgenic and MCP-17~ mice have previously been gen-
erated and characterized. MCP-1 overexpression in specific organs
resulted in the enhanced recruitment of blood monocytes into the
parenchyma of these organs (33,34). In contrast, in MCP™" mice,
there is a reduction in mononuclear cell infiltrate when these mice
are challenged with different inflammatory stimuli (35). These mouse
models are often used in studies related to obesity and insulin resist-
ance. Kanda et al. (24) generated adipose-specific MCP-1 transgenic
mice characterized by insulin resistance, hepatic steatosis and a
higher degree of macrophage infiltration into adipose tissue. These
MCP-1 genetically engineered mice might be a useful tool in our fur-
ther studies to establish an association between MCP-1 expression
and asbestos-induced mesotheliomagenesis.

In this study, we primarily focused on the possible tumor-pro-
moting effects of MCP-1. Other adipocytokines with dysregulated
expression might also play a cancer-promoting role. For instance,
adiponectin expression is inversely correlated with human cancers.
Low circulating levels of adiponectin have been associated with an
increased risk of several cancers, such as colorectal cancer (36), endo-
metrial cancer (37), postmenopausal breast cancer (38), gastric cancer
(39) and prostate cancer (40). Adiponectin was reported to be able
to inhibit the transcription factor nuclear factor-xB (41,42), which is
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a key molecule activated by asbestos fibers in mesothelial cells and
macrophages that is responsible for inflammation. Our results sug-
gested that asbestos fibers can cause a downregulation of adiponec-
tin. The exact roles of leptin and PAI-1 in inflammation are still not
entirely clear, although both were shown to be upregulated in obe-
sity-related inflammation (43-45). A member of the prolactin super-
family, Prl2c5, was also upregulated. Current information regarding
Pri2c5 is still relatively scarce, but this protein most probably shares
many characteristics of prolactin, which is known to possess mito-
genic property (46). Prolactin was newly found as an adipocytokine
secreted by human adipose tissue (47,48). Several other genes more
recently characterized as adipokines were also upregulated. Some
of these genes, such as haptoglobin and lipocalin-2, bind to iron
and can thus contribute to iron overload, which was shown to play
an important role in asbestos-induced mesothelioma development
(49). Another interesting upregulated peptide was secreted phospho-
protein 1, also known as osteopontin. Mesothelioma patients often
have increased serum osteopontin levels and it was suggested to be a
useful biomarker for the early diagnosis of mesothelioma (50). More
detailed studies are needed to fully elucidate the potential pathogenic
roles of these various dysregulated adipocytokines in mesothelial car-
cinogenesis. Moreover, a long-term study is needed to assess whether
these alterations observed are long-term effects.

Interestingly, we found that chrysotile fibers appeared to be the
most inflammogenic. Our results showed that chrysotile fibers dysreg-
ulated various adipocytokine levels to a higher extent than crocidolite
and amosite fibers. This finding corroborates our recently published
data that chrysotile fibers induced a significantly earlier development
of malignant mesothelioma with intraperitoneal injection in rats com-
pared with crocidolite and amosite fibers (49). The relatively stronger
carcinogenicity of chrysotile fibers might be linked to a higher degree
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of adipose tissue inflammation. The reason underlying why chrysotile
fibers seem to have a stronger inflammogenic effect on adipocytes is
still not known, although our results showed that all types of asbestos
fibers were internalized by the adipocytes.

To our knowledge, this is the first report of a potential associa-
tion between dysregulated adipose endocrine function and asbestos-
induced mesothelial carcinogenesis. We have shown that asbestos
fibers are able to directly trigger an inflammatory response in adi-
pocytes by dysregulating adipocytokine production. These adipocy-
tokines might act locally to stimulate the growth/migration/survival
of mesothelial cells and thus promote the development of malignant
mesothelioma. The modulation of these adipocytokines might repre-
sent a novel strategy to extend the lifespan of mesothelioma patients.

Supplementary material

Supplementary Tables 1-3 and Figure 1 can be found at htip://carcin.
oxfordjournals.org/
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INTRODUCTION

Lung adenocarcinomas of patients who have never
smoked frequently bear kinase gene alterarions, such as
EGFR mutations and rranslocations affecting ALK, ROSI,
and RET (1-6). These alterations cause “oncogene depend-
ency” on the activated kinase and, thus, sensitivity of the
cumor cells co kinase inhibicors. Patients whose tumors
bear kinase gene alterations can be effectively treated wich
an ever-growing number of kinase inhibicors; for example,
patients with EGFR-mutant lung cancer treated with EGF
recepror (EGFR) inhibitors have a significantly longer pro-
gression-free survival compared with patients treaced with
conventional chemotherapy (7). Similarly, ALK and ROSI
inhibition induces clinically relevant remissions in patients
bearing the respective genomic fusion (8-10). Unfortunately,
despite substantive cancer genome sequencing effores, a
majority of lung tumors still lack therapeucically tracta-
ble kinase alterations (1). We therefore sought to identify
novel therapeutically relevant driver alterations in otherwise
driver-negative lung adenocarcinomas.

RESULTS

We collected a cohort of 25 lung adenocarcinoma speci-
mens of never smokers that lacked mutations in KRAS or
EGFR, on which we performed chromosomal gene copy-
number analysis as well as transcriptome sequencing with
the aim of identifying new oncogenic driver alterations. We
applied a novel computarional data analysis strategy chat
combines split-read and read-pair analyses with de novo
assembly of candidate regions conraining potential break-
points to achieve sensitive and accurate detection of fusion
transcripts (see Methods; Fernandez-Cuesta and colleagues,
published elsewhere). Of the 25 samples analyzed (Sup-
plementary Table S1), 10 carried a known oncogene. One
sample exhibited EGFR amplification, paralleled by overex-
pression of the gene (Fig. 1A and Supplementary Fig. S1). We
also found 3 cases each of ALK, ROS1, and RET fusions (Fig.
1A and Supplementary Table S2). In addition, we detected
one sample carrying a novel chimeric transcript fusing the
first six exons of CD74 to the exons encoding the EGF-like
domain of the neuregulin-1 (NRG1) III-B3 isoform (Fig. 1A
and B and Supplementary Table S2). This fusion raised our
interest because CD74 is part of recurrent fusions affecting
the ROSI (3) kinase in lung adenocarcinoma, and because
NRGI encodes a ligand of ERBB receptor tyrosine kinases,
which are also frequently affected by genome alterations in
this cumor type. NRG1 provides the ligand for ERBB3 and
ERBB4 receptors (11). The NRG1 isoform present in our
fusion transcript belongs to the type Il and carries the EGF-
like domain type B, which has higher affinity to the recep-
tors than the o-type (12). NRG1 type I expression is mostly
limited to neurons and is the only isoform displaying this
degree of tissue-specific expression (13). Only the sample
carrying the CD74-NRG1 fusion exhibited high expression
of the NRG1 III-B3 isoform [74 fragments per kilobase per
million reads (FPKM); Fig. 1C, top; Supplementary Table
S3], and in this specimen there was no expression of the
wild-type allele (Fig. 1C, bottom). In addition, NRG1 was

generally not expressed in lung adenocarcinoma as shown
by transcriprome sequencing data of our cohort of 25 lung
adenocarcinomas of never smokers (Fig. 1C, top, and Supple-
mentary Table §3), and of a cohort of 15 unselected lung ade-
nocarcinomas (Fig. 1C, top, and Supplementary Table S4).
The fusion resulted from a somatic genomic event as CD74-
NRG1 fusion FISH and NRGI break-apare FISH revealed
rearrangements in the respective chromosomal regions in the
tumor cells, but not in surrounding nontumoral cells (Fig.
1D and Supplementary Fig. 52). Furthermore, by applying
hybrid-caprure-based massively parallel genomic sequencing
(Fig. 1D and Supplementary Table $5), we found five and two
reads spanning and encompassing the chromosomal break-
point (chr5:149,783,493 and chr8:32,548,502), respectively.

We next performed reverse transcriptase PCR (RT-PCR)
using primers specific for the chimeric transcript to identify
additional tumors bearing the fusion in a ser of 102 pan-
negative adenocarcinomas of never smokers (wild-type for
EGFR, KRAS, BRAF, ERBB2, ALK, ROS, and RET genes). We
identified four additional tumors carrying the fusion (Sup-
plementary Table S6), which were also confirmed by break-
apart FISH. All 5 cases (including the index case) occurred in
invasive mucinous adenocarcinomas (IMA) of women who
had never smoked (Fig. 2A). Invasive mucinous lung adeno-
carcinoma is highly associated with KRAS mutations (14).
Indeed, our of 15 invasive mucinous lung adenocarcinoma
specimens (all dertved from an East Asian population), six
carried a KRAS mutation (40%), and four carried the CD74-
NRGI fusion (27%; Fig. 2B; Supplementary Table S7). We
additionally tested other lung tumor subtypes (63 cases), as
well as four other cancer types (21 cases) and all were negarive
for the fusion gene (Supplementary Table SG6), suggesting a
strong link berween the presence of CD74-NRG1 and invasive
mucinous adenocarcinoma.

Characteristic features of type III NRG1 are cytosolic
N-termini and membrane-tethered EGF-like domains (13,
15). In the case of CD74-NRG1, the part of CD74 is predicted
to replace the transmembrane domain present in wild-type
NRG1 IH-B3, preserving the membrane-tethered EGF-like
domain (Fig. 2C). To validate this prediction, we transduced
NIH-3T3 cells with CD74-NRG1-encoding retroviruses, and
performed flow cyrometry analyses to determine the subcel-
lular distribution of expression of the fusion protein. As
expected, we observed a positive intracellular (but not extra-
cellular) signal for CD74 (Fig. 2D, left) and a positive extra-
cellular signal for NRG1 (Fig. 2D, right). Similar results were
observed in H2052 cells (Supplementary Fig. S3). Further-
more, we were unable to detect the fusion in the supernatant
of transduced cells with a polyclonal antibody raised against
the EGF-like domain (data not shown). Thus, the fusion
does not lead to secretion of the EGF-like domain, but prob-
ably generates a membrane-bound protein with the EGF-like
domain presented on the outside of the cell.

We next analyzed the expression of ERBB receprors in the
index case: ERBBI (EGFR) was almost not expressed (FPKM =
1.9; Fig. 3A; Supplementary Table S8; Supplementary Fig. S4)
and not phosphorylated (Supplementary Fig. S4). In con-
trast, ERBB2 was expressed (FPKM = 22.9; Fig. 3A; Supple-
mentary Table S8) and phosphorylated (Fig. 3B, left); similar
to ERBB2, ERBB3 was also expressed at relatively high levels
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Sample Age Sex Stage Driver
Case-01 63 Female |Ila EGFR-amp
Case-08 68 Male la EML4-ALK

- . coTaTT ACTCCTTGGAGCAAAAGCCCACTGACGCTCOACCGAAAGCTACATCTACATCCACCACTGGGACA
Case-10 46 Female la EML4-ALK T TOAAATGAGOAGGOACTOOTTGOAGCAAAAGCOCACTOACGOTOOACOBAAECTACATC TACATCOACGACTGGOAGAAG

GTTTGAAATGAGCAGGCACTCCTTGGAGCAAAAGCCCACTGACGCTCCACCGAAAQCTACATCTACATCCACCACTGGGACAAGE
Case-17 39 Female lila EML4-ALK TTTGAAATGAGCAGGCACTCCTTGGAGCAAAAGCCCACTGACGCTCCACCGAAAGCTACATC TACATCCACCACTGGGACAAGCS
TGAAATGAGCAGBCCCTCCTTGEAGCAAAAGCCCACTGACGCTCCACCRAAAGCTACATCTACATCCACCACTGGGACAAGCCAT

" - GAAATGAGCAGGCACTCCTTGGAGCAMAGCCCACTGACGCTCCACCGAAMGGTACATCTAGATCCAGCACTGGGACAAGCCATC
Case-06 56 Female llib CD74-ROS1 AAATGAGOAGGCACTCOTTGOAGCAMAGCOCACTOACGETCOACCOARRC TACATC TAGATCOACCACTGGGACAAGCOATCT
Case-09 60 Female la CD74-ROST AATGAGCAGGCACTCCTTGGAGCAAAAGCCCACTGACGCTCCACCGAAGE TACATCTACATCCACCACTGGGACAAGCCATC TAa
Case-02 68 Female b EZR-ROS1 C

Case-15 65 Female lla KIF5B-RET 70 - B NRG1 isoforms*
Case-25 75 Male la KIF5B-RET © NRG1 llI-33
Case-23 66 Female liib CCDC6-RET 60 - - Except NRGH 111-83
Case-19* 64 Female |Ib CD74-NRG1

Case-03 72 Female IV
Case-04 74 Male v
Case-05 50 Female IV
Case-07 70 Female la

Gene expression (FPKM)
o
w

Case-11 79 Female lla 0 1
Case-12 72 Male v 15-AD 23-AD Case-19
Case-13 59 Male b pan-negative tumors

Unknown
Case-14 63 Female llla

Case-16 48  Male b N Pl

Case-18 71 Female llia g § E

Case-20 74 Female lila 5 P E

Case-21 73 Male Ib g 9 Pl Pl f

Case-22 80 Female |Ib g ® i

Case-24 66 Female lla Z Oy N ¥
*, Index case (Caucasian, invasive mucinous adenocarcinoma) Bxon 1 Bxon2 NZ(;; Bxon4  Exond

D CD74
5032 Wl< o S esied

-~
———

. -

NRG1 ba-FISH

Figure 1. Identification of the CD74-NRGI fusion gene. A, overview of driver genes detected ina cohort of 25 EGFR- and KRAS-negative lung
adenocarcinomas of never smokers. B, detection of CD74-NRGI fusion transcript by transcriptome sequencing. Schematic representation of the fusion
transcript domains and some of the transcriptome sequencing reads spanning the fusion point. C, expression levels of NRGI isoforms in 15 unselected
and 23 pan-negative lung adenocarcinomas (AD; wild-type for EGFR, KRAS, BRAF, ERBB2, ALK, ROS, and RET), and, in the index case, inferred from tran-
scriptome sequencing data. Average FPKM values are shown (top). RNAseq analysis for NRG1 reads to show where the breakpoint of CD74-NRG1 occurs.
The dip in exon 4 represents reads of the fusion that could not be mapped. No reads could be mapped to exons 1-3 (bottom). D, top, the genomic intron/
exon structure of the CD74 {in green) and the NRG1 locus (in orange) with the genomic breakpoints marked inred. Sequencing reads were obtained from
hybrid-capture-based genomic sequencing of 333 genes using genomic DNA of the index case {see Methods). The breakpoint-spanning reads are shown
by means of the Integrative Genomics Viewer (www.broadinstitute.org/igv/) focused on the CD74 gene (bottom). The gray area of the read is aligned

to the CD74 reference sequence. Colored area on the right indicates bases not matching the CD74 reference sequence. Sequence comparison reveals
alignment to the NRG1 reference sequence. Encompassing reads whose mate pairs are mapped to the NRGI locus on chromosome 8 are displayed in dark
purple. Bottom, a representative picture of NRG1 break-apart FISH. Arrows, break-apart signals.
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Sample Age Sex Stage  Smoking status AD subtype
Index-case 64  Female Ib Never Invasive mucinous
Case-A 73 Female la Never Invasive mucinous
Case-B 72 Female la Never Invasive mucinous
Case-C 66  Female la Never Invasive mucinous
Case-D 31 Female la Never Invasive mucinous

EGFR, KRAS, BRAF, HERZ, ALK, ROS, RET negative

B C
CD74-NRG1
Unknown
33%
NRG1 -3
Cytosol
15 invasivé mucinous N
adenocarcinomas
D Intracellular Extracellular Extracellular
1004 100 [ 1001
80 \ A so |1
' " CD74-NRGT |
g1 60 \ 60 8 eof ||
g| 0 X : £ ]
S| 40 k 40- 5l 40] |
® ’ v. \ ; ES .
20 \ 20- 207
. . .
e 1 gl Sy B -
0102 103 104 0102 108 104 0102 108 104
Anti-CD74 Anti-NRG1

Figure 2. Association of CD74-NRG1 with invasive mucinous adenocarcinoma, and membrane localization of the fusion protein. A, clinical character-
istics of the index case and the 4 additional cases found to harbor CD74-NRG1. B, frequency of KRAS mutations and CD74~NRG1 rearrangements in a
cohort of 15 IMA tumors {East Asian population). C, schematic representation of wild-type NRG1 11I-B3 and predicted CD74-NRG1 fusion protein in the
cellular membrane. D, intracellular and extracellular staining of CD74 {left), and extracellular staining of NRG1 {right) in CD74-NRG1-transduced NiH-3T3
cells, detected by flow cytometry. The percentage of max is the number of cells in each bin divided by the number of cells in the bin that contains the

largest number of cells. e.v., empty vector control.

(FPKM = 22.8; Fig. 3A; Supplementary Table S8) and also
phosphorylated (Fig. 3B, right). ERBB4 was not expressed in
the index case (FPKM = 0.2; Fig. 3A; Supplementary Table
S8). To our surprise, expression of phosphorylated ERBB3
(p-ERBB3) was almost exclusively restricted to fusion-positive
cases, as determined by an immunohistochemical analysis of
a tissue microarray containing 241 unselected adenocarcino-
mas. Although a positive signal was detected for p-ERBB3 in
the five CD74-NRG 1-positive invasive mucinous adenocarci-
nomas, only six of 241 unselected adenocarcinomas exhibited
detectable levels of p-ERBB3 (P < 0.0001; Fig. 3C). Together,
these observations support the notion that CD74-NRG1
might provide the ligand for ERBB2-ERBB3 heterodimers,
thus activating the phosphoinositide 3-kinase (PI3K)-AKT
pathway, as previously shown for wild-type NRG1 (16).

To formally test this hypothesis, we transduced different cell
lines with retroviruses encoding CD74-NRG1 and performed
Western blot analyses under starving conditions. Because NTH-
3T3 cells have low-to-absent expression of ERBB receptors,
and NIH-3T3 cells ectopically expressing ERBB2 and ERBB3
are already oncogenic (Supplementary Fig. S5), we decided to
use H322 and H1568 lung cancer cell lines expressing normal
ERBB2 and ERBB3 levels instead. We transduced these cell
lines with either an empty vector, a virus containing the full
fusion transcript, or a virus containing a truncated version of
the fusion lacking the EGF-like domain (Supplementary Fig.
56). We observed that H322 and H1568 cell lines ectopically
expressing CD74-NRG1 showed increased levels of p-ERBB2,
p-ERBB3, p-AKT, and p-S6K when compared with the empty
vector control (Fig. 3D). Furthermore, both p-ERBB3 and
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Figure 3. Functional relevance of CD74-NRG1. A, expression levels of ERBB receptors in the index case inferred from transcriptome sequencing
data. FPKM values are shown. B, levels of p-ERBB2 and p-ERBB3 detected by immunchistochemical analysis in a CD74-NRG1-positive case using and
antibody directed against ERBB2 Tyr1221/1222 and ERBB2 Tyr1289. C, the same p-ERBB3 antibody was used to stain a tissue microarray composed of
241 lung adenocarcinomas. The frequency of p-ERBB3-positive cases in this cohort versus the five CD74-NRG1-positive samples is shown (P < 0.0001).
D, activation of the PI3K~AKT pathway detected by Western blot analysis of H322 and H1568 lung cancer cells transduced with retroviruses encoding
CD74-NRG1 or the empty vector control (e.v.). E, levels of p-ERBB3 and p-AKT measured by Western blot analysis in the presence of an empty vector,
CD74-NRG1, or a truncated version lacking the EGF-like domain (CD74-NRG1_AEGF). F, anchorage-independent growth of H1568 cells expressing an
empty vector, CD74~NRG1, or a truncated version lacking the EGF-like domain (CD74-NRG1_AEGF). Top, the average colony size for the three condi-
tions, with error bars representing standard deviations. The experiment was performed with two independent transductions for a total of four times.

** P<0.01;** P<0.001. Bottom, representative pictures of the colony formation assay. Please note that H1568 cells are oncogenic and form small
colonies without any manipulation.
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