Taken together, we propose a possible signaling pathway triggered
by the #rans-homophilic interaction of CADMI, as shown in Figure
S5.

Expression of CADMI is down-regulated in various carcino-
mas, and it is widely accepted that CADM]1 is a tumor suppressor
through its cell adhesive property. We have previously demon-
strated that CADMI is involved in the formation of epithelial cell
structure since suppression of CADMI expression by RNAIi
abrogated epithelial structure, induced simple flat morphology of
cells and inhibited the maturation of cell-cell adhesion [9]. PI3K
has also emerged as a major regulator of the cytoskeleton and cell
polarity [24]. It is quite interesting that inhibition of PISK by
LY294002 causes a reduction in cell height but does not affect cell
adhesion activity in epithelial cells [25]. Our study also indicates
that the inhibition of PI3K does not affect cell adhesion activity by
trans-interaction of CADMI but abrogates following cell spreading
activity induced by cytoskeletal remodeling. Furthermore, it has
been reported that Racl signaling is similarly implicated in the
maintenance of cell height [25] and that PI3K-Racl signaling
serves as a key regulator for inducing the extension of cell-cell
contact zones [26]. Taken together, these findings suggest that
trans-homophilic interaction of CADMI1 acts as an initial trigger on
the membrane for the formation and maintenance of epithelial cell
structure by activating PI3K-Racl pathways to reorganize the
actin cytoskeleton.

In this connection, it is noteworthy that we have previously
reported that overexpression of CADMI in MDCK cells
suppresses hepatocyte growth factor (HGF)-induced epithelial-
mesenchymal transition (EMT), which is a well-known phenom-
enon associated with cancer cell invasion and metastasis [27]. In
CADMI1 over-expressing cells, prolonged activation of Racl
induced by CADMI and its cytoplasmic binding proteins
appeared to inhibit EMT induction by HGF through the retention
of epithelial cell adhesion. Although we did not investigate the
mechanism of Racl activation in the study, the MAGuK-PI3K
pathway could be a candidate for activating Racl in cells over-
expressing CADMI1. Thus, CADM1 appears to act as a suppressor
of cancer cell invasion and metastasis by its activity in the
formation and maintenance of adhesion-based epithelial cell
structure.

In this study, we have demonstrated that cell-based screening
assay is an effective tool for identifying low-molecular-weight
compounds that target signaling pathways mediated by tams-
homophilic interaction of CADM1. By screening known inhibitors
that suppress cell spreading, we found that the PI3K pathway was
specifically activated by #rans-homophilic CADMI interaction.
The protein complex of CADMI1-MPP3-Dlg appears to recruit
PI3K to the juxtamembrane region to induce actin reorganization
by activating Akt and Racl. In conclusion, the PISK pathway is
crucial for the signals mediated by #ans-homophilic CADMI1
interaction to cytoplasm, leading to cytoskeletal remodeling and
the formation and maintenance of epithelial structure.

Supporting Information

Figure S1 Establishment of cell spreading assay. (A)
Representative images of cells analyzed by spreading assay shown
in Fig. 1A. In each assay, 10 fields were imaged in duplicate and
average arca of cells were quantified by image J software. MDCK
(a and b) and MDCK+CADMI-GFP (c and d) cells were put on
IgG (a and ¢) or CADMI-EC-Fc (b and d), respectively, as
indicated on top of images. Two fields of phalloidin-stained (a and
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b) and GFP (c and d) images are shown. Bars: 50 pm. (B, C, and E)
Representative images of spreading assay shown in Fig. 1B (B),
Fig. 1C (C), and Fig. 1E (E). Cells stained with phalloidin are
shown. Bars: 50 pm. (D) Localization of CADM1-FL-YFP and -
ACT-YFP in confluent MDCK cells. Confluent MDCK cells
stably expressing CADMI1-FL-YFP or -ACT-YFP were fixed and
stained with phalloidin (red). Bars: 20 pm.

(TTF)

Figure S2 PI3K inhibitors suppress cell spreading
mediated by #rans-homophilic interaction of CADMI.
(A) Cell spreading assay was performed with DMSO, LY294002 (1
uM), or Wortmannin (1 pM) and quantified as indicated in Fig. 1.
The surface area was normalized to that of cells on IgG with
DMSO, and the relative value to cells on CADMI1-EC-Fc with
DMSO is shown. (B, C and D) Representative images of spreading
assay shown in Fig. 2A (B), Fig. 2B (C) and Fig. 3C (D). Cells
stained with phalloidin are shown. Bars: 50 pm.

(TIF)

Figure 83 Localization of MPP3, Dlg, and p85 in Caco-2
cells depleted CADMI1. (A and B) Immunofluorescence
analysis of Caco-2 cells stably expressing shNegative or
shCADMI1_5 using antibodies indicated on top of images.
Arrowheads and arrows show colocalization and mislocalization
of indicated proteins, respectively, at cell-cell contact sites. Bars: 20
pm. (C) Immunoblot analysis of Caco-2 cells expressing shNega-
tive or shCADMI_5 with anti-CADMI1 and anti-GAPDH
antibodies.

(TIF)

Figure 84 Localization of GFP-Akt-PH and the compo-
nents of CADM1 complex in cell spreading assay. (A)
Representative images of MDCK cells transfected with GFP-Akt-
PH, CADMI-WT or ACT, and/or siNegative or siDlg 2 and
analyzed by spreading assays indicated at the left side of images.
Immunofluorescence analysis was performed using antibodies
against MPP3, Dlg, CADMI, and p85 as indicated. Bars: 20 pm.
(B) Immunoblot analysis of MDCK cells transiently tranefected
with siNegative, siDlg_1, or siDlg_2.

(TTEF)

Figure S5 Schematic representation of the signaling
pathways mediated by trans-homophilic interaction of
CADML1 to cell spreading. When attached on the glass coated
with CADMI1-EC-Fc (upper), CADMI-expressing cells activate
PISK through MPP3 and Dlg, induce actin reorganization, and
show cell spreading (lower).

(TIF)

Methods S1 Expression vectors, Cell culture and trans-
fection, Antibodies and reagents, Immunoprecipitation

and Western blotting, and Cell aggregation assay.
DOCX)
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BRG1 and BRM, two core catalytic subunits in SWI/SNF chroma-
tin remodeling complexes, have been suggested as tumor
suppressors, yet their roles in carcinogenesis are unclear. Here,
we present evidence that loss of BRG1 and BRM is involved in
the progression of lung adenocarcinomas. Analysis of 15 lung
cancer cell lines indicated that BRG1 mutations correlated with
loss of BRG1 expression and that loss of BRG1 and BRM expres-
sion was frequent in E-cadherin-low and vimentin-high cell lines.
Immunohistochemical analysis of 93 primary lung adenocarcino-
mas showed loss of BRG1 and BRM in 11 (12%) and 16 (17%)
cases, respectively. Loss of expression of BRG1 and BRM was
frequent in solid predominant adenocarcinomas and tumors
with low thyroid transcription factor-1 (TTF-1, master regulator
of lung) and low cytokeratin7 and E-cadherin (two markers for
bronchial epithelial differentiation). Loss of BRG1 was correlated
with the absence of lepidic growth patterns and was mutually
exclusive of epidermal growth factor receptor (EGFR) mutations.
In contrast, loss of BRM was found concomitant with lepidic
growth patterns and EGFR mutations. Finally, we analyzed the
publicly available dataset of 442 cases and found that loss of
BRG1 and BRM was frequent in E-cadherin-low, TTF-1-low, and
vimentin-high cases and correlated with poor prognosis. We
conclude that loss of either or both BRG1 and BRM is involved
in the progression of lung adenocarcinoma into solid predomi-
nant tumors with features of epithelial mesenchymal transition
and loss of the bronchial epithelial phenotype. BRG1 loss was
specifically involved in the progression of EGFR wild-type, but
not EGFR-mutant tumors. (Cancer Sci 2013; 104: 266-273)

L ung cancer is the leading cause of cancer death in many
developed countries, including the United States and
Japam.“’2> The identification of genetic abnormalities, such as
epidermal growth factor receptor (EGFR) mutations, KRAS
mutations, EML4-ALK translocation, and MET amplifications
has revolutionized our understanding of the molecular mecha-
nisms in lung cancer development& ) However, it has become
increasingly apparent that epigenetic alternations play equally
important roles in tumorigenesis, and among them, chromatin
remodeling factors have attracted much attention recently.
Indeed, identification of mutations of chromatin remodeling
factors in cancer has been a major hot topic in the past
2 years.(S’S)

BRG1 and BRM, two core catalytic ATPase subunits in
human SWI/SNF chromatin remodeling enzymes, have
now emerged as bona fide tumor suppressor genes.(gflz)
Inactivating mutations of BRG1 have been identified in 35%

Cancer Sci | February 2013 | vol. 104 | no.2 | 266-273

of non-small cell lung cancer cell lines and a subset of
primary lung cancer.””’ In a mouse model of lung cancer,
targeted knockout of BRGI1 can affect tumor develop-
ment."” In contrast to BRGI, mutations of BRM have
rarely been identified and epigenetic silencing of BRM plays
a contributory role in some cancers.*'" However, whether
loss of BRG1 and BRM affects phenotype and differentia-
tion of lung cancer cells remains unexplored. Furthermore,
the previous studies were conducted before the discovery
of EGFR mutations, and thus relationship between the
EGFR status and loss of BRG1 and BRM is completely
unknown.

We have recently demonstrated that lung adenocarcinoma
could be classified into two groups based on the patterns of
gene expression and genetic abnormalities; bronchial epithe-
lial phenotype tumors and mesenchymal-like phenotype
tumors."'® “Bronchial epithelial phenotype” represents a
group of lung adenocarcinomas with high expression of
bronchial epithelial markers. This group includes thyroid
transcription factor (TTF)-1 positive terminal respiratory unit
(TRU) type<l4) in addition to TTF-1 negative tumors with
high expression of bronchial epithelial markers such as CK7
and MUCI, as detailed in our previous report,(“) Bronchial
epithelial phenotype tumor exhibits high phosphorylation of
EGFR and MET and frequent mutations or amplifications of
EGFR, MET, and HER2. In contrast, mesenchymal-like phe-
notype tumors were characterized by the absence of the
bronchial epithelial phenotype, triple-negative for TTF-1,
MUCI, and CK7, showed no or little phosphorylation of
EGFR and MET, no mutation or amplification of EGFR,
MET, or HER2, and with features of epithelial mesenchymal
transition (EMT), such as low E-cadherin and high FGFR1,
vimentin, and ZEBI1 expressions,m) The absence of muta-
tions or amplifications of EGFR, MET, or HER2 in mesen-
chymal-like phenotype tumors suggested to us that other
genetic or epigenetic abnormalities may play a role in this
group of tumors.

We now show in this paper that loss of expression of chro-
matin remodeling factors, BRG1 and BRM, correlated with
features of mesenchymal-like phenotype with solid predomi-
nant histology. In particular, BRG1 loss occurred exclusively
in EGFR wild-type tumors.
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Materials and Methods

Cell lines and medium. We used 19 non-small cell lung can-
cer (NSCLC) cell lines; 15 adenocarcinoma cell lines (H23,
H358, H441, H522, H1395, H1648, H1650, H1703, H1795,
H2087, HCC827, HCC4006, Calu3, A549, PC-3), three large
cell carcinoma cell lines (H661, H1299, Lu65), and one adeno-
squamous cell line (H596). HCC827, H1650, H1975, PC-3,
and HCC4006 were EGFR-mutated cell lines. The sources of
the cell lines were described in our previous report.'® All cell
lines were maintained in RPMI1640 supplemented with 10%
FCS, glutamine, and antibiotics in a humidified atmosphere
with 5% CO, and 95% air.

Genetic and protein analysis of cell lines. The DNA, RNA,
and cell lysates were prepared from cell lines by standard pro-
cedures. Experimental details of sequencing, copy number
analyses, and Western blotting are given in Doc. S1. Antibod-
ies used in western blot analysis were summarized in Table 1.

Patients and tumors. Tumor specimens were obtained from
93 patients who underwent lung cancer surgery at the Jichi
medical university hospital during the period from October
2005 to June 2008. The demographic and clinicopathologic
details of the patients and tumors are provided in Doc. S1.

Immunohistochemistry and evaluation. Formalin-fixed, paraf-
fin-embedded tumor specimens were analyzed by immunohis-
tochemistry using antibodies to BRGI1, BRM, E-cadherin,
cytokeratin 7, MUC1, TTF-1, p-EGF, and p-MET. The sources
of antibodies, staining procedures, and methods of evaluation,
are given in Doc. S1.

Mutation analyses of formalin-fixed, paraffin-embedded tissue
sections. Details are shown in Doc. S1.

Bioinformatic analyses and statistics. Details are shown in
Doc. S1.

Results

Characteristics of lung adenocarcinoma cell lines with loss of
BRG1 and/or BRM. First, we used 15 lung cancer cell lines, for
which the mutational status of BRG1 was known, to investigate
the molecular features that may characterize lung adenocarci-
noma cell lines with loss of BRG1. Of the 15 cell lines, six cell
lines harbored BRG1 mutations and nine cell lines did not,
according to previous literature,”'" and the Sanger COSMIC
database (http://www.sanger.ac.uk/genetics/CGP/cosmic/).

Figure 1 summarizes (i) the genetic status of BRG1, EGFR,
MET, HER2, BRAF, and KRAS (upper panel), (ii) gene level
expressions of BRG1, BRM, TTF1, MUCI1, CK7, E-cadherin,
and vimentin (middle panel), and (iii) protein expression levels
of BRG1, BRM, TTF1, MUCI1, CK7, E-cadherin, and vimentin
(lower panel) of the 15 cell lines (the microarray analysis data
of 15 cell lines is located in Data S1). All six BRG1-mutated
cell lines showed extreme loss of BRGI at gene and protein
levels, EMT features (low E-cadherin and high vimentin), and

Table 1. Antibodies used in western blot analysis

H1299
H23
H661
A549
H1703
H522
Lu65
Calu—-3
H596

| Hass
H2087
HCC827
H441
H1648
H1395

BRGImut
EGFR mut
EGFR amp
MET amp
HER2 amp
MET mut
BRAF mut
KRAS mut

BRG1
BRM
TTF1
MuUC1
CK7
E-cadherin

Vimentin
BRG1
BRM
TTF-1
MUC1 ——

CK7

T TR
P L. BULE Y
- SRS
=

E-cadherin

Vimentin

Protein level expressions  Gene level expressions Genetic abnormalities

Actin

Fig. 1. Genetic status of BRG1, epidermal growth factor receptor
(EGFR), MET, HER2, BRAF, and KRAS (upper panel), gene level expres-
sions of BRG1, BRM, TTF1, MUC1, CK7, E-cadherin, and vimentin (mid-
dle panel), and protein expression levels of BRG1, BRM, TTF1, MUCI1,
CK7, E-cadherin, and vimentin (lower panel) of the 15 cell lines. in the
upper panel, the grey box means presence of genetic abnormalities
and the white box means absence of genetic abnormalities. Color
indications in the middle lane are as follows: red means more than or
equal to the average of each gene expression; orange: under the
average and more than or equal to half the average; and green:
under half the average.

loss of bronchial epithelial markers (TTF-1, CK7, and MUC1).
In contrast, the nine BRG1-wild type cell lines showed high
expressions of BRG1, as well as high expressions of bronchial
epithelial markers and E-cadherin and low expression of
vimentin, at both gene and protein levels. As for gene abnor-
malities, BRG1-wild type cell lines showed gene abnormalities
for EGFR, MET, HER2, BRAF, or KRAS, but BRG] mutated
cell lines showed no such genetic abnormalities, except for
KRAS mutations.

We also examined the expressions of BRM in the same cell
lines. Of the 15 cell lines, 10 cell lines expressed the BRM
protein at modest or high levels, which was largely concordant

Antibodies

Clone

Sources

BRG1 (sc-17796)

BRM (A301-016A)

TTF-1 (clone 8G7G3/1)

Cytokeratin 7 (clone OV-TL 12/30)

Vimentin (clon V9)

E-cadherin (clone 36)

MUC1 smaller cytoplasmic subunit

Anti-rabbit IgG peroxidase conjugate

Anti-mouse IgG peroxidase conjugate
Anti-Armenian hamster IgG peroxidase conjugate

Mouse monoclonal
Rabbit polyclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Hamster monoclonal

Santa Cruz Biotechnology (Santa Cruz, CA, USA)
Bethyl Laboratory (Montgomery, TX, USA)
DAKO (Glostrup, Denmark)

DAKO (Glostrup, Denmark)

DAKO (Glostrup, Denmark)

BD Biosciences (Franklin Lakes, NJ, USA)

Lab Vision (Cheshire, UK)

Amersham (Arlington Hights, IL, USA)
Amersham (Arlington Hights, IL, USA)

Jackson Immunoresearch (West Grove, PA, USA)

Matsubara et al.
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with gene expression (Fig. 1). As with BRG], loss of BRM
expression was similarly frequent in cell lines with EMT
features and loss of the bronchial epithelial phenotype.

These results suggest the following: (i) loss of either or both
BRGI1 and BRM would be involved in the acquisition of EMT
features and loss of the bronchial phenotype; and (ii) loss of
BRGI1 gene and protein expression correlate with the BRG1
mutation status.

We conducted the same analysis in five EGFR-mutated cell
lines (HCC827, H1650, H1975, PC-3, and HCC4006), as
shown in Figure S1. Although genetic status of BRG1 was
unknown in H1650, H1975, PC-3, and HCC4006, all five
EGFR-mutated cell lines showed high expression levels of
BRG1, which suggested that loss of BRG1 would be mutually
exclusive with EGFR mutations.

Immunohistochemical expression of BRG1 and BRM in primary
lung adenocarcinoma tissues. Next, we used 93 cases of pri-
mary lung adenocarcinoma cases in our institution to examine
the immunohistochemical expressions of BRG1 and BRM and
their relationship with (i) histopathological subtypes, (ii) pres-
ence or absence of lepidic growth components, (iii) expres-
sions of E-cadherin, TTF-1, CK7, and MUCI, (iv) genetic
status of EGFR and KRAS, and (v) activation levels of EGFR
and MET.

Overall, in the large majority of cases (>80%), nuclear stain-
ing for BRG1 and BRM was observed in cancer cells
(Figs 2,3). Stromal cells constantly stained positive for BRG1
and BRM, and thus served as excellent internal positive con-
trols. Using the criteria described in the Methods (Doc. S1),
11 cases (12%) were judged as showing low expression levels
of BRGI and 16 cases (17%) as showing low expression levels
of BRM. Five cases (5%) showed low expression levels of
both BRG1 and BRM. Most of the BRGl-low cases were
either completely negative or showed only scattered positive
staining for BRG1. In contrast, BRM showed a more heteroge-
neous staining pattern, typically showing strong positive stain-
ing in lepidic growth components, while showing negative or
weak staining in invasive high-grade components (Fig. 4A-C).

Table 2 shows correlations between the expression levels of
BRGI1 and BRM and histopathological subtypes. All cases of
well differentiated adenocarcinomas, that is, adenocarcinoma
in situ (AIS) and minimally invasive adenocarcinoma (MIA),
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showed positive immunostaining for both BRG1 and BRM (20
of 20, 100%; Figs 2A,3A). Moderately differentiated adenocar-
cinomas, that is, acinar or papillary adenocarcinoma, also
frequently showed positive immunostaining for both BRG1
and BRM (37 of 46, 80%; Figs 2B,3B), while some of
them showed loss of either BRG1 or BRM (9 of 46, 20%;
Figs 2D,3D). In contrast to these well- to moderately-
differentiated tumors, poorly-differentiated adenocarcinomas
(solid adenocarcinomas) frequently showed loss of expression
of either BRG1 or BRM (12 of 13, 92%; Figs 2C,3C). Most
cases (4 of 5, 80%) with loss of both BRG1 and BRM showed
solid morphology (Table 2). One of three cases (33%) of
invasive mucinous adenocarcinoma showed loss of BRG1.

We also examined correlations between the expression levels
of BRG] and BRM and the presence or absence of lepidic
growth components (Table 3). Strikingly, all cases with BRG1
loss were devoid of lepidic growth components, while 6 of 16
cases with BRM loss showed lepidic growth components
(Table 3).

Table 4 shows correlations between the expression levels of
BRG] and BRM and that of bronchial epithelial markers
(TTF-1, CK7, and, MUC1) and E-cadherin. The expressions of
TTF-1, CK7, MUC1 (membranous expression), and E-cadherin
were frequently reduced in cases with loss of BRG1 and BRM
(shown in Fig. S2). In particular, loss of E-cadherin and TTF-
1 was remarkably correlated with loss of BRGI; all but one
case of E-cadherin-low tumors showed BRGI loss and all
cases with BRGI loss showed low expression levels of TTF-1.
Depolarized expression of MUCI was also frequent in cases
with loss of BRG1 and BRM.

Table 4 also shows correlations between the expression lev-
els of BRG] and BRM and genetic status of EGFR and
KRAS. Mutually exclusive correlations were observed between
EGFR mutations and BRGI loss (P = 0.0006), but no signifi-
cant correlations between EGFR mutations and BRM loss
(P = 0.3382). KRAS mutations were sometimes harbored by
cases with loss of BRG1 or BRM.

We also examined the expressions of phospho-EGFR and
phospho-MET and compared them with the expressions of
BRG1 and BRM (Table 4). Low phosphorylation levels of
EGFR were significantly correlated with loss of BRG1 and
BRM (P = 0.0003, P < 0.0001, respectively). Phosphorylation

Fig. 2. BRG1 expressions in lung adenocarcinomas.
Overall, more than 80% of cases showed positivity
for BRG1. (A) Lepidic growth components showed
strong immunoreactivity for BRG1. (B) Moderately
differentiated adenocarcinomas, such as papillary
adenocarcinoma, frequently showed positivity for
BRG1. (C) Solid adenocarcinomas with mucin were
frequently negatively stained for BRG1. (D) Some
cases with papillary or acinar morphology showed
negative staining for BRG1. Note BRG1 positivity in
stromal cells.

doi: 10.1111/cas.12065
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Fig. 3. BRM expressions in lung adenocarcinomas.
Overall, more than 80% of cases showed positivity
for BRM. (A) Lepidic growth components showed
strong immunoreactivity for BRM. (B) Moderately
differentiated adenocarcinomas, such as papillary
adenocarcinoma, also often show positivity for
BRM. (C) Solid adenocarcinoma with mucin
frequently showed negative or weak staining for
BRM. (D) Some cases with papillary or acinar
morphology show negative staining for BRM. Note
BRM positivity in stromal cells.

Fig. 4. Heterogeneous BRM expression in lung
adenocarcinoma. (A) High-power field of lepidic
growth components, which show strong positivity
for BRM. (B) High-power field of invasive acinar
components, which show negative positivity for
BRM. (C) Low-power field of invasive adeno-
carcinoma with lepidic growth components; left
side shows lepidic growth components, and right
side shows invasive acinar components.

of MET tended to be low in cases with loss of BRG1 and

BRM, but the difference was not significant.

BRM loss was significantly more frequent in heavy smokers
and in cases with vessel invasion (P = 0.0093 and P = 0.0002,
respectively; Table 3). BRGI loss was significantly correlated
with pleural invasion and pleural dissemination (P = 0.0471

and P = 0.0449, respectively; Table 3).

Matsubara et al.

Prognostic significance of the expressions of BRG1 and BRM.
Lastly, we performed hierarchical cluster analysis using the
publiclly available data of 442 primary lung adenocarcinoma
cascs,( » based on the gene expressions of BRGI1, BRM,
TTF-1, MUCI1, CK7, E-cadherin, and vimentin. Results are
shown in Figure 5(A). Principally, primary lung adenocarci-
noma cases could be classified into two groups: (i) tumors
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Table 2. Correlations between expression levels of BRG1 and BRM and histopathological subtypes of primary lung adenocarcinomas

BRG1 high BRG1 low BRG1 high BRG1 low
K X Total

BRM high BRM high BRM low BRM low
Non-mucinous adenocarcinoma in situ 8 0 0 0 8
Minimally invasive adenocarcinoma 12 0 0 0 12
Invasive adenocarcinoma, lepidic predominant 9 0 0 (] 9
Invasive adenocarcinoma, acinar predominant 8 0 2 1 11
Invasive adenocarcinoma, papillary predominant 29 3 3 0 35
Invasive mucinous adenocarcinoma 2 1 0 [¢] 3
Colloid adenocarcinoma 1 0 0 0 1
Invasive adenocarcinoma, micropapillary predominant 1 0 0 o] 1
Invasive adenocarcinoma, solid predominant 1 2 6 4 13
Total 71 6 11 5 93

Table 3. Correlations between expression levels of BRG1 and BRM
and clinico-pathological factors

BRG1 expression BRM expression

High Low  P-alue High Low  P-value
Pathological stage
| 60 7 0.5082 57 10 0.3499
I+ 1+ 1v 22 4 20 6
T-stage
T1 52 5 0.2508 48 9 0.6492
T2, 13, T4 30 6 29 7
Nodal involvementt
Positive 20 1 0.3608 17 4 0.7381
Negative 61 8 58 11
Lymphatic invasion
Positive 22 1 0.2004 18 5 0.5066
Negative 60 10 59 11
Vessel invasion
Positive 23 5 0.2373 17 1 0.0002
Negative 59 6 60 5
Pleural invasion
Positive 21 6 0.0471 21 6 0.4122
Negative 61 5 56 10
Dissemination
Positive 3 2 0.0449 4 1 0.8648
Negative 79 9 73 15
Pulmonary metastasis
Positive 4 0 0.4540 4 0 0.3514
Negative 78 11 73 16
Lepidic growth
Present 65 0 <0.0019 59 6 0.0019
Absent 17 11 18 10
Smoking Index
<600 26 6 0. 1344 22 10 0.0093
>600 56 5 55 6

tPathological N-factors were not determined for three cases of stage
IV patients with pleural dissemination. Underlined values are P < 0.05.

showing high expression levels of TTF-1, MUCI and E-cadher-
in, and low expression levels of vimentin, and (ii) tumors show-
ing low expression levels of TTF-1, MUC1 and E-cadherin, and
high expression levels of vimentin (Fig. 5A). High expression
levels of both BRG1 and BRM were frequently seen in the for-
mer, while low expression levels of either of or both BRG1 and
BRM were frequently seen in the latter (Fig. 5A). These results
confirm and reinforce data from cancer cell lines and primary
lung adenocarcinoma cases in our institution.

To ascertain the prognostic significance of the expressions
of BRG1 and BRM in lung adenocarcinoma, we undertook a

270

Table 4. Correlations between expression levels of BRG1 and BRM
and genetic status of EGFR and KRAS and expression levels of
E-cadherin, TTF-1, CK7, MUC1, phopsho-MET, and phospho-EGFR

BRG1 expression BRM expression

High Low P-value High Low P-value
EGFR mutations
Positive 45 0 0.0006 39 6 0.3382
Negative 37 11 38 10
KRAS mutations
Posivite 5 2 0.1537 4 3 0.0615
Negative 77 9 73 13
E-cadherin
High 81 3 <0.0001 72 12 0.0227
Low 1 8 5 4
TTF-1
High 62 0 <0.0001 57 5 0.0010
Low 20 " 20 1
CK7
High 74 4 <0.0001 67 1 0.0707
Low 8 7 10 5
MUC1(membranous)
High 63 3 0.0007 62 4 <0.0001
Low 19 8 15 12
MUC1(depolarized)
High 7 3 0.0596 4 6 0.0001
Low 79 8 73 10
Phospho-EGFR
High 69 4 0.0003 67 6 <0.0001
Low 13 7 10 10
Phospho-MET
High 19 2 0.7102 19 2 0.2892
Low 63 9 28 14

Underlined values are P < 0.05.

survival analysis using the Kaplan-Meier method. We sepa-
rated 442 lung adenocarcinoma cases into three groups based
on the gene expression levels of BRG]l and BRM; (i) cases
with high expression (more than or equal to the average); (ii)
cases with moderate expression (under the average, and more
than or equal to half the average); and (iii) cases with low
expression (under half the average). Results are shown in Fig-
ure 5(B). High expression of BRG1 and BRM both correlated
significantly with better prognosis. Figure 5(C) also shows
patient survival curves for the four groups: (i) BRG1-high and
BRM-high; (ii)) BRG1-high and BRM-low; (iii) BRG1-low and
BRM-high; and (iv) BRG1-low and BRM-low. The BRGI1-low
and BRM-low group showed significantly poorer prognosis
than the other groups.
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Fig. 5. Analysis of the publicly available data of BRG1-high (n =212) RRM-high {a=238]
442 primary lung adenocarcinoma cases. (A) — sk BRG1-mod (n=198) — s BRM-mod (n=174)
Hierarchical cluster analysis using the gene
expressions of vimentin, CK7, BRG1, BRM, TTF-1, ol —A— BRG1-low (n=32) o —&A— BRM-low (n=37)
E-cadherin, and MUC1. (B) Patient survival
according to the expression levels of BRG1 and 0.8 0.8
BRM. Lung adenocarcinoma cases were separated
into three groups based on gene expression levels 0.64 0.6 -
of BRG1 and BRM: (i) cases with high expression
(more than or equal to the average); (ii) cases with 0.4 0.4 4
moderate expression (under the average, and more
than or equal to half the average); and (iii) cases 0.2 0.2
with low expression (under half the average). Left
panel shows patient survival curves with high o . i i . i i 01 ‘ , . ‘ ‘ ] '
expression levels of BRG1 (BRG1-High), moderate 0 10 30 40 50 60 70 0 10 20 30 40 50 60 70
SErasston levele 57 BRGT (BRGT Lo, Rigbt parel P=0.0022 (BRG1-low vs BRGL-high) P = 0,0062 (BRM-low vs BRM-high)
shows patient survival curves with hié;h expression P =0.0754 (BRG1-low vs BRGl-m9d) P =0.1420 (BRM-low vs BRM-mod)
levels of BRM (BRM-High), moderate expression P =0.0424 (BRG1-mod vs BRG1-high) P =0.0328 (BRM-mod vs BRM-high)
levels of BRM (BRM-Mod), and low expression
levels of BRM (BRM-Low). (C) Patient survival ©) —A— BRG1-high, BRM-high
according to the expression pattern of BRG1 and BRG1-low, BRM-high
BRM. Patients were separated into four groups -l BRG1-high, BRM-low
according to the expression pattern of BRG1 and W —@- BRG1-low, BRM-low
BRM as follows: cases with high expression levels of 0.84
both BRG1 and BRM (BRG1-High, BRM-High), cases
with high expression levels of BRG1 and moderate 0.6
or low expression levels of BRM (BRG1-High, BRM- 0l
Low), cases with moderate or low expression levels A e T R S
of BRG1 and high expression levels of BRM (BRG1- O2-Pz@:BRG1-Iow,BRM‘Iow))vs((BRG1-hi€;h’,BRM-Ioat))
Low, BRM-High), the cases with moderate or low P = 0.0476 (BRG1-low,BRM-low) vs (BRG1-low,BRM-high)
expression levels of both BRG1 and BRM (BRG1- . I . . i
Low, BRM-Low). 0 10 20 30 40 50 60 70
Discussion Another interesting finding of this study was that features of

This is, to our knowledge, the first report demonstrating
the tight correlation between loss of BRGI and BRM and
EMT in cancer. Results of this study also confirm and
reinforce our previous data that loss of the bronchial epithe-
lial phenotype occurs in lung adenocarcinomas with EMT
features."!

Recent studies show that loss of another component of the
SWI/SNF  chromatin remodeling complex, BAF250A
(ARID1A), was frequent in high-grade endometrial carcinomas
and clear cell carcinomas of the ovary'® and that loss of the
BAF250A protein correlates with the ARID1A mutation sta-
g LB Interestingly, there appears to be a similarity between
loss of BRG1 and that of ARIDIA; both tend to occur in
high-grade tumors or in tumors with an altered epithelial
phenotype.

Matsubara et al.

TRU type lung adenocarcinomas,""® that is, lepidic growth
features, high expression levels of the TTF-1 protein, and
EGFR mutations were absent in all cases with loss of the
BRGI1 protein. In tumors with BRGI1 loss, BRGI1 protein
expression was typically absent in almost all cancer cells.
These results suggest that loss of BRGI occurs at an early step
of carcinogenesis of lung adenocarcinoma with the mesenchy-
mal-like phenotype, that is, a subset of non-TRU type lung
adenocarcinomas with EMT features.

All cases with concomitant loss of BRG1 and BRM were
devoid of lepidic growth components, harbored no EGFR
mutations, and correlated more with solid adenocarcinoma
morphology than a single loss of BRG1 or BRM, which
suggested that loss of BRM may also occur in a subset of
the mesenchymal-like phenotype, simultaneously with, or
subsequently to, loss of BRGI, and may accelerate poorer
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~ Mesenchymak-like phenotype (a subset of non-TRU-type)
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poorer differentiation
and EMT
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*No lepidic growth
*Loss of TTF-1
*Loss of E-cadherin
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(BRG1 mutations)

Fig. 6. Hypothetical schemes of BRG1 and BRM loss in the develop-
ment of two types of lung adenocarcinomas: lung adenocarcinoma
with the bronchial epithelial phenotype (upper panel) and lung
adenocarcinoma with mesenchymal-like phenotype (lower panel).

differentiation and EMT and lead to the more malignant
phenotype. The survival analysis of Shedden’s data, which
showed that cases with concomitant loss of BRGI and BRM
had poorer prognosis than cases with a single loss of BRGI,
supports this hypothesis.

BRM expression was positive in lepidic growth compo-
nents, but was weak or absent in invasive poorer differenti-
ated lesions, such as solid components. In contrast to BRG1
loss, BRM loss may occur during the progressions of lung
adenocarcinomas with the bronchial epithelial phenotype.
Figure 6 shows our hypothetical schemes for BRGI and
BRM loss in the development of two types of lung adeno-
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carcinomas: lung adenocarcinomas showing the bronchial
epithelial phenotype and those showing the mesenchymal-like
phenotype.

BRGI and BRM regulate a broad range of genetic programs,
including cell differentiation and proliferation, and it has been
suggested that SWI/SNF complexes may dictate lineage-spe-
cific chromatin remodelling functions and act as master regula-
tors of the master regulators.” Thus, although the exact
mechanism by which loss of BRG1 and BRM leads to tumor
development and EMT is unknown, loss of BRG1 and BRM
may cause uncontrolled cellular proliferation and disrupt the
differentiation program of bronchial epithelial cells,*® result-
ing in formation of tumors with loss of expression of CK7,
MUCI, and TTF-1. Why BRG1 loss occurs exclusively in the
progression of EGFR wild-type tumor is currently unknown.
One speculation could be that the simultaneous presence of
EGFR mutation and BRGI loss is for some reason incompati-
ble with survival of cancer cells. Finally, we speculate that
epigenetic therapy aiming to restore the functions of BRG1
and BRM would be a possible new therapy for treating tumors
with EMT features.
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