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Abstract

Nuclear membrane proteins reportedly play important roles in maintaining nuclear structures and coordinating cell activities.
Studying profiles of nuclear membrane proteins may help us evaluate the biological and/or clinical nature of malignant tumors.
Using immunohistochemistry with antibodies for emerin, lamin A/C, lamin B, and LAP2, we examined 105 lung cancer tissues
from 33 small cell lung carcinomas (SCLCs) and 72 non-SCLCs (34 adenocarcinomas, 30 squamous cell carcinomas, and 8 large
cell carcinomas). Emerin had negative or local/weak positivity in 79% of SCLCs and 1% of non-SCLCs, and lamin A/C had
similar positivity in 91% of SCLCs and 3% of non-SCLCs. LAP2’s expression was similar between SCLCs and non-SCLCs. RT-
PCR analyses for these four nuclear membrane proteins over 7 cell lines showed that mRNA of emerin and lamin A/C were
distinctly downregulated in the SCLC cell lines, supporting the immunohistochemical results. In conclusion, we suggest that
downregulation of the nuclear membrane proteins emerin and lamin A/C is characteristic of SCLC cells, and this constitutional
abnormality of the nuclear membrane may be related to the biological and/or clinical nature of SCLC. In addition, knowing the
nuclear protein profile in SCLC cells may contribute to our understanding of nuclear fragility known as the crush artifact in

pulmonary biopsy specimens.
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Introduction

The nuclear membrane is comprised of two layers: the outer
nuclear membrane (ONM) and the inner nuclear membrane
(INM). The ONM is continuous with the endoplasmic reticu-
lum while the INM is associated with the nuclear lamina, and
these two membranes interact through the nuclear pores [1-3].

Emerin, MANI, and lamin-associated polypeptide (LAP2)
are located in the INM. They are part of the LEM-domain
family which shares a folded structure, the “LEM-domain,”
that binds a conserved chromatin protein named BAF [4-7].
The nuclear lamina, an additional feature of the metazoan
nuclear envelope, is composed of the A-type and B-type
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lamins (lamin A/C, lamin B) that underlie the INM [8]. The
influence of the lamins extends beyond the immediate vicinity
of the nuclear envelope, encompassing chromatin organiza-
tion and other aspects of nuclear metabolism, including tran-
scription and replication [9]. LEM-domain proteins and
lamins likely influence each other’s localization and dynam-
ics, mediate chromatin organization and tethering at the nu-
clear envelope, and play other important roles in cell activities
[7, 10-14].

Lung carcinoma is the leading cause of cancer-related
death worldwide [15-17], and it encompasses 2 main sub-
types: non-small cell lung carcinoma (non-SCLC) and small
cell lung carcinoma (SCLC) [18]. SCLC has a behavior dis-
tinct from the more common non-SCLC [19, 20]. SCLC has
an aggressive clinical course and a short disease-free duration
after initial therapy [21]. Unfortunately, diagnosing SCLC is
difficult when biopsies are small and crushed, and this often
occurs with this type of tumor because of the fragile nature of
the tumor cells.

Several studies have examined the nuclear membrane pro-
teins in various human cancers including ovarian cancer, basal
cell carcinoma, lung carcinoma, thyroid carcinoma, colorectal
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carcinoma, hepatocellular carcinoma, and prostate carcinoma
[22-32]. We found only three studies on nuclear membrane
proteins published in English scientific literature, and these
studies focused on only lamin A/C or lamin B; little is known
about other nuclear membrane proteins [31-33]. Therefore,
examining different types of nuclear membrane proteins with-
in different tissues and cell lines would increase our knowl-
edge of the precise biological significance of nuclear mem-
brane proteins in lung carcinomas. In this study, we examined
the immunohistochemical expression of emerin, lamin A/C,
lamin B, and LAP2 in 105 lung carcinoma tissues from 33
SCLCs and 72 non-SCLCs. In addition, we analyzed the
mRNA of these nuclear membrane proteins in seven cell lines
(Lu-134, Lu-139, Lu-140, A549, 1I-18, EBC-1, and Lu-99B).

Materials and methods
Tissue preparation

We examined a series of tissue specimens from patients with
lung carcinomas selected from the surgical files of Yamanashi
University Hospital. The specimens comprised a wide range
of lung carcinomas including 33 cases of SCLC (11 from
surgical tissue cases and 22 from biopsy tissue cases), 34
adenocarcinomas, 30 squamous cell carcinomas, and 8 large
cell carcinomas.

The histologic types and subtypes of the tumor specimens
fit the criteria of the World Health Organization Classification
of Tumors of the Lung, Pleura, Thymus, and Heart published
in 2004. All specimens were processed after removal accord-
ing to routine procedures, then embedded in paraffin and
stained with hematoxylin-cosin (HE).

Cell lines and cell culture

Human lung carcinoma—derived cell lines include Lu-134,
Lu-139, and Lu-140 (the originally established cell lines de-
rived from human SCLC); A-549 and II-8 (derived from hu-
man adenocarcinoma), EBC-1 (derived from human squa-
mous carcinoma), and Lu-99B (derived from human large cell
carcinoma). Cells were maintained in RPMI 1640 (GIBCO,
Grand Island, NY, USA) supplemented with 10% fetal bovine
serum (FBS) and penicillin G sodium (100 mg/1). Cells were
cultured in a standard, humidified incubator at 37 °C in a 5%

carbon dioxide atmosphere. To prepare the cell pellets, semi-
confluent plates were washed, trypsinized (excluding Lu-134,
Lu-139), and centrifuged into pellets.

Immunohistochemical analysis

Table 1 characterizes the antibodies used in this study.
Formalin-fixed and paraffin-embedded tissues were cut into
3-um-thick serial sections, mounted on silanized slides, and
deparaffinized. For immunohistochemical analysis, we carried
out the heat-induced epitope retrieval in citrate buffer in an
autoclave, and endogenous peroxidase activity was blocked
for 10 min with 3% (vol/vol) hydrogen peroxide. Sections
were incubated in the primary antibody overnight at 4 °C or
1 h at room temperature. Subsequently, we carried out a la-
beled polymer method (EnVision Detection System; Dako,
Glostrup, Denmark) according to the manufacturer’s instruc-
tions. A positive reaction was visualized with 3,3V-diamino-
benzidine tetrahydrochloride solution (Dako, Glostrup,
Denmark) followed by counterstaining with hematoxylin.
We evaluated the immunoreactivity using a scale from nega-
tive to 3 (negative; 1 =positive in less than 10% of cancer
cells; 2 =positive in 10-50% of cancer cells; 3 = positive in
more than 50% of cancer cells).

RNA extraction and reverse transcription PCR

We used TRIzol (Invitrogen, Carlsbad, CA, USA) to isolate
total RNA from cultured cells and the TagMan reverse tran-
scription (RT) reagent kit (Applied Biosystems, Foster City,
CA, USA) to generate cDNA. Table 2 lists the specific PCR
primers targeting emerin, lamin A/C, lamin B, LAP2, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, as an
internal control). We amplified with the HotStarTaqg DNA
polymerase kit (Qiagen, Tokyo, Japan). PCR conditions were
as follows: (1) 95 °C for 15 min; (2) 30 cycles of 94 °C for
30s, 58 °C for 30 s, and 72 °C for 1 min; (3) 72 °C for 10 min;
and (4) 4 °C hold. Negative controls omitting RT or without
cDNA and appropriate positive controls were included in each
PCR reaction.

Statistical analysis

SPSS software was used for statistical analyses. We compared
the SCLC group to the non-SCLC group using the Mann-

Table 1 Antibodies used in this

study Antibody Dilution Clone Vendor
Emerin 1:50 Monoclonal, 4G5, mouse Novocastra
Lamin A/C 1:50 Polyclonal, rabbit Cell Signaling Technology
Lamin B 1:100 Polyclonal, ¢-20, goat Santa Cruz Biotechnology
LAP2 1:100 Monoclonal, 27/LAP2, mouse BD Biosciences
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Table 2 PCR primers
Gene Gene AT Product size Primer sequence (5'-3")
symbol accession (°O) (bp)
Emerin NM-000117 58 130 F: 5-GGCCTGTAGTAGGATCAACT
CG-3'
58 R: 5-GTCGAATTCAAGTCAGAGAA
GC-3'
Lamin A NM-170707 58 150 F: 5-~AGGCTCTGCTGAACTCCAAG-3'
58 R: 5'-GCATCTCATCCTGAAGTTGCTT-3'
Lamin B NM-005573 58 148 F: 5-AGTTTCGCAAAAGCATGTAT
GA-3'
58 R: 5-CGCCAGCTTGTACTCATACTCA-3’
LAP 2 NM-003276 58 144 F: 5-TTGGATCAGCTTGTGAAATACG-3’
58 R: 5-TGAAGAAGAAATTGTTGGCA
GA-3'
GAPDH NM-002046 58 186 F: 5-GATGACATCAAGAAGGTGGT
GA-3'
58 R: 5'-TTCGTTGTCATACCAGGAAA
TG-3'

AT, annealing temperature; F, forward primer; R, reverse primer; bp, base pairs

Whitney rank sum test to analyze categorical variables.
Statistical significance was considered as P < 0.05.

Results
Non-neoplastic tissue

Immunohistochemical examination with antibodies for the
nuclear membrane proteins (emerin, lamin A/C, lamin B,
and LAP2) showed the nuclei of all pulmonary cells, includ-
ing alveolar, bronchial, and bronchiole cells, and alveolar
macrophages were clearly positive appearing in a ring-like
fashion (Fig. 1). Staining pattern and intensity were similar
among these four antibodies.

Neoplastic tissue

We examined immune-expression of emerin, lamin A/C,
lamin B, and LAP2 in 33 SCLC tissues and 72 non-SCLC
tissues including adenocarcinoma (n = 34), squamous cell car-
cinoma (n =30), and large cell carcinoma (n =8). Nuclear
membrane proteins were immunohistochemically identified
in neoplastic cell nuclei in a ring-like pattern. However, the
positive cell rates for each of the four different nuclear mem-
brane proteins varied between the histological types of lung
carcinoma (Fig. 2).

Emerin

Table 3 presents representative findings for emerin immuno-
histochemistry. Immunoreactivity of emerin was lower in

SCLCs compared with that in the non-SCLCs. There were
negative and focally positive (grade 1) staining in 79% of
SCLCs and only one (1%) of the non-SCLCs. In contrast,
there was a strong and diffuse staining in 6% of SCLCs and
76% of non-SCLCs. The positive cell rate for emerin was
significantly different between SCLCs and non-SCLCs or oth-
er histological types of lung carcinomas (P < 0.001).

Lamin A/C

Representative findings for lamin A/C immunohistochemistry
appear in Table 4. We observed a negative and grade 1 stain-
ing of lamin A/C in 91% of SCLCs and grade 1 in 3% of non-
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Fig. 1T Non-neoplastic lung tissue. Specific immunoreactivity of emerin
in the nuclei of the type II alveolar cells and macrophages displaying a
ring-like configuration. Original magnification: x 20, immunoperoxidase
method
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Fig. 2 Small cell lung carcinoma tissues. Immunoexpression of emerin (a) and lamin A/C (b) was negative in tumor cell nuclei, while lamin B (¢) and
LAP2 (d) were moderately or strongly positive. Original magnification: x 20, immunoperoxidase method

SCLCs. None of the non-SCLC tissues had negative expres-
sion. Neoplastic tissue with grade 3 staining of lamin A/C was
identified in 82% of adenocarcinomas, 74% of squamous cell
carcinoma, and 37% of large cell carcinoma, but there was no
staining in the SCLCs. Positive cell rate for lamin A/C was
significantly different between SCLCs and non-SCLCs or oth-
er histological types of lung carcinoma (P < 0.001).

Lamin B

Table 5 shows representative findings for lamin B immuno-
histochemistry. All cases of lung cancer were positive for
lamin B. The prevalence rate of grade 3 expression (strong
and diffusely positive) was lower in SCLC tissues compared
with that in non-SCLC tissues: 31% of SCLCs and 60% of
non-SCLCs. The prevalence rates of grades 2 and 3 did not

@ Springer

vary among the histologic types of non-SCLC, but the posi-
tive cell rate for lamin B was significantly different between
the SCLCs and non-SCLCs (P<0.001).

LAP2

Immunoreactivity of LAP2 in lung carcinomas was the
highest among the nuclear membrane proteins we examined
in Table 6. No samples had negative immunoreactivity, and
only one adenocarcinoma sample had a grade 1 immunoreac-
tivity. Grade 3 immunoreactivity was identified in 85% of
SCLCs and 97% of non-SCLCs. The positive cell rate for
LAP2 was significantly different between SCLCs and non-
SCLCs (P < 0.05). However, it was not significantly different
between SCLCs and adenocarcinoma or large cell carcinoma.
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Table3 Immunohistochemical expression of emerin in lung carcinoma

Histological type #  Immunohistochemical grade

Negative 1 2 3
SCLC 33 11 (34%) 15@5%) 5 (15%) 2 (6%)
Non-SCLC
AC 34 0 0 9(26%) 25 (74%)
SCC 30 0 1 3%) 4 (13%) 25 (84%)
LCC 8 0 0 3(38%) 5 (62%)

Grade 1, focal (1 to 9% of cells positive); grade 2, intermediate (10 to
50% of cells positive); grade 3, diffuse (more than 51% of cells positive)

SCLC, small cell lung carcinoma; AC, adenocarcinoma; SCC, squamous
cell carcinoma; LCC, large cell carcinoma

Messenger RNA expression of nuclear membrane proteins

Using RT-PCR with oligonucleotide primers, mRNA expres-
sion levels of emerin, lamin A/C, lamin B, and LAP2 were
examined in cell lines established from SCLC (Lu-134, Lu-
139, and Lu-140), adenocarcinoma (A-549 and II-18), squa-
mous cell carcinoma (EBC-1), and large cell carcinoma (Lu-
99B) (Fig. 3). We saw reduced expression levels of emerin in
two of three SCLC cell lines. Lamin A/C expression was
lower in the three SCLC cell lines than in cell lines of other
histologic types. There was a strong expression of lamin B in
two of the three SCLC cell lines, and the expression of LAP2
was different among all cell lines.

Discussion

The SCLC cells appear rather small with scant cytoplasm,
round to oval nuclei, and granular, dense chromatin [34].
The tumor samples often have significant necrosis and

Table 4
carcinoma

Immunohistochemical expression of lamin A/C in lung

Table 5
carcinoma

Immunohistochemical expression of lamin B in lung

Histological type n  Immunohistochemical grade

Negative 1 2 3
SCLC 33 0 9Q27%) 14(42%) 10(31%)
Non-SCLC
AC 34 0 2(06%) 9Q26%) 23 (68%)
SCC 30 0 3(10%) 12 (40%) 15 (50%)
LCC g8 0 0 3(37%)  5(63%)

Grade 1, focal (1 to 9% of cells positive); grade 2, intermediate (10 to
50% of cells positive); grade 3, diffuse (more than 51% of cells positive)

SCLC, small cell lung carcinoma; AC, adenocarcinoma; SCC, squamous
cell carcinoma; LCC, large cell carcinoma

“crush” artifacts limiting the amount of intact tumor available
for assessment [19]. This crush artifact suggests that nuclei of
SCLC cells may be brittle or fragile due to some constitutional
defect of the nuclei. Therefore, we used immunohistochemis-
try to study the expression of four nuclear membrane proteins,
i.e., emerin, lamin A/C, lamin B, and LAP2, in samples of
SCLC and non-SCLC.

In our current study, we found a negative or weak immu-
nohistochemical expression (grade 1) of emerin in 26 out of
33 SCLC cases (79%), and only two cases of SCLC (6%)
showed grade 3 expression. On the other hand, there was a
strong immunohistochemical expression (grade 3) of emerin
in 25 out of 34 adenocarcinomas (74%), 25 out of 30 squa-
mous cell carcinomas (84%), and 5 out of 8 large cell carci-
nomas (62%). These findings suggest that immunohistochem-
ical expression of emerin is downregulated in SCLC as com-
pared to that in non-SCLC. In addition, lamin A/C and lamin
B expression were also downregulated in SCLC. Of note,
mutations in A-type lamins, as well as emerin, cause a spec-
trum of human diseases (laminopathies) that include Emery-
Dreifuss muscular dystrophy, limb-girdle muscular dystrophy,

Table 6 Immunohistochemical expression of LAP 2 in lung carcinoma

Histological type »  Immunohistochemical grade

Histological type n Immunohistochemical grade

Negative 1 2 3 Negative 1 2 3
SCLC 33 8(24%) 22(67%) 309%) O SCLC 33 0 0 5(15%) 28 (85%)
Non-SCLC Non-SCLC
AC 34 0 1 (3%) 5(15%) 28 (82%) AC 34 0 13%) 1(3%) 32 (94%)
Ne® 30 0 1 (3%) 723%) 22 (74%) SCC 30 0 0 0 30 (100%)
LCcC g8 0 0 5(63%) 3 (37%) LCC 8 0 0 0 8 (100%)

Grade 1, focal (1 to 9% of cells positive); grade 2, intermediate (10 to
50% of cells positive); grade 3, diffuse (more than 51% of cells positive)

SCLC, small cell lung carcinoma; AC, adenocarcinoma; SCC, squamous
cell carcinoma; LCC, large cell carcinoma

Grade 1, focal (1 to 9% of cells positive); grade 2, intermediate (10 to
50% of cells positive); grade 3, diffuse (more than 51% of cells positive)

SCLC, small cell lung carcinoma; AC, adenocarcinoma; SCC, squamous
cell carcinoma; LCC, large cell carcinoma
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Fig. 3 Messenger RNA (mRNA)
expression of emerin, lamin A/C,
lamin B, and LAP2 in lung carci-
noma cell lines. The expression
levels of emerin (2/3) and lamin
A/C were distinctly lower in
SCLC cell lines than in other his-

tological types of lung carcinoma Emerin
cell lines. SCLC, small cell carci-
noma; AC, adenocarcinoma;
SCC, squamous cell carcinoma; Lamin A/C
LCC, large cell carcinoma
Lamin B
LAP2
GADPH

dilated cardiomyopathy, Dunnigan-type familial partial
lipodystrophy, and Hutchinson-Gilford Progeria syndrome
[35, 36]. In many cases, cells from affected patients show
characteristic features such as misshapen nuclei, increased nu-
clear fragility, and herniations [37].

Our previous study suggested that the nuclear proteins
most frequently expressed at high levels in papillary thyroid
carcinomas were emerin (82% positive), lamin A/C (64%),
and LAP2 (82%) [25]. In contrast, our current study demon-
strated that emerin, lamin A/C, and lamin B were clearly
downregulated in SCLCs but not in non-SCLCs.
Interestingly, while some cancers frequently show a downreg-
ulation of lamin A/C, other cancers have upregulated levels of
lamin A/C. Furthermore, for some cancers such as colon can-
cer, both increased and decreased levels of lamin A/C have
been reported [30]. Capo-chichi et al. suggested that the loss
of emerin may be the basis of nuclear morphological defor-
mation and subsequently the cause of aneuploidy in ovarian
carcinoma cells [38]. Therefore, the alteration of nuclear
membrane proteins may be the underlying mechanism of the
morphological deformation that can occur in malignant cells.
Since A-type lamins are not expressed in early embryos and
several non-terminally differentiated cells, and B-type lamins
are expressed to some extent in essentially all normal somatic
cells [39], we suggest that a downregulated or absent lamin A/
C expression might indicate an undifferentiated nature of
SCLC cells and be associated with their high growth rate
and nuclear morphological deformation.

Lamina-associated polypeptide 2 (LAP2) is a nuclear pro-
tein that connects the nuclear lamina with chromatin. In the
current study, we frequently observed strong immunohisto-
chemical expression (grade 3) in the SCLC samples (85%)
as well as in adenocarcinomas (94%), squamous cell carcino-
mas (100%), and large cell carcinomas (100%). Hyun-Jung
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Kim et al. reported that LAP2 regulates motility of cancer
cells, and it is widely overexpressed in diverse digestive tract
cancers [29]. The high expression of LAP2 in SCLCs and
non-SCLCs also may be related to cancer cell motility.

RT-PCR analysis revealed that the mRNA expressions of
emerin and lamin A/C were lower in SCLC cell lines than in
non-SCLC cell lines, which supports our immunohistochem-
ical findings. However, lamin B and LAP2 expressions were
higher in SCLC cell lines than in non-SCLC cell lines. This
only partially supports our immunohistochemical results and
may reflect the lack of a consistent correlation between the
expression level of mRNA and quality of protein.

Diagnosing SCLC remains challenging when biopsies are
small and crushed; this is not uncommon in this type of tumor
due to the fragile nature of the tumor cells [40]. In this respect,
our findings suggest a hypothesis that the crush artifact
(smearing of chromatin) may be related to abnormalities of
nuclear membrane proteins which leads to nuclear fragility
and/or weakness.

As we know, the nuclear envelope (NE) consists of an inner
and an outer membrane, nuclear pore complexes (NPCs), and
the underlying nuclear lamina, a filamentous scaffold structure
formed by lamins [3]. In the current study, we have demon-
strated the different expressions of the nuclear membrane pro-
teins but except the nuclear pore complexes in SCLC and
USCLC. Nuclear pore complexes (NPCs) perforate the nucle-
ar envelope and serve as the primary transport gates for mo-
lecular exchange between nucleus and cytoplasm [41], and
play an important role in maintaining the nuclear structure
and functions. The relationship between the nuclear pore com-
plexes and lung carcinomas, however, remains to be
explained.

In conclusion, we suggest that profiles of nuclear mem-
brane proteins in SCLC cells are characteristic of and possibly
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associated with SCLC’s biological and/or clinical nature. In
addition, the abnormal nuclear protein profile in SCLC cells
may contribute to the crush artifact and possibly facilitate the
histological diagnosis of this tumor in pulmonary biopsy
specimens.
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